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1. INTRODUCTION.

According to the Global Burden of Disease Study 2017, ischemic heart disease (IHD) is still
the leading cause of death worldwide. Data show that the global number of IHD-related
deaths is drastically increased by 52.3%, from 5.9 million in 1990 to 8.9 million in 2017. In
this scenario, one of the most frequent forms of IHD is the acute myocardial infarction (MI)
and, despite recent advances in interventional coronary reperfusion strategies by using either
thrombolytic therapy or primary percutaneous coronary intervention (PPCI), it remains the

main burden of death in Western countries. [

1.1 Ischemia-reperfusion injury (IRI).

In 2019 statistics by the World Health Organization have shown that cardiovascular
(ischemic heart disease, stroke), respiratory (chronic obstructive pulmonary disease, lower
respiratory infections) and neonatal conditions (birth asphyxia and birth trauma, neonatal
sepsis and infections, and preterm birth complications) are recognized as the top global

reasons of death. [?!

In particular, it is estimated that globally ischemic heart disease (IHD) affects around 126
million individuals, which is approximately 1.72% of the world’s population, accounting for
9 million deaths each year. [*) Also referred to as coronary artery disease and atherosclerotic
cardiovascular disease, IHD manifests clinically as myocardial infarction (MI), wherein a

40% of cases exhibit an ST segment elevation MI (STEMI).

Despite timely reperfusion strategies, STEMI is associated with 6-12% mortality and 14-
36% prevalence of heart failure (HF) within 1 year. These data are usually due to the
damaging effects of myocardial ischemia-reperfusion injury (IRI). ! Indeed, it is estimated
that IRI is responsible for up to the 50% of the final infarct size and left ventricular
remodelling processes, which in clinical practice are known as strong and independent

predictors of heart failure and mortality. !

Briefly, ischemia is associated to a partial or total occlusion of the coronary artery, a
condition of reduced blood supply, hence oxygen and nutrients, to the various tissues or
organs. Depending on its duration and extent, this pathological state might give rise to a
series of changes that result in cell death. Paradoxically, during reperfusion the rapid
restoration of blood flow triggers a series of events that cause a profound inflammatory

response and oxidative stress rather than a return to normal tissue function, with serious and



irreversible consequences. This phenomenon is the so-called "reperfusion injury" (RI), an

irreversible cellular damage that overlaps with the original ischemic insult. 111 (Fig. 1a)
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Figure la: Reperfusion consequences overlap to the ischemic insult. "]

Four forms of cardiac dysfunction are recognized ¢, which occur as a result of the
myocardium injury during reperfusion: the “myocardial stunning” '®! is the long-lasting
mechanical dysfunction after reperfusion, a consequence of the oxidative stress and
intracellular calcium overload on the myocardial contractile apparatus; the “reperfusion-
induced arrhythmias” may occur after the sudden reperfusion and, although the available
treatment, it might be destructive ); the “no-reflow phenomenon”, the inability to reperfuse

(191 " might be an independent

a previously ischemic region due to microvascular obstruction
causal factor of reperfusion-induced cardiomyocyte death or merely a biomarker of severe
myocardial IRI; eventually, the “lethal myocardial reperfusion injury”, a dysfunction
responsible for a remarkable fraction of the final MI size, may represent an important target
for cardioprotection in PPCI patients. [*! Whereas the first two forms of cardiac dysfunction

are reversible, the second two are irreversible.

In order to reduce the lethal effects of myocardial reperfusion injury, a number of emerging
therapeutic strategies have shown promise in small proof-of-concept clinical studies . One
of these is the so-called “ischemic postconditioning (IPost)”, an intermittent reperfusion of
the acute ischemic myocardium that was demonstrated to be beneficial in the form of gradual
reperfusion. '] Although IPost has various clinical applications, most investigations
currently conducted on IPost involve healthy myocardium.

Unlike IPost, which requires an invasive therapeutic intervention directly applied to the

heart, the “remote ischemic conditioning (RIC)” is regarded as an innovative approach that



can be realized noninvasively. RIC describes the intriguing phenomenon in which one or
more cycles of brief, reversible ischemia and reperfusion of one organ or tissue, confers
global protection, rendering remote tissues and organs resistant to a subsequent episode of
lethal IRI. 1211131 Although RIC has been reported to be beneficial in patients undergoing
cardiac surgery and in patients undergoing elective PCI, it is unknown whether RIC can
actually improve clinical outcomes following PPCI. Therapeutic hyperoxemia 4! ! and
hypothermia are two other mechanical interventions %!, both potentially promising in PPCI
patients [*l. In particular, hyperbaric oxygen therapy (HBO) can reduce myocardial injury by
decreasing tissue edema, dropping formation of lipid peroxide radicals, altering nitric oxide
synthase expression, and inhibiting leukocyte adherence and plugging in the
microcirculation. However, treating patients in an HBO chamber or with a conventional
oxygenator is impractical and difficult. A safe and well tolerated strategy after PCI is the
intracoronary hyperoxemic reperfusion strategy applied by using a newly developed solution
containing extremely high oxygen concentrations (1-3ml O2/mL saline) namely aqueous
oxygen. It is still hard to determine whether it will actually improve ventricular function or

clinical outcome in anterior infarction.

The effects of these strategies on clinical outcomes in PPCI patients are currently under
investigation, and there is a constant unmet need with respect to specific treatments to protect
the myocardium against the damaging effects that occurs in M1.

In this regard, recent advances in understanding the complex and undoubtedly multifactorial
pathophysiology of IRI may lead to the discovery of innovative therapeutic strategies/targets

to prevent myocardial reperfusion injury.

1.1.1 Pathophysiology of IRI.

As anticipated, IRI is a condition that affects tissues in which blood flow is restored after a
previous period of ischemia. Specifically, the ischemic event promotes a state in which the
rapid reactivation of blood flow exacerbates the intracellular alterations, instead of allowing
the return to the normal function. For this reason, IRI is linked to a wide range of diseases,
such as myocardial infarction, ischemic stroke and acute kidney injury, besides being a major

complication in organ transplantation and cardiothoracic, vascular and general surgery. (17!

IRI is described as a complex process wherein a wide range of critical mediators are

involved, contributing to the injury as well as myocardial cells death. [1*]



During ischemia the inadequate blood flow causes an imbalance between inputs and needs
of oxygen and nutrient of the myocardium, which leads to important consequences. In
particular, the hypoxic condition promotes a switch from aerobic to anaerobic glycolysis:
pyruvate is reduced to lactate, and only 2 ATP molecules per molecule of glucose are
produced. A drastic reduction, from 30 to 2, in ATP production and a gradual consumption
of residual ATP, besides an intracellular load of lactate and protons, are noticed, resulting in
inhibition of myocardial contractility. The ATP reduction occurs in the first minutes of the
ischemic event and becomes almost complete (approximately 90-95%) after 40 to 60

minutes. [1°]

Opie et al. suggest that the accumulation of lactate and the production of CO> from the Krebs
cycle, might be responsible for the decrease of the intracellular pH. *°! Indeed, Garlick et al.
report that in rat model, after global ischemia, the intracellular pH decreases to 6.2 after 10
min. 21122 This rapid drop and the increase in cofactors such as NADH and FADH, cause

a slowdown in the activation of myocardium glycogenolysis.

Furthermore, the perturbation in intracellular ions is closely related to the pH drop and the
blockage of the ATP synthase activity. (Fig. 1b) In fact, intracellular pH plays a critical role
in the regulation of cardiac excitability and contractility, since affecting the function of ion
channels and transport/contractile proteins. Moreover, the blockage of the ATP synthase
activity causes consequences on ATP-dependent enzyme complexes such as the Na*/K*
ATPase pump engaged in maintaining membrane potential under homeostatic conditions.
Therefore, Na'/H" exchanger, in order to restore intracellular pH to homeostatic values,
causes an initial intracellular Na* overload, which is exacerbated by the block of the Na"/K™*
ATPase. In response to the increase in Na' ions, the 2Na*/Ca®" exchanger is activated to
function in “reverse mode”, causing a sudden increase in intracellular Ca>* ions. At the same
time, sarco/endoplasmic reticulum Ca*>*-ATPase (SERCA or SR Ca?*-ATPase) is unable to

reabsorb Ca”* ions, thus contributing to an increase in Ca" intracellular concentration. [2*!

In addition, the release of free fatty acids promotes the rapid B-oxidation’s arrest, which
causes the inhibition of mitochondrial ATP-dependent K" channel (mitoKATP), resulting in
the alteration of mitochondrial membrane potential (Ay), hence arrhythmia. In fact, a study
shows how activation of mitoKATP channels can prevent the collapse of membrane

potential, protecting cardiomyocytes from IRI. 24

Eventually, cell swelling ensues as a result of a gradual accumulation of metabolites from

glycogenolysis (lactates, protons), from the usage of the phosphocreatines (creatine,



inorganic phosphates), and the catabolism of the high energy phosphate. 23! An irreversible

tissue change can thus be expected when intervention strategies fail.

Although the reperfusion allows the recovery of ATP production and the normalization of

intracellular pH, it also induce detrimental effects. 125! (Fig. 1b)

Further abrupt intracellular changes are known. ) Indeed, a strong gradient of H" across
the cell membrane, resulting in restoring of physiological pH and washout of lactate,
promotes a massive flux of Na* ions within the cell by the Na"/H" and Na’/HCO*
exchangers. The increase of intracellular Na* induces the 2Na*/Ca*" exchanger and thus a

(26] This is also promoted by the damaged sarcoplasmic

further intracellular Ca** overload.
reticulum as a consequence of oxidative stress, besides the disruption of the plasma
membrane and mitochondrial re-energisation.
Intracellular Ca®" overload is involved in a series of events that immediately accelerate
myocardial damage: [*7!

= activation of lipases, nucleases and proteases, which damage cellular structure;

+ myofibril contractures;

+ mitochondrial Ca?" accumulation which triggers the opening of a pore known as

mitochondrial permeability transition pore (mPTP).

Moreover, following reperfusion, the still inactive electron transport chain (ETC) leads to
the production of radical oxygen species (ROS), also generated from endothelial cells
(xanthine oxidase) and neutrophils (NADPH oxidase). Besides inducing mPTP opening and
mediating dysfunction of the sarcoplasmic reticulum, ROS also acts as neutrophil
chemoattractant (along with cytokines and the activated complement). In fact, during the
first 6 hours of myocardial reperfusion neutrophils are pulled into the infarct area, and after
several hours they migrate into the myocardial tissue. Suggestions also show that a high
release of ROS is associated with a high issue of inflammatory mediators and chemotactic
agents. Among these, platelets play an important role, contributing to inflammation and

ventricular remodelling. (28121
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Figure 1b: Cardiomyocyte environment during ischemia and reperfusion. %

These changes act together inducing mitochondrial dysfunction in the cardiomyocyte.
Actually, rising data indicate that the onset of reperfusion injury (RI) involves many
biochemical and metabolic intracellular perturbations that culminate in the final abrupt
increase in the permeability of the inner mitochondrial membrane (IMM) through the
opening of a channel known as the mitochondrial permeability transition pore (mPTP). B!
321 In particular, it has been shown that during ischemia mPTP remains closed and only
during reperfusion the mitochondrial Ca®>* and inorganic phosphate overload, the oxidative

stress (ROS production), the ATP depletion, the reduction in mitochondrial membrane

potential (Ay) and also the rapid correction of pH, promote its opening. 3! (Fig. 1b)

Therefore, many of the perturbations described above are reflected adversely on
mitochondria, especially on the final opening of mPTP, which plays a pivotal role in a

perspective of cardioprotection.
1.1.2  Mitochondrial ischemia and reperfusion.

During IRI, mitochondria are closely involved in the final lethal injury. Hence, the discovery
of novel approaches able to prevent mitochondrial dysfunction induced by IRI may be an

important therapeutic strategy for cardioprotection. %

Briefly, mitochondria are small cytoplasmatic organelles engaged in a wide variety of
cellular processes. They have a typical double membrane structure, which divides them into
four different compartments: the outer mitochondrial membrane (OMM), the inter-

membrane space (IMS), the inner mitochondrial membrane (IMM) and the matrix. The

6



matrix includes the soluble enzymes that facilitate reactions responsible for the production
of ATP, such as the citric acid cycle, oxidative phosphorylation, oxidation of pyruvate and
the beta oxidation of fatty acids, besides containing the mitochondrial DNA and ribosomes.
The OMM is easily permeable to ions and small solutes (Mw<5000), which freely move
through porins, a crossing-membrane proteins family. The IMM, in contrast to the OMM, is
an extremely tight barrier totally impermeable to small size molecules and to the most part
of ions, including H", but it is permeable to oxygen, carbon dioxide and water. IMM consists
of cristae that increase the area containing the electron transport chain (ETC) and ATP

synthase.

Mitochondria are involved in several pathways in order to ensure cellular homeostasis,
among which: ATP supply, mitochondrial biogenesis, reactive oxygen species (ROS)
production, mitochondrial signalling, calcium homeostasis, activation of the innate immune
system by release of damage-associated molecular patterns (DAMPs) and regulation of cell
death programs, with apoptotic or necrotic features. (Fig. 1c) Therefore, mitochondria
contain essential enzymes that carry out vital chemical reactions. In fact, following
glycolysis, which occurs in the cytosol, the subsequent citric acid cycle (Krebs cycle) and
oxidative phosphorylation take place in these organelles. It is well known that, under normal
aerobic conditions glucose, thought glycolysis, is changed to pyruvate, which is then
converted to Acetyl-CoA. Afterwards, Acetyl-CoA takes part in the citric acid cycle and the
electron transport chain (ETC), allowing the production of 30 molecules of ATP for each

molecule of glucose. (Fig. 1¢)

s
@D

Figure Ic: Mitochondrial and cellular homeostasis. **



However, during ischemia, the hypoxic state induces the activation of an anaerobic
glycolysis with important consequences on ATP production and pH reduction. Indeed, the
absence of oxygen inhibits the regeneration of ETC and pyruvate must follow anaerobic
glycolysis. This leads to a drastic reduction of ATP production, only 2 per glucose molecule,
and an accumulation of lactate and protons, which causes a fall in pH. "% Moreover, the

crash of ion pumps, as described above, promotes a final rise in intracellular Ca*".

During reperfusion the supply of oxygen and nutrients allows mitochondrial re-energisation,
leading to a further increase of intracellular Ca®>" and thus to mitochondrial Ca**
accumulation. This condition, along with the production of ROS from the still inactive ETC,
and the rapid correction of pH, induces rigour hypercontractures and mPTP opening, that
determines osmotic perturbation, release of pro-apoptotic factors into the cytosol,

mitochondrial swelling and in most cases cell death. (Fig. 1d)

In this dramatic scenario the mitochondrial permeability transition (MPT) is considered as a
cellular catastrophe implicated in the pathophysiology of major human conditions as
myocardial (Morciano et al., 2017) and hepatic (Panel et al., 2019) IRI, traumatic brain injury
(Hénell et al., 2015), premature aging (Zhou et al., 2019), and Parkinson’s disease
(Ludtmann et al., 2018). 3%
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Figure 1d: Opening of mPTP, a main trigger of the lethal reperfusion injury. 3%

MPT is described as the consequence of the opening of the so-called mitochondrial
permeability transition pore (mPTP), which is emerging as a major therapeutic target for

cardioprotection. %! (Fig. 1d)



1.2 MPT and the mitochondrial permeability transition pore (mPTP).

Approximately 40 years ago Haworth and Hunter reported the first biochemical description

"I as a sudden

of the mitochondrial permeability transition (MPT) in isolated mitochondria, ©°
flux of low molecular weight solutes (molecules up to 1.5 kDa) across the generally
impermeable inner mitochondrial membrane (IMM).

MPT has been studied for almost four decades and it was firstly believed to be a result of the
degradation of the IMM, and thus an artefactual event. However, several data have shown
that MPT is mediated by the opening of a hydrophilic supramolecular entity, namely the
mitochondrial permeability transition pore (mPTP), whose complex bio architecture has

long been discussed and, as yet, remains unresolved.

mPTP is depicted as a multiprotein platform assembled at the interface of the inner and outer
mitochondrial membranes, crucial for signal transduction or material transfer. (Fig. le)
Many components/modulators of this complex have been revealed in recent years,

nevertheless the exact proteins involved in the channel-forming fraction are still under

38]

intensive investigation. [
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Figure le: The current proposal about the mPTP. %’/

Originally, the mPTP model suggested the adenine nucleotide translocator (ANT) and the
voltage-dependent anion-selective channel (VDAC), sited in the IMM and OMM
respectively, as the core components of mPTP. 32! However, conflicting data reported that
none of them might be part of the pore. [**! Firstly, a study based on knockout (KO) animal
model was performed to investigate the role of ANT. Especially, using ANTI and ANT2
knockout mice, it was demonstrated that the MPT occurs despite the loss of ANTs, and

although they have an essential role in regulating permeability transition by modulating the



sensitivity of the mPTP to Ca?" activation and ANT ligands, they are non-essential structural
components of the mPTP. ™! Similarly, a recent experiment with VDAC-deficient null
mitochondria did not show any significant differences in the Ca®" threshold for mPTP
induction or in cell death in response to various types of stimuli, indicating that VDAC might

not be an essential structural element of the mPTP. [+

The metalloprotease spastic paraplegia 7 (SPG7) has been proposed as an essential and
conserved component of the mPTP at the OMM and IMM contact site. 31 A study
recognized a necessary role for SPG7 in Ca?- and ROS-induced mPTP opening using
RNAi-based screening. Indeed, loss of SPG7 yielded mitochondrial performance that could
best be described as enhanced and robust. However, the only consolidation of the exact
mPTP complex will allow manipulation of these structures to rigorously investigate SPG7-

dependent mPTP function in health and disease.

It has long been recognized that inorganic phosphate sensitized the mPTP pore, suggesting
that it could possess a Pi-binding site. Some results, together with the finding that a
nonspecific pore is generate in liposomes by reconstituting the inorganic phosphate-carrier
(PiC), proposed it as a strong mPTP core-forming candidate. This idea was well accepted
until experiments based on gene silencing have shown that Ca?* threshold for MPT onset
was not significantly affected by PiC knockdown expression. This carrier was thus

recognized as a minor regulator of mPTP rather than its structural component. [

Even though the minimal structure required for mPTP activity is difficult to identify, an
amount of mPTP modulators has been described. The mitochondrial translocator protein
(TSPO), an 18-kDa protein localized in the OMM, was initially characterized as the
peripheral benzodiazepine receptor. Then, the interaction of TSPO with the VDAC and the
ANT showed that it was a potential component of mPTP. This assumption remained debated
for a long time, (31 461 471 and a TSPO KO study critically assessed the role of TSPO,
pointing out that it could exert only minor regulatory effect. 481 The participation of the well-
known pro-apoptotic BCL-2 family members, BAK and BAX, in the formation of mPTP
clarified the crucial role of MPT in the lethal injury. *°! Supplementary regulators have then
attracted attention, such as the glycogen synthase kinase 3 beta (GSK3-) and the isoform ¢
of the protein kinase C (PKCg), besides p53, and the complement component 1Q
subcomponent-binding protein (C1QBP), but further elucidations of their role in the MPT

are required. 5% 51

10



The mitochondrial matrix protein Cyclophilin D (CypD) is the only unambiguously accepted
as regulator of mPTP opening, which has similar but opposite binding sensitivities to Ca?*
and ADP. CypD is a known 21-kDa cyclophilin that catalyses the cis-trans isomerisation of
peptidyl-prolyl bonds in target proteins. The CypD enzymatic activity (Peptidyl-Proline
Isomerases, PPlase) is necessary for positive regulation of pore opening, [*?! abolition of
which affords the mechanism for CsA-mediated mPTP inhibition. *31 Genetic or
pharmacological ablation of CypD supported its engagement in mPTP formation. Indeed,
cells of Cyp-D KO mice were shown to be more resistant to stress-induced conditions, the
mitochondrial Ca®" overload and the oxidative stress. In particular, it was demonstrated that
a higher mitochondrial Ca?" load is needed for mPTP opening in Cyp-D KO mice. The
studies point out that a Cyp-D-independent conformational change can happen in the
presence of high Ca** overload, making the role of Cyp-D appear regulatory in facilitating

channel formation rather than being a component of the pore. %]

The possibility to modulate mPTP opening by targeting its structural proteins is of particular
interest for the development of novel therapeutic strategies to treat IRI in the clinical
practice. However, the limited knowledge of the bio architecture of mPTP is the main

obstacle in drug discovery programs.

Basing on the available evidence MPT seems to be sustained by two types of currents, each
interesting a different pore. The low conductance current (amplitude of 0.3-0.7 nS) ensues
during physiological conditions of mitochondria and is defined as a reversible event;
whereas the high conductance one (amplitude of 1.5 nS) occurs as a consequence of
extremely stressful states, impacting on mitochondrial structure and functions, thus causing
the activation of mitophagy or cell death, with necrotic or apoptotic features, depending on

ATP availability. Y

Of note for this thesis, while ANT seems to be the most likely candidate generating the low
conductance current, the high conductance would be sustained by a pore within the ATP
synthase. The two currents are closely correlated due to the involvement of ANT and ATP
synthase in the formation of the so-called “ATP synthasome”. This recent data focused the
attention on the engagement of the ATP synthase in mPTP formation, and according to this
model, suitable conditions during reperfusion may convert the energy-supplying ATP

synthase machine into an energy-dissipating supramolecular entity, mPTP.

11



1.2.1 The ATP-synthase.

ATP synthase is the enzymatic complex that crosses the IMM and is responsible for the ATP
synthesis via rotary catalysis from ADP and inorganic phosphate (Pi), essential for cell

bioenergy.

It is composed of 18 protein subunits, 16 nuclear DNA (nDNA) encoded and two
mitochondrial DNA (mtDNA) encoded, organized in two well-defined domains, °°! Fo and
Fi, each of which in turn consists of multiple subunits (Fig. 1f). Fo is the membrane-
embedded domain, which contains the c-ring (a number of hydrophobic c-subunits organized
to form a ring structure, whose stoichiometry is species-dependent) in close contact with the
a-, e-, f- and g-subunits; whereas F; is the water-soluble domain, located in the matrix, which
includes the (of); hexameric structure wherein only the B-subunits catalyse the ATP
synthesis or hydrolysis, driven by the transmembrane proton-motive force (Ap) or ATP
phosphorylation potential respectively. In addition, two stalks are defined: an asymmetrical
central stalk that contains the y-, 8- and e-subunits and a peripheral one (also known as stator)
composed of hydrophilic and hydrophobic subunits. The formers are the oligomycin
sensitivity-conferring protein (OSCP), F6, the soluble portion of b-, d- subunit bound to
(ap)3 hexameric structure, whereas the hydrophobic portion of b- and A6L constitute the
embedded portion in the IMM of the peripheral stalk (Fig. 1f). F1 motor promotes the ATP
synthesis by a three steps rotational mechanism, based on a constantly alternate affinity of
each one of the 3 B-subunit to ADP and phosphate, to ATP and to none of them. This
rotational mechanism is supported by the proton translocation across the IMM, that is
coupled to the rotation of the c-ring. As a result of the described ATP-synthase structure,

proton influx and ATP synthesis are deeply connected.

N side

P side

Figure 1f> ATP synthase general structure in mammalian mitochondria. %
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It is known that the ATP synthases are organized in dimers, promoting the typical shape of
cristae of the IMM, and that one of the main triggers of mPTP opening is the mitochondrial
Ca?" overload. In this regard, a recent hypothesis (Fig. 1g) explicates that the pore forms
from ATP synthase dimers following Ca?*-binding to the catalytic site located in the soluble
F; domain, causing a conformational change. *”1 Conversely, divalent cations like Mg?",
Sr**, Mn?* and Ba®" act as mPTP inhibitors. ¥ In particular, Mg?** contends with Ca®"
through a competitive mechanism, whereas Sr**, Mn?>" and Ba®" obstruct Ca*" influx

inhibiting mPTP. 37) 591 [60]

Figure 1g: ATP synthase dimers structure with Mg”" (upper panel) or Ca’* (lower panel) bound at

the catalytic sites. °”/

Moreover, in pathophysiology settings the ATP enzyme can convert its catalytic activity,
causing the ATP hydrolysis and thus a drastic reduction of ATP level. This process can be
avoided by the physiological inhibitory factor 1 (IF1) that binds the ATP synthase dimer,
inhibiting both the synthetic and hydrolytic activities. (Fig. 1h) This regulator is active only
in its dimerization form, which ensues after the pH decreases under 6.5, as well as in the

presence of an extensive proton motive force.
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Figure 1h: IF1, the physiological inhibitory factor 1 of the ATP synthase dimer. [°"

Hence, under hypoxic conditions, oxidative phosphorylation is gradually blocked, ATP
synthase does not function but at the same time IF1 is active, stabilizing the ATP synthase
dimer and preventing hydrolysis of the still remaining ATP reserves. During reperfusion, as
a consequence of the pH increase, the dimer IF1 becomes unstable, forming tetramers by

interaction of two dimer pairs (Fig. 1i), and thus the inhibition of the ATPase is removed.

signaling
mitohormesis
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pH <67 ?//’KA \\ Acetylation
Glycosylation

—E-:E:_ // \\ Succinylation

Oligomerization ﬁ e
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Phosphorylation Sequestration

Inactive IF1

Figure li: Active and inactive forms of IF1. [°Y

In this regard, items of evidence join in the suggestion that a failed stabilization of the ATP
synthase dimer, along with the involvement of crucial triggers, causes a deep rearrangement,
closely related to the mPTP opening. [63! [64] Nevertheless, a molecular model that clarifies

the ATP synthase dimers transition to the mPTP is still lacking.
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As mentioned above, following the binding of the two positive modulators, Ca** and CypD,
two forms of currents are recorded, a low and a high conductance current, through ANT and
a pore within the ATP synthase respectively (Fig. 1j panel b). Concerning to the high
conductance state of the MPT, two working models of pore formation are currently
proposed: the “dimer hypothesis” and the “c-ring or death finger hypothesis”. (Fig. 1j panel
¢). The first model proposed that a reconfiguration of the dimer origins a high conductance
current at the interface of two ATP synthase monomers. Conversely, the second one supports
that a significant conformational change induced by Ca®" allows the c-ring to generate the

pore.

Figure 1j: The “dimer hypothesis” and the “c-ring or death finger hypothesis”. **

Although studies provided criticism of both the models, [*! 1] independent experiments
have shown that: the depletion of the c-subunit reduces the lethal effects in response to
calcium overload- and oxidative stress-induced stimuli, whereas its overexpression enhances
mPTP opening. 67! 8] Supporting the hypothesis that the long-sought pore might reside in
the Fo-ATP synthase, a further investigation has assessed c-subunit in patients with STEMI.
This study was the first evidence that c-subunit is detectable in serum from STEMI patients
and that its elevated levels in the early phase of MI correlate to several myocardial
reperfusion markers and outcome in terms of death and HF. [ Moreover, M. Bonora et al.
by genetic approaches have revealed that mPTP opening is a multistep process that involves

disassembly of F1Fo-ATP synthase dimers and rearrangement of c-rings. ["]
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Of note, the recent Cryo-EM 7! structure of the entire mammalian F-type ATP synthase,
with the Ca?" bound to catalytic sites of the enzyme, has strengthened the “c-ring
hypothesis”. In particular, it has been evidenced that under physiological conditions the c-
ring lumen is occupied by a lipid plug, holding in place by a fragment of the e-subunit. Since
Ca’" has a higher atomic radius than the natural cofactor Mg?", it is able to induce an
alteration of the F1 domain, which is transmitted by the peripheric stalk to the Fo domain.
As a result of the significant rearrangement of the ATP synthase, the shift of e-subunit
promotes the deprivation of the lipid plug and the exposition of c-ring lumen which also
appears enlarged. ¥ (Fig.1j(c)) Especially, the obtained 3D classes of FiF, exposed to
calcium have been tentatively assigned to sequential stages in mPTP opening. As depicted
in Figure 1k, the initial pulling out can lead to a reversible partial opening, wherein water
molecules come into the c-ring, destabilizing the second lipid plug on the matrix side and
creating a ‘leak’ across the membrane. This condition can be followed by the c-ring widening
to 2-3 nm due to destabilization of its hydrophobic interior by the incoming water molecules,

Fi detachment and opening of the full conductance pore.
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Figure 1k: Proposed model of mPTP opening. [""

The unexpected double role of e-subunit as a second anchor point for the stator (along with
OSCP) and a holder for the lipid plug in the c-ring helps to understand the enigmatic link
between F1F, and the mPTP. ["!]

Eventually, literature conveyed that the low conductance current promotes a redistribution
of ions across the IMM and a brief depolarization (Ay), which only temporarily modifies
mitochondrial physiological conditions. However, the high conductance current alters
persistently the mitochondrial depolarization, besides a redistribution of ions and solutes. A

series of cellular responses are thus activated. 4
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1.2.2 mPTP and cell death.

Programmed cell death (PCD) is a physiological, evolutionarily conserved event.
Nevertheless, excessive PCD may be the basis of many diseases, including cardiovascular
and neurodegenerative disorders. Several types of PCD exist, including mitochondrial
permeability transition (MPT) driven apoptosis, which is related to the onset of ischemia-

reperfusion injury (IRI). [*!]

Especially, following MI the mPTP opening plays a dual role as arbiter of different cellular
responses, from the physiological regulation of mitophagy, the clearance of mitochondria
affected (as a supporter of cell survival), to the activation of necrosis or apoptosis (as a
promoter of cell death).

Necrosis and apoptosis are two forms of cell death in the myocardium that differently
contribute to MI. In order to clarify the possible correlation between mPTP and cell death in
cardiomyocytes, ’?l some investigations have suggested that the mechanism of heart failure
in cell death involves the mPTP, besides a complex network of cellular signals.

In this regard, it has been well documented that necrosis is a frequent outcome of ischemia
and reperfusion that rapidly leads to a destruction of a large group of cells, whereas
apoptosis, primarily during reperfusion, may independently contribute to the extension of
cell death.

Necrosis is characterized by depletion of high-energy stores, cell and organelle swelling and
disruption of cellular membrane, with its subsequent irreversible rupture and the spilling of
their intracellular contents. '’ Moreover, if the cellular stress is a severe insult, the extent of
mPTP opening is a catastrophic event and necrotic cell death is inevitable.

Otherwise, apoptosis involves an orchestrated caspase signalling cascade that induces a self-
contained program of cell death. Since this form is recognized as the final event in a cascade
of energy dependent events, following reperfusion the final fate of the cells, whether by

apoptotic or necrotic features, is determined by the amount of ATP.
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Especially, the apoptotic cell death can be initiated via two different pathways, which depend
on the nature of the death signals: the death receptor pathway (extrinsic apoptotic pathway)

and the mitochondrial pathway (intrinsic apoptotic pathway). 3]

Basically, the extrinsic pathway is activated in response to inflammation, which is required
for healing and scar formation in the infarct. Hence, proinflammatory ligands (such as Fas,
THF-a and TNF-related apoptotic inducing ligand (TRAIL)) bind their own receptor, that is
a plasma membrane protein with a death domain (DD). The DD, in turn, is involved in
binding an adaptor protein (FADD) with a death effector domain (DED) and sited between
the receptor and the procaspase 8. Therefore, in the presence of the appropriate ligand the
complex that is formed consists of: the receptor, the adaptor protein and the procaspase 8. It
is the so-called DISC (Death Inducing Signalling Complex), the corresponding apoptosome
of the intrinsic pathway. (Fig. 11)

The involved caspases are also termed cysteine-aspartate proteases. They are mainly
distinguished into initiator caspases, such as caspases 8 (extrinsic pathway) and 9 (intrinsic
pathway) and effector caspases, such as caspase 3, 6 and 7, which are responsible for
inducing apoptosis. Out of their important role in cell death, they are normally in an inactive
form, named procaspase, which can be cleaved to give the corresponding active form.

As anticipated, apoptosis may follow a second intrinsic pathway, wherein the main cause
seems to be mitochondrial permeability transition (MPT), driven by the mPTP opening.
Besides the accumulation of Ca®" ions in the mitochondrial matrix and the decrease in IMM
transmembrane potential (Ay), another important role in the induction of apoptosis is played
by ROS, which can be generated by the electron transport chain (ETC). Indeed, ROS are

able to induce lipid peroxidation and thus the OMM fragmentation, driving the release into
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the cytosol of a number of apoptotic activators, such as cytochrome c, apoptosis-induction
factor (AIF) and Smac/DIABLO. Cytochrome c-mediated apoptosis is significant in
cardiomyocytes, thereby in the cytosol it is bound by the protein APAF (Fig. 11), which
subsequently polymerizes and binds procaspase 9 thus activating into caspase 9. Thus, a
complex called apoptosome is formed. However, the various steps of apoptosome formation,
as well as the activation of caspase 9, being ATP-dependent processes, require energy.
Therefore, in case of severe ATP depletion or advanced cell damage, the cell is unable to

activate an apoptotic death process and might veer toward a necrotic process.

Death

Plasma membrane

a Intrinsic

DNA damage or ER stress

receptor

b Extrinsic
Anti-apoptotic BCL-2
proteins

| 7
o \em
"‘;-y gl
BH3-only protein activation| —=——#BAX or BAK._BID | &) | &l
0% 18] \ &/
~p Y Y
o
\Active caspases
MOMP Capae®
= Caspase B
P - e~ Outer
Ks ° \, membrane
0 8
i 8 Mitochondrion § | M5
\
: /
\\_D A g H /—/ Matrix
~ ° O
SMAC., 0% 0o 77
OM| -+ cc‘
o Cytochrome ¢
L APAR
o~
w6 .
_ o= Pro-caspase 9
XIAP i {on
{ "? Ky
< 2. iy
r‘:;,;@_ﬁf}%\_;\& Apoptosome
bt
<

Figure Im: Intrinsic (a) and extrinsic (b) pathway of apoptosis. !’

19



1.3 mPTP: a promising pharmacological target against IRI.

The main triggers of mPTP opening are the increase of intramitochondrial calcium
concentration and of reactive oxygen species byproducts, both typical conditions occurring
when the blood flow is restored after an ischemic insult in a tissue. Because the combination
of these conditions ensues in multiple diseases, from neurodegeneration to IRI-related heart
disease, the prevention of MPT at the onset of reperfusion with specific inhibitors have been

proposed as a possible cadioprotective strategy.

1.3.1 Known inhibitors of the mitochondrial permeability transition (MPT).

Currently, the few available inhibitors can be classified into two categories: CypD-dipendent
mPTP inhibitors, that act indirectly via interaction with the CypD; CypD-independent mPTP
inhibitors, whose mechanism of action is still unknown or involves an alternative

mitochondrial target.

The best characterised member of the first class of inhibitors, with a CypD-dependent
mechanism, is Cyclosporin A (CsA), a hydrophobic cyclic peptide of 11 amino acids. It has
been well established that CsA inhibits mPTP opening by binding a highly conserved domain
of CypD, ™ occluding its active site and thus its ability to associate other protein

components of the pore. It was evaluated in preclinical models of IRI, 731 [7€]

showing a
narrow therapeutic window that is hard to achieve in clinical practise. '”) 781 [l Moreover,
some small clinical studies on efficacy in improving cardiac outcomes following IRI have
summarized the occurrence of off-target effects, such as immunosuppression and

hypertension, as well as significant differences in patient inclusion criteria between studies.

In order to overcome its immunosuppression behaviour, two semisynthetic analogues of CsA
lacking in calcineurin binding domain, N-methyl-isoleucine-4-cyclo-sporin (NIM-811) and
N-methyl-D-alanine-3-N-ethyl-valine-4-cyclosporin ~ (Debio025)  respectively, were
developed. These are both potent and nonselective cyclophilin inhibitors and they have

demonstrated activity in multiple in vivo models of myopathy. (801 [811[82]
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Sanglifehrin A (SfA) is a natural high molecular weight derivative produced by
Streptomyces sp., that inhibits mPTP through a nonselective mechanism, binding both CypD
and CypA. It is structurally unrelated to CsA, but it possesses a significant

immunosuppressive activity and binds to the PPlase domain, similarly to CsA.

Sanglifehrin A (Sf4)

SfA, CsA and analogues display poor pharmacokinetic characteristics due to their high

molecular weight, low aqueous solubility and poor bioavailability.
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Inhibitors acting by CypD-dependent mechanism raise the threshold of mPTP sensitivity to
higher Ca?" concentrations, but do not entirely suppress the pore opening. 2 It is unclear
whether this would result in a therapeutic advantage, given the recognized physiological
activity of the mPTP pore. Therefore, research has been guided to the identification of
molecules that can act through a different mechanism (CypD-independent mPTP inhibitors),

thus avoiding just desensitization.

Among these, TRO-40303 was the first compound to be identified. It is a steroid analogue
that binds the cholesterol binding site of the translocator protein TSPO, sited in the OMM.
It was initially shown to be effective in vitro and in vivo, delaying pore opening following
oxidative stress caused by reperfusion. [¥¥] Subsequently, studies discussed whether TSPO
was effectively involved in the organization of the mPTP platform and disappointing results
were achieved. *8) However, TRO-40303 was further investigated in a Phase II clinical trial,
called MITOCARE, not demonstrating any effect in limiting myocardial injury after

percutaneous coronary interventions (PCI). (841 1831

TRO-40303

It has been proposed that the disappointing results with the molecules, CsA and TRO-40303
which have reached clinical trials, may be in part due to their indirect mechanism of action.
CsA is a Cyclophilin D (CypD)-dependent inhibitor while TRO-40303 binds the
mitochondrial translocator protein (TSPO) located in the OMM. Both CypD and TSPO are

known regulator of mPTP and not structural components of the pore.

Another target for the regulation of mPTP opening could be the ANT. It has been recognised
that the ANT inhibitor, Bongkrekic acid, in Gag-signaling induced cardiomyocytes
apoptosis, shows an anti-apoptotic effect (Adams et al., 2000), besides a decreased ROS
production (Roussel et al., 2015). However, ANT inhibitors are known to be potent
mitochondrial toxins. Consequently, they cannot be considered for the development of

further cardioprotective agents.
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Bongkrekic acid

In 2016 was assessed, in vitro on cisplatin-treated HeLa cells, the anti-apoptotic effect of the
VDACI oligomerization inhibitor, 4,4-diisothiocyanatodihydrostilbene-2,2-disulfonic acid
(H2DIDS). However, an in vivo evaluation of the cardioprotective action of VDACI

blockers is needed.
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DS44170716 is a small molecule whose mechanism of action apparently consists of blocking
mitochondrial Ca®" uptake. Actually, it promotes a loss of mitochondrial membrane potential
(Ay) and inhibition, by acting on the electron transport chain (ETC). The inhibition of

respiration, however, reducing its therapeutic potential and further investigation are needed.
[86]

DS§44170716

DS16570511 is a novel inhibitor of the mitochondrial Ca?" uniporter (MCU), and thus
preventing mitochondrial Ca** uptake is a potential inhibitor of mPTP opening. Studies

expose encouraging data on the use of the compound to control cardiac function. 7]
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Modulation of ETC function and Ca** uptake has been reported as alternative approaches for

mPTP inhibition, besides the modulation of mitochondrial redox state. In this regard, the
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most significant result was obtained with the derivative Edaravone (Radicut™), a potent
antioxidant and inhibitor of mPTP opening. Its action is expressed against free radicals, as a
scavenger, thus preventing oxidative damage to cells as well as subsequent necrosis or

apoptosis. [#8]

(0]

hp
©/ N« N 3
Edaravone (Radicut™)

As previously described, CsA reduces the mitochondrial permeability transition by binding
CypD, which is in turn an important regulator of ATP synthase. This awareness, together
with recent findings showing that ATP-synthase is involved not only in regulation but also
in mPTP formation, has increased attention in this enzyme as therapeutic target. In the past,
it has been extensively studied as pharmacological target for therapies aimed in blocking
adenosine triphosphate (ATP) synthesis in cells, especially those of pathogens, cause of
infective pathologies in humans. Deprivation of ATP stores often means death for an
organism and this is what has been reached in medicine by the use of antimicrobials such as
a diarylquinoline (Bedaquiline, to fight Tubercolosis) and 1,4-benzodiazepine (Bz-423, to
treat autoimmune disorders), both selectively targeting proteins of ATP synthase: the c-

subunit and the oligomycin sensitivity conferral protein (OSCP), respectively.

Among the classes of Fo inhibitors, macrolides are one of the more representative
derivatives. Oligomycin A (OA) is a macrolide consisting of a 26 membered lactone ring,
isolated from Streptomyces diastatochromogenes, that lies at the interface between the a-
and c-subunits of the enzyme ATP synthase, blocking the rotary proton translocation in Fo.
The mechanism provides that the oligomycin-sensitivity conferring protein (OSCP) is the
subunit that connect portion Fi with Fo, hence, if the enzyme is well coupled, F activity is
also blocked. Since, the amino acid residues that form the oligomycin-binding site are 100%
conserved between human and yeast, the high-resolution (1.9 A) crystal structure of
oligomycin bound to the subunit cio-ring of the yeast mitochondrial ATP synthase has
exploit to clarify how the general spiranic portion of OA (in orange) may inhibit the ATP
synthesis: %) each c-subunit has an H*-binding site defined by a conserved acidic side chain
(Glu*®’) on the C-terminal helix in the middle of IMM that is essential for proton
translocation. It forms an H-bond with an ester carbonyl oxygen of OA via a bridging water
molecule, and a bond with a hydroxyl group of OA. The remaining contacts between OA

and c-subunit are mainly hydrophobic. [’
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Oligomycin A

Thereby, the 1,7-dioxaspiro[5.5]Jundecane moiety of Oligomycin A (in orange), closely
engaged in the binding cavity of the c-ring, could be an interesting starting point for the

design of novel derivatives libraries, avoiding the inhibition of the ATP synthesis.
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2. DESIGN, SYNTHESIS AND BIOLOGICAL EVALUATION OF
CLINICALLY USEFUL  SPIRO-DERIVATIVES AS mPTP
INHIBITORS.

2.1 INTRODUCTION.

Acute myocardial infarction (MI) is one of the leading reasons of death and disability
worldwide. The standard treatment of patients with ST-segment-elevation MI (STEMI) for
reducing ischemic injury is the prompt restoration of blood flow, via either primary

Pl Despite timely

percutaneous coronary intervention (PCI) or thrombolytic therapy.
reperfusion strategies, STEMI is associated with 6-12% mortality and 14-36% prevalence of
heart failure within 1 year, thus novel therapeutic approaches are needed to improve the
clinical outcomes in this patient group. In particular, the so-called reperfusion injury (RI)
contributes for up to the 50% of the final infarct size, restricting the efficacy of PCIL P2
There is a clear unmet need with respect to RI therapy and this is mainly due to the

BUT Rising

incomplete understanding of the complex pathophysiology of this condition.
data indicate that the onset of RI involves several molecular and cellular factors that
culminate in the opening of a large pore in the mitochondrial membrane, namely the
mitochondrial permeability transition pore (mPTP). BUBE2ImPTP is defined as the key actor
in the final step of RI and the main responsible for cardiomyocyte death, which makes it a
major therapeutic target for cardioprotection. It is recognized that mPTP opening mediates
mitochondrial permeability transition (MPT)-driven apoptosis, ! during which the inner
mitochondrial membrane, usually highly impermeable, undergoes to a sudden and
irreversible increase of permeability. This phenomenon allows the free entry into the matrix
of all molecules <1.5 kDa, which translates into ATP depletion, mitochondrial swelling and
release of cytochrome c and other apoptotic proteins ultimately leading to cell death. B! The
main triggers of mPTP opening are the increase of intra-mitochondrial calcium levels and
oxygen species by-products, both typical conditions occurring when the blood flow is

restored in a tissue after an ischemic insult.

mPTP is defined as a multiprotein entity including pore-forming elements and modulators,
allocated at the crosstalk of inner and outer mitochondrial membranes, that contribute to its
opened/closed conformational state. °% Although many components/modulators of mPTP
have been discovered in recent years, the proteins involved in the channel-forming fraction
are still under intensive investigation. Several mPTP inhibitors have been identified, among
which Cyclosporin A (CsA) and TRO-40303 have reached clinical studies. % However,
inconsistent results have been achieved as far as their cardioprotective action. It has been

suggested that the disappointing results may in part be due to their indirect mechanism of
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action. CsA is a Cyclophilin D (CypD)-dependent inhibitor, while TRO-40303 binds the
mitochondrial translocator protein (TSPO) sited in the outer mitochondrial membrane. (c)
Both CypD and TSPO are known regulator of mPTP and not structural components of the

pore.

The incomplete knowledge of the bio architecture of mPTP is the main obstacle in drug
discovery programs. Of note, recent data point to a role for ATP synthase in mPTP
formation. (0311641 According to this model, the increase of mitochondrial calcium during
reperfusion can convert the energy-supplying ATP synthase machine into an energy-
dissipating supramolecular entity, mPTP. % Currently, two working models of pore
formation have been proposed. ** However, independent studies provided that the c-subunit
of F1Fo-ATP synthase play a pivotal role in mPTP formation: depletion of the c-subunit
reduces the channel opening in response to calcium- and oxidative stress-induced stimuli,

[671[68] [70] Moreover, elevated levels

whereas its over expression enhances mPTP opening.
of c-subunits in serum of STEMI patients correlate to myocardial reperfusion markers and
are determinants of poor clinical outcomes. [*! In addition, the recent Cryo-EM structure of
the mammalian F-type ATP synthase, with the Ca*" bound to catalytic sites of the enzyme,

has provided solid validation of the “c-ring hypothesis”. ["!]

Sharing a dual role as both generator of cell life and key participant in death mechanisms, in
the past FiFo-ATP synthase has been extensively studied as pharmacological target for
therapies aimed in blocking adenosine triphosphate (ATP) synthesis in cells, specifically
those of pathogens that cause infective pathologies in humans. Lack of ATP stores often
means death for an organism, and this is what has been reached in medicine by the use of
antimicrobials such as a diarylquinoline (Bedaquiline, to fight Tubercolosis) and 1,4-
benzodiazepine (Bz-423, to treat autoimmune disorders), both selectively targeting proteins
of ATP synthase: the c-subunit and the oligomyicin sensitivity conferral protein (OSCP),

respectively.

Considering the available information and, looking for novel potential pharmacological
approach for the treatment of RI, my research group recently reported the design and
synthesis of different series of mPTP inhibitors targeting the c-subunit of FiFo-ATP
synthase. 1 P4 Oligomycin A (OA) and dicyclohexylcarbodiimide (DCC) has been
considered as starting points for the investigated derivatives due to their known capability

of binding c-subunit to Glu>°, P11

Especially, the crystal structure of the OA-ATP synthase complex indicated that the spiro

bicyclic portion of OA, with a general structure 1,7-dioxaspiro[5.5]-undecane, is closely
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engaged by the binding cavity of the ¢ ring. ®°! In the effort to simplify the structure of OA
to the putative pharmacophore portion towards easy and accessible synthesis, a small internal
library of spirocyclic compounds was initially screened. On this basis, it has been
investigated the hypothesis that the spiro bicyclic fragment may be mandatory for mPTP
inhibition. PP11 was selected as a valuable hit-compound with an in vitro inhibitory potency
comparable to that of OA, but at a 10-fold lower concentration; the increased performance
at lower concentrations was ascribed to its better localization to the mitochondrial

compartment, as assessed by HPLC-HRMS.

Considering the higher chemical stability of the aza-spiro moiety compared to the spiro-ketal
function of OA, further SAR optimization led to compound 10 with improved in vitro
potency. Moreover, in an ex vivo model of MI, the treatment with 10 during reperfusion
showed beneficial effects in preserving cardiac functions with significant reduction of
apoptotic cell death. 3 Noteworthy, conversely from OA the inhibition of mPTP by 10 was

not associated with a depletion of the mitochondrial ATP content.

In light of these prominent results, in this doctoral thesis we focused on the design, synthesis
and biological evaluation of novel spiro derivatives as potential mPTP inhibitors, for the
clinical management of ischemic events. To this end, the first goal of this doctoral thesis was
to develop three series of molecules characterized by new spiro fusions capable of

mimicking the spiroketal core of OA (projects 1, 2 and 3).
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2A. Project 1: NOVEL SPIRO-ISATIN DERIVATIVES.

2a.1 AIM AND OBJECTIVES.

G.Morciano, D.Preti et al.
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Figure 2a.1: Rational design Project 1.

With the aim to identify novel spiro derivatives as potential cardioprotective agents, we
firstly considered the isatin ring, a scaffold that has attracted strong interest in organic and

medicinal chemistry due to its potential in biological and pharmacological activities.

Briefly, the synthesis of new medicinal compounds based on candidate molecules with
known biological activity offers an opportunity to design effective safe drugs with minimal
toxicity.

Heterocyclic derivatives represent an important class of organic compounds having
biological and pharmacological properties. Among nitrogen-containing heterocyclic
compounds, indoline-2,3-dione, commonly known as isatin, is a versatile chemical building
block able to form a wide category of biologically useful heterocyclic molecules. ¢
Structurally, it consists of an indole nucleus and two types of carbonyl group, lactam and
keto respectively. It is a well-known natural product and an endogenous polyfunctional
heterocyclic compound found in mammalian tissues and body fluids, where its
concentrations vary significantly from <0.1 to >10uM. 7 It was first obtained in 1841 by
Erdman and Laurent as a product from the oxidation of indigo dye by nitric acid and chromic
acids. The unique potential of isatin to participate in a broad range of synthetic reactions has
allowed its extensive use as a precursor molecule in medicinal chemistry. °®! In particular,
the isatin moiety has been used by many researchers by taking advantage of N’ position, C’
and C? carbonyl positions for the synthesis of a wide variety of derivatives possessing several

[9

biological activities [°®) such as anticancer, anti-inflammatory, antiviral, anticonvulsant, anti-

tubercular, antidiabetic, antimicrobial. Apart from N-substitutions, nucleophilic additions at
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the C-O bond and condensation reactions, the isatin ring can undergo electrophilic aromatic
substitution at position C° and C” of the phenyl ring, chemoselective reductions, oxidations
and ring expansions.

In light of the attractive features of the isatin ring, we focused on the possibility to exploit it
as core structure in order to develop novel spiro derivatives as promising cardioprotective
agents. Notably, it has been observed that sometimes the presence of two oxo groups at
positions 2 and 3 becomes insignificant as a fusion with a heterocycle at these positions
resulted in a biologically relevant compound. ) Considering this evidence, we designed a
series of isatin-based spirocycles, wherein the imidazolidinone cycle of the previous series
(93] was created in an isatin scaffold instead of a piperidine one. Because of the peculiar
chemical behaviour of the isatin ring, for the synthesis of the desired derivatives we
optimized some reaction steps, identifying the ideal conditions after several attempts.

The efficacy of these new spiro compounds against mPTP opening was measured through a
preliminary in vitro screening (in living cells, AC16: human ventricular cardiomyocytes),
recognising 15f as the best performing compound that was further investigated to explore its

biological profile

2a.2 RESULTS AND DISCUSSION.

2a.2.1 Chemistry.

As depicted in Scheme 2a.1, the optimized synthetic pathway allowed us to set up a library
of spiro-isatin compounds. The reported derivatives, with general structure 1'-methyl-3-
phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione derivatives (15a-d) and 1'-benzyl-3-
phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione (15e-p) respectively, were synthetized
starting from opportunely substituted commercially available 1H-indole-2,3-diones 1-3.
They were first alkylated and then a Strecker reaction, between compounds 4-11 and anilines
in presence of trimethyl silyl cyanide (TMSCN), led to the a-amino nitriles 12a-n. However,
for the preparation of the a-amino nitriles 120-p we exploited a different strategy. Compound
7 was transformed to the corresponding ketimine intermediate, by reaction with the
appropriate aniline, which was subsequently implemented to react with TMSCN. Nitrile
groups were then converted to amide functions by treatment with an alkaline solution of 30%
H>0». The obtained amino-amide intermediates 13a-p were reacted with DMF-DMA and
the 14a-p spiro derivatives were obtained by acid catalysis via acetic acid. Finally, the
unsaturated imidazolidinone cycles were reduced with NaBH4, leading to the final saturated

products 15a-p.
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Scheme 2a.1: Synthesis of substituted 1'-methyl-3-phenylspirofimidazolidine-4,3'-indoline]-2",5-
dione and 1'-benzyl-3-phenylspiro[imidazolidine-4,3"-indoline]-2",5-dione derivatives - Reagents
and conditions - i. Mel, NaH, DMF, 0°C 2h to rt 2h (except for 7-11: Substituted benzyl bromides,
K>CO3, MeCN, reflux 16h; ii. Substituted anilines, TMSCN, AcOH, 0°C to rt 18h (except for 120-
p); iii. Substituted anilines, AcOH, 0°C to rt 3h; iv. TMSCN, MeOH 50°C 18h; v. HO, 30%, Na>CO3
IN, acetone, rt 2h; vi. DMF-DMA, MeOH, 50°C 2h; vii. AcOH, MeOH, 50°C 2h; viii. NaBHa4,
MeOH, rt 2h.

All the synthesized compounds are reported in Table 2a.1. In this regard, we applied a
versatile synthetic approach that first led to two groups of isatin-based spirocycles
(compound 15a-d and 15e-h). We investigated the effect of placing a methyl or a benzyl
group at the N’ position of the isatin moiety, combining these general scaffolds with various
substitutions at the C° or at the N° position. In particular, examining the most promising
spiropiperidines of the previous work, *! we considered to implement N°-phenyl ring
bearing an electron-withdrawing group (EWG) at the para position (see compounds 15d and
15h).

The results of the in vitro biological assay indicated that compound 15f, with a benzyl group
at the N'" position and a fluorine atom at the C° position, exhibited the best profile, thus we
investigated various fluorinated compounds (15i-p), all of them bearing a benzyl group at

the N’  position.
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(93] was optimized and

For the preparation of all the final compounds, a previous pathway
the ideal conditions of some reaction steps were achieved after critical attempts. The first
improved step was the Strecker reaction. As shown above, a-amino nitriles 12a-n were
synthetized starting from the commercially available isatins 1-3. Regarding the mechanism
of this one-pot three-component condensation (Scheme 2a.2), we assumed that, in presence
of acetic acid, the reaction of ketone with aniline readily provides the corresponding
hemiaminal. 1% The obtained hydroxyl group, by attacking TMSCN, ensures the release of

a cyanide that then promotes the elimination of an efficient leaving group, as well as the

trimethylsilyloxy one (SN substitution).

R2
(/3'*\ @ @ CN Q
o
R2 NC
* NH, & R c\s. o \Cfg':
@ @’* CLr

Scheme 2a.2: Proposed mechanism for preparation of compounds 12a-n.

C

N
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For the synthesis of the a-amino nitriles 120-p we did not use the described one-pot strategy.
In particular, we split the reaction into two steps in order to gain pure product with high
yields (Scheme 2a.3): we first obtained ketimine intermediates that were then efficiently
converted into the corresponding a-amino nitrile derivatives. Substituted anilines with a
strong electron-withdrawing group (EWGQG), as CF3, in the para/meta position were less
nucleophilic compared to the others. To promote the reaction, it was necessary to push the
complete conversion of isatin 7 to the corresponding ketimine intermediate by adding
TMSCN at a later stage. Since the solvent acted as a catalyst, its choice was crucial. In this
regard, the data showed that MeOH may activate ketimine intermediates via hydrogen-
bonding (as a more electrophilic intermediate) and it may interact with TMSCN promoting

the cyanide transfer (nucleophilic addition). [100] [101]
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Scheme 2a.3: Two steps proposed mechanism for preparation of compounds 120-p.

In the following step, the conversion of nitriles to amides, we did not perform an acid-
catalyzed reaction but a base-catalyzed one. In fact, it has been noted that the isatin scaffold
did not support the strong acid condition used in the previous work. **! For this reason, we
explored the possibility to involve a different reaction setting that allowed the preparation of
amino-amide derivatives (13a-p) through a base-catalysed conversion of nitriles to amides
by hydrogen peroxide. The mechanism of this well-tolerated procedure at pH rage 7-8 has
been investigated by Wiberg. As shown below (Scheme 2a.4), Wiberg’s mechanism, eq 1-
3, involves nucleophilic attack of the anion of hydrogen peroxide on the nitrile carbon (1)

followed by a rapid reaction of the intermediate peroxycarboximidic acid with hydrogen

peroxide (3). 192
OOH B}
M ety — of
.C~ N
R RC~o0H
N NH
(2) 1l + H,O - = 1 + HO_
RC. 2 -
OOH RC-ooH
N'j ;D o} R -
() RCZ_oH 0-0" — g¢ + O + H + OH
o H RC‘NHz

Scheme 2a.4: Wiberg’s mechanism.

However, Wiberg’s mechanism cannot be operating exclusively. Edwards and co-workers
have suggested that peroxycarboximidic acid may decompose simultaneously via two
distinctive paths: involving nucleophilic attack by the peroxy acid anion upon the carbonyl
carbon of the peroxy acid (no scrambling, eq 4) or involving nucleophilic attack of the
peroxy acid anion upon the outer oxygen of the peroxy acid (scrambling, eq 5) (see below
Scheme 2a.5). They suggested that the transition states for these pathways must be of similar

energy, but sp? carbon is the preferred site for attack. [19%]
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Scheme 2a.5: Edwards’ paths for the peroxycarboxylic acid decomposition.

(931 the cyclization step using N, N-dimethylformamide

Unlike to the spiropiperidine series,
dimethyl acetal (DMF-DMA) did not lead to the desired spiroisatin derivative. Specifically,
in the first step, checking the reaction by MS (ESI), we found the molecular weight of the
molecular ion corresponding to the expected product which was then appropriately isolated
and purified. However, by NMR spectroscopy analysis, we did not detect the characteristic
signals and, following an in-depth analysis of the '"H NMR spectrum, we highlighted the

hypothetical achievement of a product with a dimethylamino imine group (Fig. 2a.2).

In this regard, it is well-known that DMF-DMA is one of the commonly used reagents in the
synthesis of many heterocyclic compounds and that it can react with different functional
groups of organic compounds. [103] Methylene, methyl and amino groups are the most
important of these functional groups, allowing the synthesis of the corresponding enamine,
enaminone and dimethylamino imine structures. Concerning the organic compounds with
amine, it has been shown that when they react with DMF-DMA they can form imine, as a
result of condensation reaction. Especially, amino groups that act as nucleophiles attack the
partially positive carbon atom of the DMF-DMA reagent to give the imine group. The

reaction mechanism is similar to the addition of amino group into carbonyl groups.

With regard to the final compound 15a, shown as an example of the series (Fig. 2a.2), the
'"H NMR spectrum shows the typical signals of the assumed dimethylamino imine
intermediate. In particular, the relevant peaks are: singlet at 8.45 ppm corresponding to the
imminic proton (in red) and singlets at 3.07 ppm and 2.85 ppm matching to the protons of

the two methyl groups of the dimethylamine unit (in blue).
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Figure 2a.2: '"H NMR spectrum of the dimethylamino imine intermediate.

Once attributed the putative product obtained by treating the amino-amide intermediate with
DMF-DMA, we focused on the next step. Since we observed the molecular weight of the
desired spiro derivative by mass spectrometry, and considering that the mass sample was
prepared in a solution of acetonitrile, water and trifluoroacetic acid (60/40/0.1), we assumed
that an acidic catalysis may promote the nucleophilic attack of the aromatic amine, making
the dimethylamine unit a better leaving group. Thus, we dissolved the intermediate in MeOH
and added few drops of acetic acid (AcOH) to this solution, heating the mixture at 55°C.
After 1h, we observed, by TLC, a complete conversion of the intermediate and after
purification, NMR confirmed its structure. In particular, we obeserved that: singlet at 8.45
ppm of the imminic proton was replaced by a singlet at 9.80 ppm, corresponding to the
proton of the spiro cycle, and above all, the singlets of protons of the two methyl groups of

the dimethylamine unit were not detected (Fig. 2a.3).
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Figure 2a.3: '"H NMR spectrum of the unsatured spiro derivative.

Lastly, the saturated spiro cycle was quickly obtained by treatment with the reducing agent
NaBHa. As indicated by '"H NMR spectrum we noted the emergence of the typical peaks as
a singlet at 9.43 ppm of the amidic proton (in red) and two doublets of protons of the obtained

saturated carbon (in blue, Fig. 2a.4).
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Figure 2a.4: 'H NMR spectrum of the satured spiro derivative.
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As detailed above, we have optimized some steps. Regarding the formation of the
imidazolidinone spirocycle, it was a very critical step and, the difficulties encountered could
be attributed to the distinctive chemical behaviour of the isatin moiety. In fact, in contrast to
the spiropiperidine series of the previous work, ?! herein we designed the same spiro
imidazolidinonic cycle on a five-member ring and not on a six one. It can be speculated that
due to ring strain the five-member ring of isatin hinders the formation of the desired spiro

bicycle, requiring an acid catalysis.

2a.2.2 Biological evaluation.

The biological assays reported below were realized in collaboration with the research group
of Professor Paolo Pinton of the University of Ferrara (Dept. of Medical Sciences).
Preliminary screening-cobalt-calcein assay.

Mitochondrial permeability transition (MPT) is a fascinating but quite obscure event that
needs careful investigation in living cells. For this reason, three different methods that can
be exploited to monitor mPTP activity have been described: the cobalt-calcein assay,

mitochondrial membrane depolarization, and the swelling technique.

Herein we measured the biological activity of all the investigated final compounds in human
ventricular cardiomyocytes (AC16) by using the cobalt-calcein assay. A preliminary
screening of the synthesized derivatives with this type of assay has been performed as it
efficiently allows measuring mPTP opening. Briefly, the protocol is based on the decrease

(1941 Compounds that

in calcein fluorescence, which is directly related to the mPTP opening.
prevent cobalt (Co®") entry into mitochondria and calcein quenching, in the first minute post
stimulation with ionomycin, are active as potential inhibitors of mPTP opening. In this
condition, the slope of the calcein fluorescence trace (in terms of kinetics data) is lower

compared to that of the vehicle.
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Table 2a.1: In vitro potency of the novel spiro-isatin derivatives as mPTP opening
inhibitors.

-
N\©
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PP11
mPTP
Compd R Ri1 R: inhibition Statistic
(%, 1nM)

PP11 - - - 40,19 P<0.0001
(1\}1:5 ) H Me H 49,18 P<0.0001
&f 11)9) F Me H 47,39 P<0.0001
(1\}1:5 52) OMe Me H 42,59 P<0.0001
G\}Fs 90) H Me 4-Cl 44,77 P<0.0001
(df fs) H Bn H 51,90 P<0.0001
(MIFS 1f6) F Bn H 62,60 P<0.0001
(I\}FS %7) OMe Bn H 59,48 P<0.0001
(I\}IFS ?1) H Bn 4-Cl 54,22 P<0.0001
(MIFSL) H Bn 4-F 4,86 n.s.
(MIFS 9;5) F Bn 4-F 11,37 P<0.05
a\ig 31(6) H 4-F-Bn H 20,64 P<0.0001
(MIF5:7) F 4-F-Bn H 4,17 n.s.
(1\14?:?;) H 4-F-Bn F 6,43 n.s.
(1\}1F5:119) F 4-F-Bn F -8,71 .S,
a&FS ) H Bn 3-CF; 19,99 P<0.0001
(I\}IFS ?1) H Bn 4-CF; 21,06 n.s.

As shown in Table 2a.1, many of the first synthesized derivatives exhibited an encouraging
in vitro potency against the target. In detail, it is well-known that substitution of a hydrogen
atom by a fluorine one is a common classical bioisosteric replacement. Indeed, it has been
reviewed that the incorporation of fluorine into a biologically active compound can

simultaneously influence the electronic, lipophilic and steric parameters and could critically
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improve the pharmacokinetics increasing the intrinsic activity and the chemical stability. [1%]

Since replacement of hydrogen by fluorine enhances lipophilicity and functional groups such
as CF3, CF30 and CF3S are the most lipophilic groups known, we also evaluated the effects
of placing a strong EWG, as CF3, at the para/meta position of the N° phenyl ring.
Unfortunately, this planned series (compounds 15i-p) did not show an improvement in terms
of potency against mPTP opening. In particular, the biological results obtained through the
in vitro screening highlighted that the placement of different substitutions at the N*>-phenyl
ring and/or at the N’ -benzyl group could be not well tolerated in the mechanism of mPTP
inhibition.

However, the addition of 1 uM ionomycin to cells pretreated with 1 pM 15f resulted in
desensitization of mPTP opening by approximately 62%. Because 15f was selected as a
potent spiro derivative, additional in vitro assays were performed to explore its biological

behaviour towards the target.

Biological profile of the most promising compound (15f).

Overall, the preliminary in vitro assay revealed compound 15f as a potent inhibitor with the
greatest effects on reducing calcein quenching (Table 2a.1) compared to PP11 (reference
compound).

Given the crucial role of the c-subunit in ATP synthase assembly and cellular energy
production as a component of the membrane rotor, the basal mitochondrial ATP content and
agonist-induced ATP production were monitored by the luciferin-luciferase method. %
The most sensitive and reliable technique for measuring ATP is based on the bio luminescent
luciferin-luciferase reaction. Luciferase is an enzyme derived from the North American
firefly Photinus pyralis that chemically generates light as a byproduct of the oxidation of the
small-molecule substrate D-luciferin. Especially, the reaction catalyzed by luciferase in the
presence of magnesium ions implicates the conversion of D-luciferin into oxyluciferin,
producing a flash of yellow-green light proportional to the amount of ATP present. The in
vitro luciferin-luciferase assay includes cell transfection and expression of a luciferase probe
targeted to a given organelle and the detection of the yellow-green light by a luminometer.
It is known that increased mitochondrial Ca** accumulation induced by agonist stimulation
triggers activation of the mitochondrial metabolic machinery. Therefore, not only the basal
mitochondrial ATP content but also Ca?*-stimulated ATP synthesis can be measured.
Especially, we aimed to assess the effects of 15f either at resting conditions (normoxia) or
at hypoxia (2h) - reoxygenation (48h) conditions. As depicted in Figure 2a.5 panel A and
panel D, compound 15f did not affect the basal mitochondrial ATP content, and it slightly

but significantly increased the relative amount of ATP upon Bradykinin/Histamine
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(Brad/His) induced calcium uptake at hypoxia-reperfusion conditions (Fig. 2a.5, panel E).
[107]
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Figure 2a.5: A) Mitochondrial ATP content in living cells at resting conditions (normoxia) using the
luciferase-luciferin method. B) Mitochondrial ATP production upon agonist-induced Ca’* uptake in
living cells at resting conditions (normoxia) using the luciferase—luciferin method. C) Representative
kinetics of the luciferase-luciferin assay at resting conditions (normoxia). D) Mitochondrial ATP
content in living cells at hypoxia-reperfusion conditions using the luciferase-luciferin method. E)
Mitochondrial ATP production in living cells upon agonist-induced Ca’* uptake at hypoxia-
reperfusion conditions using the luciferase—luciferin method. F) Representative kinetics of the
luciferase-luciferin assay at hypoxia-reperfusion conditions. G) Immunoblot assay with an antibody
against luciferase. Brad/His indicate the agonists (500 uM) used to induce Ca’"-dependent ATP
production. NT: untreated. IR: hypoxia-reperfusion. ns: not significant. (*) p value < 0.05. (**) p
value < 0.01. (****) p value < 0.0001.

In addition, in order to evaluate the cardioprotective effect of compound 15f, a cell-death
assay and a cell-viability assay were performed, by western blot and fluorescence flow
cytometry respectively. In Figure 2a.6 panel A is depicted the western blot of the two
proteins engaged in the mechanism of cell-death, cleaved Parp and cleaved Caspase 3,
besides the B-Actin as well as an internal control. In a context of hypoxia-reoxygenation, it
can be noticed that the levels of cleaved Parp and cleaved Caspase 3 are reduced comparing

the untreated sample and the treated one with compound 15f. In Figure 2a.6 panel B are
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reported the relative cell-viability in various settings. The assay was executed by using
propidium iodide (PI) and fluorescein isothiocyanate (FITC)-labeled annexin V (annexin V-
FITC) to selectively detect in culture the necrotic and apoptotic cells respectively. In
particular, the blue bar highlights that the relative cell viability is improved when, in a

context of hypoxia-reoxygenation, compound 15f (5uM) is administered during reperfusion.
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Figure 2a.6: A) Western blot. B) Cell-viability assay. NT: untreated. IR: hypoxia-reperfusion. ns:
not significant. (*) p value < 0.05. (**) p value < 0.01. (****) p value < 0.0001.

Notably, compound 15f was selected from a cobalt-calcein preliminary screening as the most
promising derivatives, and as a result of its ability to increase the relative cell viability and
to protect cells from cell death, it can also be considered as a useful cardioprotective agent.
Therefore, considering its encouraging biological profile, it will be attractive to inquire the
mechanism by which compound 15f can improve the ATP production upon Brad/His
induced calcium uptake, besides the possible engagement of the c-subunit in its inhibitory

activity on the mPTP target.

2a.3 EXPERIMENTAL SECTION.

2a.3.1 Materials and Methods.

Reagents and solvents were provided by BLD, Fluorochem and Sigma-Aldrich.

Reaction progress and product mixture were monitored by thin-layer chromatography (TLC)
on pre-coated F2s4 Macherey-Nagel plates of silica gel, visualized with a UV lamp (254 nm
light source), and/or by ESIMICROMASS ZMD 2000 electrospray mass spectrometer, after
dissolution of compounds in a solution composed by 40:60:0.1 of H,O:CH3CN:TFA.
Compounds were purified by crystallization/trituration, flash chromatography or via reverse-
phase purification using a Waters Delta 600 high-performance liquid chromatography
(HPLC) system with a Jupiter column C18 (250 x 30 mm, 300 A, 15 um spherical particle
size), using a binary mobile phase consisting of solution A (100% H>0O, 0. 1% v/v TFA) and
solution B (40% H>0, 60% CH3CN, 0.1% v/v TFA) at a flow rate of 20 mL/min. Gradient
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was established individually considering the analytical HPLC profile of the crude product.
Analytical HPLC was performed with a Beckman 126 liquid chromatograph furnished of a
UV detector Beckman 168 and equipped with KARAT32 software. The purity of all the
derivatives was assessed with an Agilent Zorbax C18 column (4.6 < 150 mm, 3.5 um particle
size) at a flow rate of 0.7 mL/min using a linear gradient from 100% of A (water + 0.1%
TFA) to 100% of B (acetonitrile + 0.1% TFA) over a period of 25 min. All final compounds
were monitored at 220 nm showing > 96% purity.'H NMR and '3C NMR spectra were
performed on a Varian Mercury Plus 400 MHz spectrometer. The signals were referenced
to residual 'H shift of the deuterated solvents (respectively § H 7.26 for CDCls; 6 H 2.50 for
DMSO-ds). Chemical shifts (J) are expressed in parts per million (ppm) using the peak of
deuterated solvents as an internal standard, while values of coupling constants (J) are
reported in Hertz (Hz). Splitting patterns are designed as s, singlet; d, doublet; dd, double
doublet; t, triplet; m, multiplet; and bs, broad signal. Melting points for purified products

were determined in a glass capillary on a Stuart Scientific electrothermal apparatus SMP30.

2a.3.2 General synthetic procedures.
General procedure for the preparation of compounds 4-6.

NaH (60% dispersion in mineral oil, 1.1 eq) was added to a cooled solution of derivatives 1-
3 (1 eq, 6.8 mmol) in DMF (25 mL), and the mixture was stirred at 0°C for 15 min. Mel (1.1
eq) was successively added dropwise and the reaction mixture was stirred at 0°C for 2 h and
at room temperature for 1 h. Upon completion, as indicated by TLC and MS (ESI), the
mixture was concentrated under vacuum. The resulting residue was then extracted with
EtOAc (3x15 mL), and the combined organic layers were washed with water (1x15 mL),
brine (1x10 mL) and dried over NaxSO4. The solvent was then evaporated to obtain a solid,
which was triturated (Et2O) and filtered to yield derivatives 4-6 as orange-red solids, used in

the next step without further purification. %%

1-methylindoline-2,3-dione (4): Orange solid (yield 81%). 'H NMR (400 MHz, DMSO-ds)
0 7.68-7.62 (m, 1H), 7.52 (dd, J = 8.0, 2.0 Hz, 1H), 7.13-7.08 (m, 2H), 3.12 (s, 3H). MS
(ESI): calculated for CoHsNO> [M+H]" 162.06; found 162.45.

5-fluoro-1-methylindoline-2,3-dione (5): Dark orange solid (yield 85%). '"H NMR (400
MHz, DMSO-d¢) 6 7.58-7.52 (m, 1H), 7.47-7.43 (m, 1H), 7.20-7.14 (m, 1H), 3.14 (s, 3H).
MS (ESI): calculated for CoH7FNO> [M+H]" 180.05; found 180.12.
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5-methoxy-1-methylindoline-2,3-dione (6): Red solid (yield 71%). 'H NMR (400 MHz,
DMSO-ds) 0 7.26-7.21 (m, 1H), 7.11-7.09 (m, 1H), 7.06 (d, J = 8.0 Hz, 1H), 3.75 (s, 3H),
3.09 (s, 3H). MS (ESI): calculated for C1oH;0NO3 [M+H]" 192.07; found 192.14.

General procedure for the preparation of compounds 7-11.

K>COs (3 eq) and the appropriate benzyl bromide (1.5 eq) were added to a solution of
derivatives 1-3 (1 eq, 6.8 mmol) in MeCN (0.10 M) at room temperature. The resulting
mixture was then heated at reflux overnight. Upon completion, as indicated by TLC and MS
(ESI), the reaction mixture was cooled, filtered and concentrated. The crude residue was
then triturated (Et2O) and filtered to yield derivatives 7-11 as orange-red solids, which were

used in the next step without further purification. [!%]

1-benzylindoline-2,3-dione (7): Orange solid (yield 82%). 'H NMR (400 MHz, DMSO-dy)
0 7.62-7.54 (m, 2H), 7.43 (d, J = 7.2 Hz, 2H), 7.39-7.24 (m, 3H), 7.14-7.08 (m, 1H), 6.97
(d,J=8.4 Hz, 1H), 4.91 (s, 2H). MS (ESI): calculated for CisH;2NO, [M+H]" 238.09; found
238.30.

1-benzyl-5-fluoroindoline-2,3-dione (8): Dark orange solid (yield 89%). 'H NMR (400
MHz, DMSO-d¢) ¢ 7.53-7.40 (m, 4H), 7.38-7.24 (m, 3H), 6.98-6.93 (m, 1H), 4.91 (s, 2H).
MS (ESI): calculated for CisHi1FNO, [M+H]" 256.08; found 256.37.

1-benzyl-5-methoxyindoline-2,3-dione (9): Red solid (yield 93%). 'H NMR (400 MHz,
DMSO-d¢) 6 7.44-7.39 (m, 2H), 7.37-7.24 (m, 3H) 7.19-7.14 (m, 2H), 6.93-6.87 (m, 1H),
4.88 (s, 2H), 3.74 (s, 3H). MS (ESI): calculated for Ci¢H1sNO3; [M+H]" 268.10; found
268.25.

1-(4-fluorobenzyl)indoline-2,3-dione (10): Dark orange solid (yield 79%). '"H NMR (400
MHz, DMSO-dg) 6 7.62-7.44 (m, 4H), 7.24 -7.04 (m, 3H), 6.98 (d, /= 7.7 Hz, 1H), 4.90 (s,
2H). MS (ESI): calculated for C1sH11FNO; [M+H]" 256.08; found 256.17.

5-fluoro-1-(4-fluorobenzyl)indoline-2,3-dione (11): Red solid (yield 78%). "H NMR (400
MHz, CDCl3) 0 7.37-7.29 (m, 3H), 7.26-7.19 (m, 1H), 7.10-7.03 (m, 2H), 6.76-6.71 (m, 1H),
4.91 (s, 2H). MS (ESI): calculated for Ci1sH10F2NO> [M+H]" 274.07; found 274.30.

General procedure for the preparation of compounds 12a-n.

To a solution of derivatives 4-11 (1 eq, 4.2 mmol) in glacial AcOH (15 mL) was added the
appropriate aniline (1 eq) at 0°C. Trimethylsilyl cyanide (TMSCN) (3 eq) was then added at
0°C and the reaction mixture was stirred at room temperature overnight. Upon completion,

as indicated by TLC and MS (ESI), the reaction mixture was basified to pH 10 using 2M
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NaOH and suspended with AcoOEt (20 mL). The organic layers were then washed with
water (2x15 mL), brine (1x10 mL) and dried over Na>SO4. The solvent was evaporated under
reduced pressure to give a crude solid residue, which was triturated (Et20O) and filtered.
Derivatives 12a-n were obtained as pale orange solids and used in the next step without

further purification.

1-methyl-2-0x0-3-(phenylamino)indoline-3-carbonitrile (12a): Pale orange solid (yield
59%). '"H NMR (400 MHz, DMSO-ds) 6 7.59-7.49 (m, 2H), 7.26-7.18 (m, 2H), 7.15 (s, 1H),
7.13-7-07 (m, 2H), 6.77-6.71 (m, 3H), 3.25 (s, 3H). MS (ESI): calculated for Ci¢H14N3O
[M+H]" 264.11; found 264.26.

5-fluoro-1-methyl-2-0x0-3-(phenylamino)indoline-3-carbonitrile (12b): Pale orange
solid (yield 52%). '"H NMR (400 MHz, DMSO-ds) § 7.54 (dd, J = 7.7, 2.7 Hz, 1H), 7.46-
7.38 (m, 1H), 7.29-7.23 (m, 1H), 7.18 (s, 1H), 7.15-7.08 (m, 2H), 6.76-6.73 (m, 3H), 3.25
(s, 3H). MS (ESI): calculated for CisHi3FN3O [M+H]" 282.10; found 282.34.

5-methoxy-1-methyl-2-0x0-3-(phenylamino)indoline-3-carbonitrile (12c): Pale orange
solid (yield 54%). '"H NMR (400 MHz, DMSO-de) 6 7.17-7.11 (m, 2H), 7.12-7.04 (m, 4H),
6.73-6.68 (m, 3H), 3.73 (s, 3H), 3.21 (s, 3H). MS (ESI): calculated for C17HisN302 [M+H]"
294.12; found 294.04.

3-((4-chlorophenyl)amino)-1-methyl-2-oxoindoline-3-carbonitrile (12d): Pale orange
solid (yield 48%). 'H NMR (400 MHz, DMSO-d¢) 6 7.62-7.50 (m, 2H), 7.29 (s, 1H), 7.26-
7.14 (m, 4H), 6.83-6.80 (m, 2H), 3.24 (s, 3H). MS (ESI): calculated for CisHi3CIN3;O
[M+H]" 298.07; found 298.27.

1-benzyl-2-0x0-3-(phenylamino)indoline-3-carbonitrile (12e): Pale orange solid (yield
75%). 'H NMR (400 MHz, DMSO-d¢) 6 7.62-7.56 (m, 1H), 7.47-7.43 (m, 1H), 7.39-7.25
(m, 6H), 7.21-7.16 (m, 2H), 7.06-7.00 (m, 2H), 6.74 (t, /= 7.3 Hz, 1H), 6.71-6.63 (m, 2H),
5.07 (d, J=15.7 Hz, 1H), 4.94 (d, J = 15.7 Hz, 1H). MS (ESI): calculated for C22HisN3O
[M+H]" 340.14; found 340.35.

1-benzyl-5-fluoro-2-oxo-3-(phenylamino)indoline-3-carbonitrile (12f): Pale orange solid
(yield 72%). "H NMR (400 MHz, DMSO-de) J 7.58 (dd, J = 7.6, 2.7 Hz, 1H), 7.39-7.27 (m,
7H), 7.24-7.18 (m, 1H), 7.10-6.99 (m, 2H), 6.81-6.71 (m, 1H), 6.67 (dd, J = 8.6, 1.0 Hz,
2H), 5.08 (d, J = 15.7 Hz, 1H), 4.94 (d, J = 15.7 Hz, 1H). MS (ESI): calculated for
C22H17FN3O [M+H]" 358.14; found 358.30.
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1-benzyl-5-methoxy-2-0x0-3-(phenylamino)indoline-3-carbonitrile (12g): Pale orange
solid (yield 81%). '"H NMR (400 MHz, DMSO-de) 6 7.38-7.26 (m, 6H), 7.21-7.18 (m, 1H),
7.13-7.09 (m, 1H), 7.06-6.99 (m, 3H), 6.74 (t, /= 7.3 Hz, 1H), 6.67-6-64 (m, 2H), 5.05 (d,
J = 15.6 Hz, 1H), 4.94 (d, J = 15.6 Hz, 1H), 3.73 (s, 3H). MS (ESI): calculated for
C23H20N302 [M+H]" 370.16; found 370.24.

1-benzyl-3-((4-chlorophenyl)amino)-2-oxoindoline-3-carbonitrile (12h): Pale orange
solid (yield 71%). '"H NMR (400 MHz, DMSO-de) 6 7.63-7.59 (m, 1H), 7.48-7.44 (m, 1H),
7.40 (s, 1H), 7.37-7.25 (m, 5H), 7.22-7.16 (m, 2H), 7.11-7.05 (m, 2H), 6.77-6.69 (m, 2H),
5.03 (d, J=15.7 Hz, 1H), 4.92 (d, J = 15.7 Hz, 1H). MS (ESI): calculated for C22H7CIN3;O
[M+H]" 374.11; found 374.21.

1-benzyl-3-((4-fluorophenyl)amino)-2-oxoindoline-3-carbonitrile (12i): Pale orange
solid (yield 69%). '"H NMR (400 MHz, DMSO-de) 6 7.61-7.57 (m, 1H), 7.48-7.06 (m, 9H),
6.94-6.86 (m, 2H), 6.79-6.71 (m, 2H), 5.02 (d, /= 15.7 Hz, 1H), 4.89 (d, /= 15.7 Hz, 1H).
MS (ESI): calculated for C22Hi7FN3O [M+H]" = 358.14; found 358.56.

1-benzyl-5-fluoro-3-((4-fluorophenyl)amino)-2-oxoindoline-3-carbonitrile (12j): Pale
orange solid (yield 71%). '"H NMR (400 MHz, DMSO-ds) 6 7.59 (dd, J = 7.7, 2.7 Hz, 1H),
7.35-7.26 (m, 6H), 7.17-7.12 (m, 1H), 7.11 (s, 1H), 6.91 (t, J= 8.9 Hz, 2H), 6.79-6.72 (m,
2H), 5.02 (d, J = 15.8 Hz, 1H), 4.88 (d, J = 15.8 Hz, 1H). MS (ESI): calculated for
C2Hi6F2N30 [M+H]" 376.13; found 376.24.

1-(4-fluorobenzyl)-2-ox0-3-(phenylamino)indoline-3-carbonitrile (12k): Pale orange
solid (yield 84%). '"H NMR (400 MHz, DMSO-de) 6 7.60-7.56 (m, 1H), 7.48-7.42 (m, 1H),
7.38-7.32 (m, 2H), 7.27 (s, 1H), 7.23-7.14 (m, 4H), 7.04-6.99 (m, 2H), 6.75-6.70 (m, 1H),
6.66-6.60 (m, 2H), 5.04 (d,J=15.6 Hz, 1H), 4.91 (d, J=15.6 Hz, 1H). MS (ESI): calculated
for C22Hi7FN30 [M+H]" 358.14; found 358.71.

5-fluoro-1-(4-fluorobenzyl)-2-oxo-3-(phenylamino)indoline-3-carbonitrile (121): Pale
orange solid (yield 87%). '"H NMR (400 MHz, DMSO-ds) 6 7.56 (dd, J = 7.6, 2.6 Hz, 1H),
7.37-7.32 (m, 3H), 7.28 (s, 1H), 7.26-7.22 (m, 1H), 7.21-7.13 (m, 2H), 7.05-7.00 (m, 2H),
6.77-6.72 (m, 1H), 6.66-6.61 (m, 2H), 5.04 (d, /= 15.6 Hz, 1H), 4.91 (d, /= 15.6 Hz, 1H).
MS (ESI): calculated for C22Hi6F2N30 [M+H]" 376.13; found 376.42.

1-(4-fluorobenzyl)-3-((4-fluorophenyl)amino)-2-oxoindoline-3-carbonitrile (12m): Pale
orange solid (yield 89%). '"H NMR (400 MHz, DMSO-de) § 7.61-7.57 (m, 1H), 7.48-7.42
(m, 1H), 7.30 (dd, J = 8.80, 5.40 Hz, 2H), 7.22-7.13 (m, 5H), 7.10 (s, 1H), 6.90 (t, J = 8.9
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Hz, 2H), 6.76-6.71 (m, 2H), 5.01 (d, J = 15.7 Hz, 1H), 4.88 (d, J=15.7 Hz, 1H). MS (ESI):
calculated for C22H;6F2N30 [M+H]" 376.13; found 376.68.

5-fluoro-1-(4-fluorobenzyl)-3-((4-fluorophenyl)amino)-2-oxoindoline-3-carbonitrile
(12n): Pale orange solid (yield 83%). 'H NMR (400 MHz, DMSO-ds) 6 7.60 (dd, J = 7.7,
2.7 Hz, 1H), 7.37-7.26 (m, 3H), 7.23-7.12 (m, 3H), 7.11 (s, 1H), 6.96-6.88 (m, 2H), 6.77-
6.72 (m, 2H), 5.00 (d, J=15.7 Hz, 1H), 4.87 (d, J=15.7 Hz, 1H). MS (ESI): calculated for
C2HisF3N30 [M+H]" 394.12, found 394.41.

General procedure for the preparation of compounds 120-p.

To a solution of derivative 7 (1 eq, 4.2 mmol) in glacial AcOH (15 mL) was added the
appropriate aniline (1 eq) at 0°C, and the mixture was stirred at room temperature for 3 h.
Upon completion, as indicated by TLC, the solution was basified to pH 10 using 2M NaOH
and suspended with AcoOEt (20 mL). The organic layers were washed with water (2x15
mL), brine (I1x10 mL) and dried over Na>SO4. The solvent was then evaporated under
reduced pressure to give imine intermediates, as orange solids, which were used in the next

step without further purification.

To a solution of the obtained imine intermediates (1 eq, 4.0 mmol) in MeOH (15 mL) was
added TMSCN, and the mixture was stirring at 50°C for 18 h. Upon completion, as indicated
by TLC and MS (ESI), the solution was basified to pH 10 using a solution NaHCO3 5%. The
resulting mixture was then suspended with AccOEt (20 mL), and then washed with water
(2x15 mL), brine (1x10 mL) and dried over Na;SO4. The organic layers were evaporated
under reduced pressure to give a solid residue which was purified by flash chromatography

(EtOAC/PE as the eluent). Derivatives 120-p were obtained as orange pale solids.

1-benzyl-2-0x0-3-((3-(trifluoromethyl)phenyl)amino)indoline-3-carbonitrile (120):
Orange solid (yield 49%). '"H NMR (400 MHz, DMSO-ds) 6 7.69-7.62 (m, 2H), 7.52-7.45
(m, 1H), 7.34-7.25 (m, 6H), 7.25-7.18 (m, 3H), 7.10-7.05 (m, 1H), 7.03-6.98 (m, 1H), 5.03
(d, J = 15.8 Hz, 1H), 4.94 (d, J = 15.8 Hz, 1H). MS (ESI): calculated for C23H17F3N30
[M+H]" 408.13; found 408.68.

1-benzyl-2-0x0-3-((4-(trifluoromethyl)phenyl)amino)indoline-3-carbonitrile (12p):
Orange solid (yield 53%). '"H NMR (400 MHz, DMSO-de) § 7.94 (s, 1H), 7.65-7.61 (m, 1H),
7.52-7.45 (m, 1H), 7.41-7.18 (m, 9H), 6.84 (d, J = 8.5 Hz, 2H), 5.04 (d, J = 15.6 Hz, 1H),
4.96 (d, J = 15.6 Hz, 1H). MS (ESI): calculated for C23H;7F3N3O [M+H]" 408.13; found
408.37.
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General procedure for the preparation of compounds 13a-p.

Carbonitrile derivatives 12a-p (1 eq, 3.0 mmol) was dissolved in acetone (25 mL) and stirred
for 10 min. A solution IN Na>COs (3eq) was then added to the reaction solution, followed
by the addition of H>O2 (30% w/w, 27 eq). The resulting mixture was stirred at room
temperature for 2 h. Upon completion, as indicated by TLC and MS (ESI), the volatile
organic solvent was evaporated. The residue was suspended with CH>Cl, (3x15 mL), and
the organic layers were washed with water (2x15 mL), brine (1x10 mL) and dried over
Na»SO4. The solvent was then evaporated under reduced pressure and the crude material was
purified by flash chromatography (EtOAc/PE as the eluent) to yield derivatives 13a-p as

pale-yellow solids. 11

1-methyl-2-0x0-3-(phenylamino)indoline-3-carboxamide (13a): Pale yellow solid (yield
70%). '"H NMR (400 MHz, DMSO-ds) 6 7.53 (s, 1H), 7.42-7.36 (m, 1H), 7.32-7.24 (m, 2H),
7.13 (d, J = 7.8 Hz, 1H), 7.08-7.02 (m, 1H), 6.94-6.91 (m, 2H), 6.54 (t, J = 7.3 Hz, 1H),
6.38-6.31 (m, 3H), 3.20 (s, 3H). MS (ESI): calculated for C16HisN3O, [M+H]" 282.12; found
282.26.

5-fluoro-1-methyl-2-0x0-3-(phenylamino)indoline-3-carboxamide (13b): Pale yellow
solid (yield 46%). 'H NMR (400 MHz, DMSO-de) 6 7.58 (s, 1H), 7.37 (s, 1H), 7.26-7.10
(m, 3H), 6.99-6.89 (m, 2H), 6.59-6.49 (m, 1H), 6.40 (s, 1H), 6.35-6.31 (m, 2H), 3.17 (s, 3H).
MS (ESI): calculated for Ci16HisFN3O2 [M+H]" 300.11; found 300.30.

5-methoxy-1-methyl-2-0x0-3-(phenylamino)indoline-3-carboxamide (13c): Pale yellow
solid (yield 65%). 'H NMR (400 MHz, DMSO-de) § 7.50 (s, 1H), 7.26 (s, 1H), 7.08-7.01
(m, 1H), 6.96-6.86 (m, 4H), 6.60-6.45 (m, 1H), 6.38-6.27 (m, 3H), 3.67 (s, 3H), 3.15 (s, 3H).
MS (ESI): calculated for C17H1sN3Os [M+H]" 312.13; found 312.40.

3-((4-chlorophenyl)amino)-1-methyl-2-oxoindoline-3-carboxamide (13d): Pale yellow
solid (yield 71%). "H NMR (400 MHz, DMSO-ds) 6 7.52 (s, 1H), 7.41-7.34 (m, 2H), 7.32-
7.26 (m, 1H), 7.14-7.02 (m, 2H), 7.00-6.93 (m, 2H), 6.56 (s, 1H), 6.43-6.37 (m, 2H), 3.17
(s, 3H). MS (ESI): calculated for C1sHisCIN3O2 [M+H]" 316.08; found 316.30.

1-benzyl-2-0x0-3-(phenylamino)indoline-3-carboxamide (13e): Pale yellow solid (yield
87%). '"H NMR (400 MHz, DMSO-ds) 6 7.58 (s, 1H), 7.49 (s, 1H), 7.45-7.20 (m, 7H), 7.07-
6.94 (m, 2H), 6.93-6.84 (m, 2H), 6.59-6.54 (m, 1H), 6.49 (s, 1H), 6.42-6.37 (m, 2H), 5.02
(d,J=15.7Hz, 1H), 4.84 (d, J= 15.7 Hz, 1H). MS (ESI): calculated for C22H20N30, [M+H]"
358.16; found 358.74.
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1-benzyl-5-fluoro-2-oxo-3-(phenylamino)indoline-3-carboxamide (13f): Pale yellow
solid (yield 73%). '"H NMR (400 MHz, DMSO-de) 6 7.68-7.53 (m, 2H), 7.43-7.21 (m, 6H),
7.21-7.05 (m, 1H), 7.01-6.95 (m, 1H), 6.92-6.85 (m, 2H) 6.57 (t, /= 7.3 Hz, 2H), 6.38 (d, J
=7.7Hz, 1H), 4.99 (d, J=15.7 Hz, 1H), 4.84 (d, J = 15.7 Hz, 1H). MS (ESI): calculated for
C22H19FN30, [M+H]" 376.15; found 376.23.

1-benzyl-5-methoxy-2-ox0-3-(phenylamino)indoline-3-carboxamide (13g): Pale yellow
solid (yield 60%). "H NMR (400 MHz, DMSO-de) J 7.55 (s, 1H), 7.45 (s, 1H), 7.41-7.33
(m, 2H), 7.34-7.19 (m, 3H), 7.02-6.99 (m, 1H), 6.92-6.82 (m, 4H), 6.55 (t,J = 7.3 Hz, 1H),
6.47 (s, 1H), 6.37 (d, J= 7.7 Hz, 2H), 4.97 (d, J = 15.7 Hz, 1H), 4.79 (d, /= 15.7 Hz, 1H),
3.65 (s, 3H). MS (ESI): calculated for C23H220N303 [M+H]" 388.17; found 388.24.

1-benzyl-3-((4-chlorophenyl)amino)-2-oxoindoline-3-carboxamide (13h): Pale yellow
solid (yield 45%). '"H NMR (400 MHz, DMSO-ds) J 7.59 (s, 2H), 7.45-7.24 (m, 7H), 7.07-
6.98 (m, 2H), 6.95-6.89 (m, 2H), 6.73 (s, 1H), 6.52-6.43 (m, 2H), 4.97 (d, /= 15.7 Hz, 1H),
4.86 (d, J = 15.7 Hz, 1H). MS (ESI): calculated for C22Hi9CIN3O, [M+H]" 392.12; found
392.33.

1-benzyl-3-((4-fluorophenyl)amino)-2-oxoindoline-3-carboxamide (13i): Pale yellow
solid (yield 63%). '"H NMR (400 MHz, DMSO-de) 6 7.58-7.53 (m, 2H), 7.42-7.38 (m, 1H),
7.35-7.22 (m, 6H), 7.05-6.98 (m, 1H), 6.95 (d, J = 7.8 Hz, 1H), 6.76-6.68 (m, 2H), 6.47 (s,
1H), 6.46-6.39 (m, 2H), 4.95 (d, J = 15.8 Hz, 1H), 4.82 (d, J = 15.8 Hz, 1H). MS (ESI):
C2oH19FN30;, [M+H]" 376.15; found 376.29.

1-benzyl-5-fluoro-3-((4-fluorophenyl)amino)-2-oxoindoline-3-carboxamide (13j): Pale
yellow solid (yield 61%). "H NMR (400 MHz, DMSO-de) 6 7.63 (s, 2H), 7.37-7.23 (m, 6H),
7.17-7.08 (m, 1H), 6.97-6.91 (m, 1H), 6.79-6.71 (m, 2H), 6.55 (s, 1H), 6.47-6.39 (m, 2H),
4.94 (d,J=15.8 Hz, 1H), 4.84 (d, J= 15.8 Hz, 1H). MS (ESI): calculated for C2oH1sF2N30>
[M+H]" 394.14; found 394.23.

1-(4-fluorobenzyl)-2-oxo0-3-(phenylamino)indoline-3-carboxamide (13k): Pale yellow
solid (yield 70%). '"H NMR (400 MHz, DMSO-de) J 7.56 (s, 1H), 7.49 (s, 1H), 7.45-7.38
(m, 2H), 7.36 (dd, J=7.6, 1.1 Hz, 1H), 7.32-7.25 (m, 1H), 7.19-7.08 (m, 2H), 7.03-6.98 (m,
2H), 6.90-6.80 (m, 2H), 6.57-6.51 (m, 1H), 6.47 (s, 1H), 6.35 (dd, J=8.7, 1.0 Hz, 2H), 4.97
(d, J=15.7 Hz, 1H), 4.83 (d, J = 15.7 Hz, 1H). MS (ESI): calculated for C22H19FN30»
[M+H]" 376.15; found 376.33.
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5-fluoro-1-(4-fluorobenzyl)-2-oxo-3-(phenylamino)indoline-3-carboxamide (131): Pale
yellow solid (yield 56%). '"H NMR (400 MHz, DMSO-de) § 7.64 (s, 1H), 7.58 (s, 1H), 7.48-
7.35 (m, 2H), 7.30 (dd, J = 8.0, 2.7 Hz, 1H), 7.19-7.08 (m, 3H), 7.04-6.99 (m, 1H), 6.92-
6.86 (m, 2H), 6.61-6.53 (m, 2H), 6.35 (dd, J= 8.6, 1.0 Hz, 2H), 4.96 (d, J = 15.7 Hz, 1H),
4.85 (d, J = 15.7 Hz, 1H). MS (ESI): calculated for C22H;sF2N30, [M+H]" 394.14; found
394.68.

1-(4-fluorobenzyl)-3-((4-fluorophenyl)amino)-2-oxoindoline-3-carboxamide (13m):
Pale yellow solid (yield 61%). 'H NMR (400 MHz, DMSO-ds) 6 7.62-7.58 (m, 2H), 7.45-
7.36 (m, 3H), 7.33-7.27 (m, 1H), 7.19-7.11 (m, 2H), 7.08-6.98 (m, 2H), 6.78-6.72 (m, 2H),
6.51 (s, 1H), 6.47-6.41 (m, 2H), 4.94 (d, J = 15.7 Hz, 1H), 4.85 (d, J = 15.7 Hz, 1H). MS
(ESI): calculated for C22HisF2N302 [M+H]" 394.14; found 394.05.

5-fluoro-1-(4-fluorobenzyl)-3-((4-fluorophenyl)amino)-2-oxoindoline-3-carboxamide
(13n): Pale yellow solid (yield 58%). '"H NMR (400 MHz, DMSO-ds) J 7.69-7.66 (m, 2H),
7.42-7.33 (m, 3H), 7.21-7.12 (m, 3H), 7.03-6.98 (m, 1H), 6.83-6.73 (m, 2H), 6.59 (s, 1H),
6.48-6.41 (m, 2H), 4.93 (d, J=15.7 Hz, 1H), 4.87 (d, J=15.7 Hz, 1H). MS (ESI): calculated
for C2oH7F3N302 [M+H]" 412.13; found 412.25.

1-benzyl-2-0x0-3-((3-(trifluoromethyl)phenyl)amino)indoline-3-carboxamide  (130):
Pale yellow solid (yield 52%). 'H NMR (400 MHz, DMSO-ds) 6 7.69 (s, 1H), 7.60 (s, 1H),
7.44 (dd, J =175, 0.9 Hz, 1H), 7.41-7.34 (m, 2H), 7.34-7.23 (m, 4H), 7.12-7.01 (m, 3H),
7.01-6.95 (m, 2H), 6.89-6.84 (m, 1H), 6.69-6.64 (m, 1H), 4.93 (d, /= 15.8 Hz, 1H), 4.88 (d,
J=15.8 Hz, 1H). MS (ESI): calculated for C23H19F3N302 [M+H]" 426.14; found 426.57.

1-benzyl-2-0x0-3-((4-(trifluoromethyl)phenyl)amino)indoline-3-carboxamide  (13p):
Pale yellow solid (yield 78%). 'H NMR (400 MHz, DMSO-de) § 7.65-7.58 (m, 2H), 7.40
(dd,J=6.4, 1.5 Hz, 3H), 7.35-7.26 (m, 4H), 7.22-7.16 (m, 3H), 7.07-7.01 (m, 2H), 6.58 (d,
J=8.6 Hz, 2H), 4.96 (d, J = 15.7 Hz, 1H), 4.87 (d, J = 15.7 Hz, 1H). MS (ESI): calculated
for C23H9F3N302 [M+H]" 426.14; found 426.30.

General procedure for the preparation of compounds 14a-p.

To a solution of carboxamide derivatives 13a-p (1 eq, 1.3 mmol) in MeOH (5 mL) was
added DMF-DMA (3 eq) and the reaction mixture was then stirred at 55°C for 1-2 h. After
formation of the formamidine intermediates, as indicated by TLC, few drops of AcOH were
added to the mixture, which was stirred at 55°C for 2 h. Upon completion, as indicate by
TLC, the volatile fraction was evaporated and the crude residue was suspended with EtOAc

(3x15 mL). The organic layers were washed with water (1x10 mL), brine (1x10 mL), and
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dried over Na>xSOs. The solvent was then evaporated under reduced pressure and the
obtained crude residue was purified by flash chromatography (AcOEt/PE as the eluent) to
yield byciclic derivatives 14a-p as pale white solids. In addition, a small amount of
derivatives 14a-p was then purified by semi-preparative HPLC to improve the chemical

characterization performed by NMR.

1'-methyl-3-phenylspiro[imidazole-4,3'-indoline]-2',5(3H)-dione (14a): Pale white solid
(yield 37%). 'H NMR (400 MHz, DMSO-ds) § 9.80 (s, 1H), 7.48-7.42 (m, 1H), 7.34 (t,J =
8.0 Hz, 2H), 7.28-7.16 (m, 3H), 7.09-7.04 (m, 3H), 3.29 (s, 3H). MS (ESI): calculated for
Ci7H14N30O [M+H]" 292.11; found 392.28.

5'-fluoro-1'-methyl-3-phenylspiro[imidazole-4,3'-indoline]-2',5(3H)-dione (14b): Pale
white solid (yield 32%)."H NMR (400 MHz, DMSO- d¢) 6 9.77 (s, 1H), 7.38-7.24 (m, 5H),
7.23-7.16 (m, 1H), 7.06-7.02 (m, 2H), 3.27 (s, 3H). MS (ESI): calculated for C17H13FN30:
[M+H]" 310.10; found 310.33.

5'-methoxy-1'-methyl-3-phenylspiro[imidazole-4,3'-indoline]-2',5(3H)-dione (14¢):
Pale white solid (yield 37%). 'H NMR (400 MHz, DMSO- d¢) 6 9.74 (s, 1H), 7.36-7.29 (m,
2H), 7.22-7.12 (m, 2H), 7.07-7.02 (m, 2H), 7.00-6.93 (m, 2H), 3.64 (s, 3H), 3.24 (s, 3H).MS
(ESI): calculated for C1gHisN3O3 [M+H]" 322.19; found 322.39.

3-(4-chlorophenyl)-1'-methylspiro[imidazole-4,3'-indoline]-2',S(3H)-dione (14d): Pale
white solid (yield 41%). '"H NMR (400 MHz, DMSO-de) 6 9.76 (s, 1H), 7.51-7.34 (m, 2H),
7.29-6.98 (m, 4H), 6.37-6.24 (m, 2H), 3.27 (s, 3H). MS (ESI): calculated for Ci7H13CIN3O2
[M+H]" 326.07; found 326.26.

1'-benzyl-3-phenylspiro[imidazole-4,3'-indoline]-2',5(3H)-dione (14e¢): Pale white solid
(vield 31%). "H NMR (400 MHz, DMSO-de) 6 9.78 (s, 1H), 7.42-6.97 (m, 14H), 5.05 (d, J
= 15.8 Hz, 1H), 5.00 (d, J = 15.8 Hz, 1H). MS (ESI): calculated for C23H;sN30, [M+H]"
368.14; found 368.22.

1'-benzyl-5'-fluoro-3-phenylspiro[imidazole-4,3'-indoline]-2',5(3H)-dione (14f): Pale
white solid (yield 28%). "H NMR (400 MHz, DMSO-de) 6 9.78 (s, 1H), 7.48-6.68 (m, 12H),
6.34-6.28 (m, 1H), 5.06 (d, J=15.8 Hz, 2H), 4.96 (d, J= 15.8 Hz, 2H); MS (ESI): calculated
for C23H17FN30, [M+H]" 386.13; found 386.17.

1'-benzyl-5'-methoxy-3-phenylspiro[imidazole-4,3'-indoline]-2',5(3H)-dione (14¢):
Pale white solid (yield 35%). 'H NMR (400 MHz, DMSO-de) 6 9.76 (s, 1H), 7.36-7.17 (m,
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7H), 7.06-6.97 (m, 4H), 6.92-6.87 (m, 2H), 5.01 (d, J= 15.8 Hz, 1H), 4.97 (d, J=15.8 Hz,
1H), 3.62 (s, 3H). MS (ESI): calculated for C24H20N303 [M+H]" 398.15; found 398.24.

1'-benzyl-3-(4-chlorophenyl)spiro[imidazole-4,3'-indoline]-2',5(3H)-dione (14h): Pale
white solid (yield 29%). 'H NMR (400 MHz, DMSO-ds) 6 9.76 (s, 1H), 7.46-7.24 (m, 7H),
7.12-6.93 (m, 4H), 6.35-6.28 (m, 2H), 5.01 (d, /= 15.8 Hz, 1H), 4.97 (d, /= 15.8 Hz, 1H).
MS (ESI): calculated for C23H;7CIN3O2 [M+H]" 402.10; found 402.28.

1'-benzyl-3-(4-fluorophenyl)spiro[imidazole-4,3'-indoline]-2',5(3H)-dione (14i): Pale
white solid (yield 34%). 'H NMR (400 MHz, DMSO-d) 6 9.66 (s, 1H), 7.38-7.23 (m, 7H),
7.21-7.02 (m, 6H), 5.04 (d,J=15.9 Hz, 1H), 4.97 (d, J=15.9 Hz, 1H). MS (ESI): calculated
for C23Hi7FN30, [M+H]" 386.13; found 386.74.

1'-benzyl-5'-fluoro-3-(4-fluorophenyl)spiro[imidazole-4,3'-indoline]-2',5(3H)-dione
(14j): Pale white solid (yield 48%). 'H NMR (400 MHz, DMSO-ds) 6 9.66 (s, 1H), 7.43 (dd,
J=179,2.6 Hz, 1H), 7.38-7.23 (m, 6H), 7.23-7.16 (m, 3H), 7.16-7.09 (m, 2H), 5.04 (d, J =
15.9 Hz, 1H), 4.97 (d, J = 15.9 Hz, 1H). MS (ESI): calculated for C23H6F2N302 [M+H]*
404.12; found 404.31.

1'-(4-fluorobenzyl)-3-phenylspiro[imidazole-4,3'-indoline]-2',5(3H)-dione (14k): Pale
white solid (yield 39%). 'H NMR (400 MHz, DMSO-ds) 6 9.79 (s, 1H), 7.39-7.33 (m, 3H),
7.30-7.24 (m, 3H), 7.23-7.14 (m, 4H), 7.07-6.98 (m, 3H), 5.05 (d, /= 15.9 Hz, 1H), 4.99 (d,
J=15.9 Hz, 1H). MS (ESI): calculated for C23H;7FN30, [M+H]" 386.13; found 386.35.

5'-fluoro-1'-(4-fluorobenzyl)-3-phenylspiro[imidazole-4,3'-indoline]-2',5(3H)-dione
(141): Pale white solid (yield 45%)."H NMR (400 MHz, DMSO-de) § 9.79 (s, 1H), 7.51-7.45
(m, 1H), 7.40-7.32 (m, 2H), 7.29-7.21 (m, 1H), 7.18-7.09 (m, 5H), 7.03-7.96 (m, 3H), 5.05
(d, J=15.8 Hz, 1H), 4.99 (d, J = 15.8 Hz, 1H). MS (ESI): calculated for C23HisF2N302
[M+H]" 404.12, found 404.18.

1'-(4-fluorobenzyl)-3-(4-fluorophenyl)spiro[imidazole-4,3'-indoline]-2',5(3H)-dione
(14m): Pale white solid (yield 39%). '"H NMR (400 MHz, DMSO-ds) & 9.66 (s, 1H), 7.60-
6.77 (m, 10H), 6.58-6.14 (m, 2H), 5.03 (d, /= 15.8 Hz, 1H), 4.95 (d, J=15.8 Hz, 1H). MS
(ESI): calculated for C23H6F2N30, [M+H]" 404.12; found 404.35.

5'-fluoro-1'-(4-fluorobenzyl)-3-(4-fluorophenyl)spiro[imidazole-4,3'-indoline]-
2',5(3H)-dione (14n): Pale white solid (yield 40%). 'H NMR (400 MHz, DMSO-ds) J 9.66
(s, 1H), 7.60-6.77 (m, 9H), 6.58-6.14 (m, 2H), 5.03 (d, J = 15.3 Hz, 1H), 4.96 (d, J=15.3
Hz, 2H). MS (ESI): calculated for C23HisF3N302 [M+H]" 422.11; found 422.40.
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1'-benzyl-3-(3-(trifluoromethyl)phenyl)spiro[imidazole-4,3'-indoline]-2',5(3H)-dione
(140): Pale white solid (yield 40%). '"H NMR (400 MHz, DMSO-de) J 9.94 (s, 1H), 7.55-
7.45 (m, 1H), 7.40-7.25 (m, 7H), 7.21-7.05 (m, 5H), 5.06 (d, J=15.9 Hz, 1H), 4.99 (d, J =
15.9 Hz, 1H). MS (ESI): calculated for C24H17F3N302 [M+H]" 436.13; found 436.46.

1'-benzyl-3-(4-(trifluoromethyl)phenyl)spiro[imidazole-4,3'-indoline]-2',S(3H)-dione
(14p): Pale white solid (yield 37%). '"H NMR (400 MHz, DMSO-ds) 6 10.00 (s, 1H), 7.56-
7.26 (m, 7H), 7.19-7.04 (m, 3H), 6.56 (s, 1H), 6.43 (d, /J=8.7 Hz, 2H), 5.04 (d, /= 15.7 Hz,
1H), 4.95 (d, J = 15.7 Hz, 1H). MS (ESI): calculated for C24H7F3N30, [M+H]" 436.13,
found 436.39.

General procedure for the preparation of compounds 15a-p.

To a cooled solution of unsaturated spiro derivatives 14a-p (1 eq, 0.2 mmol) in MeOH (10
mL) was added in small portions NaBH4 (1.3 eq), and the reaction mixture was then stirred
at room temperature for 3-4 h. Upon completion, as indicate by TLC and MS (ESI), the
mixture was quenched with water. The volatile fraction was then concentrated under reduced
pressure and the resulting residue was suspended with EtOAc (2x15 mL). The organic layers
were washed with water (1x15 mL), brine (1x10 mL), and dried over Na;SO4.The solvent
was then evaporated and the obtained crude material was purified by flash chromatography

(AcOELt/PE as the eluent) to yield the final derivatives 15a-f as white solids.

1'-methyl-3-phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione (15a): White solid
(vield 44%). mp 230-231°C. '"H NMR (400 MHz, DMSO-de) & 9.43 (bs, 1H), 7.43-7.36 (m,
1H), 7.21-7.16 (m, 2H), 7.09-6.99 (m, 3H), 6.66 (t, J = 7.3 Hz, 1H), 6.16 (dd, /= 8.7, 0.9
Hz, 2H), 5.07 (d, J = 4.8 Hz, 1H), 4.91 (d, J = 4.8 Hz, 1H), 3.23 (s, 3H). *C NMR (101
MHz, DMSO-ds) 0 172.42 (C), 167.83 (C), 143.75 (C), 142.85 (C), 129.88 (CH), 129.12
(CH), 126.13 (C), 123.10 (CH), 122.90 (CH), 118.05 (CH), 111.87 (CH), 109.46 (CH), 70.50
(C), 59.76 (CH>), 26.45 (CH3). MS (ESI): calculated for C17H1sN302 [M+H]" 294.1237;
found 294.4462. HPLC: tr = 15.07.

5'-fluoro-1'-methyl-3-phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione (15b): White
solid (yield 70%). mp 212-232°C. 'H NMR (400 MHz, DMSO-ds) ¢ 9.52 (bs, 1H), 7.31-
7.19 (m, 3H), 7.13-7.06 (m, 2H), 6.70 (d, J = 7.3 Hz, 1H), 6.17 (dd, J = 8.7, 0.8 Hz, 2H),
5.10 (d, J=4.6 Hz, 1H), 4.92 (d, J= 4.6 Hz, 1H), 3.25 (s, 3H). '>*C NMR (101 MHz, DMSO-
ds) 5 172.30 (C), 167.28 (C), 158.75 (C, "Jer = 240 Hz), 142.65 (C), 139.99 (C), 129.23
(CH), 127.94 (C, °Jc.r = 8 Hz), 118.20 (CH), 116.27-116.03 (CH, %Jc.r = 24 Hz), 111.83
(CH), 111.30 (CH, “Jc.r = 25 Hz), 110.53 (CH, *Jc.r = 8 Hz), 70.68 (C), 59.71 (CHz), 26.66
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(CH3). MS (ESI): calculated for C17H;sFN3O, [M+H]" 312.1143; found 312.4261. HPLC:
tr = 16.10.

5'-methoxy-1'-methyl-3-phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione (15¢):
White solid (yield 45%). mp 229-230°C. 'H NMR (400 MHz, DMSO-d¢) J 9.40 (bs, 1H),
7.16-7.01 (m, 3H), 6.95 (dd, 1H, J = 8.5, 2.6 Hz), 6.87-6.82 (m, 1H), 6.66 (t, J = 7.3 Hz,
1H), 6.23-6.12 (m, 2H), 5.08 (d, J=4.7 Hz, 1H), 4.89 (d, /J=4.7 Hz, 1H), 3.66 (s, 3H), 3.20
(s, 3H). 3C NMR (101 MHz, DMSO-de) 6 172.62 (C), 168.35 (C), 156.40 (C), 143.47 (C),
137.62 (C), 129.69 (CH), 128.06 (C), 118.58 (CH), 114.75 (CH), 112.42 (CH), 110.75 (CH),
110.55 (CH), 71.34 (C), 60.28 (CH»), 56.02 (CH3), 27.06 (CH3). MS (ESI): calculated for
CisHisN3O3 [M+H]" 324.1343; found 324.3919. HPLC: tr = 16.02.

3-(4-chlorophenyl)-1'-methylspiro[imidazolidine-4,3'-indoline]-2',5-dione (15d): White
solid (yield 60%). mp 228-229°C. '"H NMR (400 MHz, DMSO-de) 6 9.48 (bs, 1H), 7.46-
7.38 (m, 1H), 7.26-7.17 (m, 2H), 7.14-7.00 (m, 3H), 6.22-6.15 (m, 2H), 5.08 (d, /= 4.6 Hz,
1H), 4.92 (d, J = 4.6 Hz, 1H), 3.24 (s, 3H). '3*C NMR (101 MHz, DMSO-d¢) ¢ 172.07 (C),
167.58 (C), 143.75 (C), 141.73 (C), 130.05 (CH), 128.89 (CH), 125.66 (C), 123.14 (CH),
122.99 (CH), 121.95 (C), 113.43 (CH), 109.60 (CH), 70.51 (C), 59.84 (CH>), 26.51 (CHa).
MS (ESI): calculated for C17H;sCIN3O2 [M+H]" 328.0847; found 328.4014. HPLC: tr =
16.22.

1'-benzyl-3-phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione (15e): White solid
(yield 48%). mp 234-235°C. '"H NMR (400 MHz, DMSO-d) & 9.48 (bs, 1H), 7.49-7.24 (m,
6H), 7.21 (dd, J= 7.4, 0.8 Hz, 1H), 7.08 (d, J = 7.8 Hz, 1H), 7.03-6.96 (m, 3H), 6.69-6.63
(m, 1H), 6.16 (d, J=7.9 Hz, 2H), 5.10 (d, /= 4.8 Hz, 1H), 4.99 (d, J=2.5 Hz, 2H), 4.94 (d,
J =4.8 Hz, 1H). 3C NMR (101 MHz, DMSO-d¢) § 173.21 (C), 168.35 (C), 143.34 (C),
143.25 (C), 136.27 (C), 130.32 (CH), 129.56 (CH), 129.02 (CH), 128.01 (CH), 126.75 (C),
123.87 (CH), 123.56 (CH), 118.74 (CH), 112.60 (CH), 110.63 (CH), 71.18 (C), 60.36 (CH>),
43.66 (CHz); MS (ESI): calculated for C23H20N30, [M+H]" 370.1550; found 370.1786.
HPLC: tr = 18.43.

1'-benzyl-5'-fluoro-3-phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione (15f): White
solid (yield 49%). mp 238-239°C. '"H NMR (400 MHz, DMSO-de) 6 9.54 (bs, 1H), 7.46-
6.96 (m, 11H), 6.68 (t, J= 7.3 Hz, 1H), 6.15 (d, J= 7.8 Hz, 2H), 5.10 (d, J=4.5 Hz, 1H),
5.00 (s, 2H), 4.93 (d, J= 4.5 Hz, 1H). 3C NMR (101 MHz, DMSO-de) § 173.08 (C), 167.78
(0), 159.31 (C, 'Jc.r = 241 Hz), 143.13 (C), 139.43 (C), 136.07 (C), 129.64 (CH), 129.06
(CH), 128,61 (C, °Jc.r = 9Hz), 128.11 (CH), 128.03 (CH), 118.86 (CH), 116.67 (CH, *Jc.r
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=23 Hz), 112.53 (CH), 112.02 (CH, 2Je.r = 26 Hz), 111.66 (CH, *Je.r = THz), 71.34 (C),
60.30 (CHa), 43.78 (CHa). MS (ESI): calculated for C23H1oFN30, [M+H]" 388.1456; found
388.2196; HPLC: tr = 23.17.

1'-benzyl-5'-methoxy-3-phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione (15g):
White solid (yield 52%). mp 240-241°C. '"H NMR (400 MHz, DMSO-d¢) J 9.45 (bs, 1H),
7.45-7.37 (m, 2H), 7.37-7.24 (m, 3H), 7.07-6.93 (m, 3H), 6.88-6.82 (m, 2H), 6.67 (t, J=7.3
Hz, 1H), 6.16 (d,J= 7.8 Hz, 2H), 5.11 (d, J=4.5 Hz, 1H), 4.96 (d, /= 6.6 Hz, 2H), 4.92 (d,
J=4.6 Hz, 1H), 3.63 (s, 3H). >*C NMR (101 MHz, DMSO-ds) 6 172.84 (C), 168.30 (C),
156.42 (C), 143.39 (C), 136.45 (C), 136.34 (C), 129.56 (CH), 128.99 (CH), 128.13 (C),
128.01 (CH), 118.69 (CH), 114.71 (CH), 112.59 (CH), 111.21 (CH), 110.86 (CH), 71.45
(C), 60.32 (CH2), 55.99 (CH3), 43.69 (CH). MS (ESI): calculated for C24H22N303 [M+H]"
400.1656; found 400.0746; HPLC: tr = 17.85.

1'-benzyl-3-(4-chlorophenyl)spiro[imidazolidine-4,3'-indoline]-2',5-dione (15h): White
solid (yield 49%). mp 255-256°C. 'H NMR (400 MHz, DMSO-ds) ¢ 9.52 (bs, 1H), 7.45-
7.38 (m, 2H), 7.38-7.27 (m, 6H), 7.26-7.20 (m, 1H), 7.10 (d, /= 7.8 Hz, 1H), 7.07-6.97 (m,
3H), 6.20-6.09 (m, 2H), 5.09 (d, J=4.8 Hz, 1H), 4.99 (d, /=9.2 Hz, 2H), 4.94 (d, /= 4.8
Hz, 1H). 3C NMR (101 MHz, DMSO-de) § 172.85 (C), 168.09 (C), 143.28 (C), 142.22 (C),
136.21 (C), 130.52 (CH), 129.30 (CH), 129.05 (CH), 128.07 (CH), 127.94 (CH), 126.25 (C),
123.93 (CH), 123.67 (CH), 122.60 (C), 114.10 (CH), 110.75 (CH), 71.18 (C), 60.45 (CH>),
43.72 (CH). MS (ESD): calculated for C23Hi9CIN3O, [M+H]" 404.1160; found 404.4582.
HPLC: tr = 24.08.

1'-benzyl-3-(4-fluorophenyl)spiro[imidazolidine-4,3'-indoline]-2',5-dione (15i): White
solid (yield 46%). mp 228-229°C. '"H NMR (400 MHz, DMSO-de) 6 9.50 (bs, 1H), 7.44-
7.39 (m, 2H), 7.39-7.34 (m, 2H), 7.34-7.29 (m, 2H), 7.23 (dd, J=7.4, 0.8 Hz, 1H), 7.10 (d,
J=17.8 Hz, 1H), 7.06-7.00 (m, 1H), 6.90-6.84 (m, 2H), 6.20-6.13 (m, 2H), 5.10 (d, J=4.7
Hz, 1H), 5.00 (d, J=4.9 Hz, 2H), 4.94 (d, J= 4.7 Hz, 1H). >*C NMR (101 MHz, DMSO-ds)
5 172.50 (C), 167.76 (C), 155.37 (C, 'Je-r = 236 Hz), 142.73 (C), 139.54 (C), 135.65 (C),
129.86 (CH), 128.48 (CH), 127.48 (CH), 127.34 (CH), 125.92 (C), 123.36 (CH), 123.06
(CH), 115.56 (CH, %Jc.r = 22 Hz), 113.07 (CH, 'Jc.r = 7 Hz), 110.12 (CH), 70.82 (C), 60.07
(CHz), 43.10 (CHz). MS (ESI): calculated for Cy3H;sFN3O> [M+H]" 388.4219; found
388.1456. HPLC: tr = 21.40.

1'-benzyl-5'-fluoro-3-(4-fluorophenyl)spiro[imidazolidine-4,3'-indoline|-2',5-dione
(15j): White solid (yield 54%). mp 242-243°C. 'H NMR (400 MHz, DMSO-ds) ¢ 9.55 (bs,
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1H), 7.41-7.32 (m, 4H), 7.31-7.23 (m, 2H), 7.20-7.14 (m, 1H), 7.09 (dd, J = 8.7, 4.2 Hz,
1H), 6.87 (t, J = 8.9 Hz, 2H), 6.17-6.11 (m, 2H), 5.08 (d, J = 4.6 Hz, 1H), 4.99 (d, J = 6.7
Hz, 2H), 4.92 (d, J = 4.6 Hz, 1H). *C NMR (101 MHz, DMSO-ds) ¢ 172.96 (C), 167.77
(C), 159.34 (C, 'Je.r = 241 Hz), 156.00 (C, 'Jc.r = 236 Hz), 139.88 (C), 139.48 (C), 136.03
(C), 129.09 (CH), 128.12 (CH), 127.93 (CH), 116.80 (CH, *Jc.r =23 Hz), 116.22 (CH, *Jc.
F=22Hz), 113.59 (CH, *Jcr =7 Hz), 112.08 (CH, *Jcr =25 Hz), 111.75 (C, ’Jc.r = 8 Hz),
111.75 (CH, 3Jc.r = 8 Hz), 71.56 (C), 60.58 (CH>), 43.79(CH,). MS (ESI): calculated for
Ca3HisFaN302 [M+H]" 406.1362; found 406.3859. HPLC: tr = 23.92.

1'-(4-fluorobenzyl)-3-phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione (15k): White
solid (yield 49%). mp 241-242°C. '"H NMR (400 MHz, DMSO-de) 6 9.48 (bs, 1H), 7.51-
7.40 (m, 2H), 7.32-7.28 (m, 1H), 7.24-7.08 (m, 4H), 7.03-6.96 (m, 3H), 6.66 (t, J= 7.3 Hz,
1H), 6.14 (dd, J = 8.7, 0.9 Hz, 2H), 5.10 (d, J = 4.8 Hz, 1H), 4.99 (s, 2H), 4.94 (d, /= 4.8
Hz, 1H). 3C NMR (101 MHz, DMSO-ds) 6 173.20 (C), 168.31 (C), 162.02 (C, 'Jc.r = 244
Hz), 143.32 (C), 143.09 (C), 132.49 (C), 130.35 (CH), 130.10 (CH, *Jcr = 8 Hz), 129.57
(CH), 126.75 (C), 123.91 (CH), 123.63 (CH), 118.76 (CH), 115.85 (CH, *Jc.r = 21 Hz),
112.54 (CH), 110.59 (CH), 71.17 (C), 60.36 (CH>), 42.92 (CHz). MS (ESI): calculated for
C23H19FN30; [M+H]" 388.1456; found 388.4308. HPLC: tr = 20.77.

5'-fluoro-1'-(4-fluorobenzyl)-3-phenylspiro[imidazolidine-4,3'-indoline]-2',5-dione
(151): White solid (yield 51%). mp 249-250°C. 'H NMR (400 MHz, DMSO-de) & 9.54 (bs,
1H), 7.46-7.42 (m, 2H), 7.25 (dd, J = 7.7, 2.5 Hz, 1H), 7.22-7.11 (m, 4H), 7.04-6.98 (m,
2H), 6.68 (t,J=7.3 Hz, 1H), 6.13 (dd, J=8.7, 0.9 Hz, 2H), 5.10 (d, J=4.7 Hz, 1H), 4.99
(s, 2H), 4.93 (d, J= 4.7 Hz, 1H). >*C NMR (101 MHz, DMSO-ds)  173.10 (C), 167.76 (C),
162.06 (C, 'Je.p = 244 Hz), 159.34 (C, 'Jc.r = 241 Hz), 143.11 (C), 139.27 (C), 132.32 (C),
130.12 (CH, *Jc.r= 8 Hz), 129.65 (CH), 128.61 (C, *Jc.r = 8 Hz), 118.89 (CH), 116.70 (CH,
2Jer=24Hz), 115.89 (CH, °Jc.r =21 Hz), 112.47 (CH), 112.07 (CH, 2Jc.r=25 Hz), 111.63
(CH, 3Jcr = 8 Hz), 71.33 (C), 60.30 (CHz), 43.04 (CH,). MS (ESI): calculated for
Ca23H13F2N30, [M+H]" 406.1362; found 406.2602. HPLC: tr = 23.48.

1'-(4-fluorobenzyl)-3-(4-fluorophenyl)spiro[imidazolidine-4,3'-indoline]-2',5-dione

(15m): White solid (yield 52%). mp 237-238°C. 'H NMR (400 MHz, DMSO-ds) & 9.49 (bs,
1H), 7.46-7.41 (m, 2H), 7.34-7.29 (m, 1H), 7.25-7.15 (m, 3H), 7.11 (d, J = 7.8 Hz, 1H),
7.05-6.99 (m, 1H), 6.86 (t, J = 8.90 Hz, 2H), 6.18-6.10 (m, 2H), 5.08 (d, J =4.7 Hz, 1H),
5.00-4.95 (m, 2H), 4.92 (d, J= 4.7 Hz, 1H). *C NMR (101 MHz, DMSO-ds)  173.08 (C),
168.29 (C), 162.02 (C, 'Je.r = 244 Hz), 155.95 (C, 'Je.r = 236 Hz), 143.15 (C), 140.07 (C),
132.46 (C), 130.47 (CH), 129.98 (CH, *Jc.r = 8 Hz), 126.48 (C), 123.96 (CH), 123.70 (CH),
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116.17 (CH, 2Jc.r = 23 Hz), 115.89 (CH, 2Jc.r = 21 Hz), 113.57 (CH, *Jc.r = 7 Hz), 110.66
(CH), 71.40 (C), 60.63 (CH>), 42.93 (CHa). MS (ESI): calculated for C23HisF2N30, [M+H]"
406.1362; found 406.4291. HPLC: tr = 23.20.

5'-fluoro-1'-(4-fluorobenzyl)-3-(4-fluorophenyl)spiro[imidazolidine-4,3'-indoline]-
2',5-dione (15n): White solid (yield 51%). mp 221-222°C. 'H NMR (400 MHz, DMSO-ds)
0 9.57 (bs, 1H), 7.47-7.42 (m, 2H), 7.30-7.11 (m, 5H), 6.90 (t, J = 8.8 Hz, 2H), 6.17-6.12
(m, 2H), 5.10 (d, J = 4.6 Hz, 1H), 5.03-4.97 (m, 2H), 4.93 (d, J = 4.6 Hz, 1H). 3*C NMR
(101 MHz, DMSO-ds) & 172.39 (C), 167.17 (C), 161.48 (C, 'Je.r = 244 Hz), 158.80 (C, 'Jc
F =241 Hz), 155.44 (C, 'Jc.r = 236 Hz), 139.29 (C), 138.75 (C), 131.69 (C), 129.43 (CH,
3Jcr=8Hz), 127.77 (C, *Jcr =9 Hz), 116.26 (CH, %Jc.r = 23 Hz), 115.68 (CH, 2Jc.r = 22
Hz), 115.35 (CH, %Jc.r = 22 Hz), 112.95 (CH, *Jcr = 8 Hz), 111.54 (CH, %Jc.r = 25 Hz),
111.15 (CH, 3Jc.r = 8 Hz), 70.98 (C), 60.00 (CH>), 42.48 (CHz). MS (ESI): calculated for
C23Hi7F3N30: [M+H]" 424.1267; found 424.4342. HPLC: tr = 23.43.

1'-benzyl-3-(3-(trifluoromethyl)phenyl)spiro[imidazolidine-4,3'-indoline]-2',5-dione
(150): White solid (yield 58%). mp 238-239°C. 'H NMR (400 MHz, DMSO-ds) 6 9.59 (bs,
1H), 7.44-7.38 (m, 2H), 7.37-7.23 (m, 5H), 7.18 (t, /=79 Hz, 1H), 7.11 (d, /= 7.8 Hz, 1H),
7.05-6.97 (m, 2H), 6.51 (s, 1H), 6.30 (dd, J = 8.3, 2.4 Hz, 1H), 5.18 (d, J = 5.0 Hz, 1H),
5.07-4.92 (m, 3H). '3C NMR (101 MHz, DMSO-de) J 172.74 (C), 167.84 (C), 143.68 (C),
143.29 (C), 136.14 (C), 130.67 (CH), 130.63 (CH), 129.05 (CH), 128.03 (CH), 127.80 (CH),
125.86 (C), 124.43 (C) 123.99 (CH), 123.77 (CH), 116.22 (CH), 114.96 (CH), 110.74 (CH),
108.55 (CH), 71.11 (C), 60.38 (CH2), 43.75 (CHz). MS (ESI): calculated for C24H19F3N302
[M+H]" 438.1424; found 438.1981. HPLC: tr = 25.42.

1'-benzyl-3-(4-(trifluoromethyl)phenyl)spiro[imidazolidine-4,3'-indoline]-2',5-dione
(15p): White solid (yield 46%). mp 251-252°C. 'H NMR (400 MHz, DMSO-ds) 6 9.61 (bs,
1H), 7.47-7.41 (m, 2H), 7.39-7.25 (m, 7H), 7.15 (d, J= 7.9 Hz, 1H), 7.04 (t,J= 7.5 Hz, 1H),
6.29 (d,J=8.7 Hz, 2H), 5.19 (d, J=5.1 Hz, 1H), 5.03 (m, 3H). *C NMR (101 MHz, DMSO-
ds) 0 171.96 (C), 167.17 (C), 145.48 (C), 142.72 (C), 135.60 (C), 130.08 (CH), 128.46 (CH),
127.50 (CH), 127.42 (CH), 126.25 (CH), 125.90 (C), 125.35 (C), 123.37 (CH), 123.18 (CH),
118.23 (C), 111.88 (CH), 110.28 (CH), 70.42 (C), 59.79 (CH»), 43.23 (CHz). MS (ESI):
calculated for C24H9F3N30, [M+H]" 438.1424; found 438.4498. HPLC: tr = 24.82.
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2B. Project 2: DISPIRO-PIPERIDINE AND DISPIRO-ISATIN
DERIVATIVES.

2b.1 AIM AND OBJECTIVES.

\EEJ G.Morciano, D.Preti et al.
J.Med.Chem. 2018, 61(16), 7131-7143
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Figure 2b.1: Rational design Project 2.

Considering the unmet need with respect to RI therapy, we have firstly focused on the design
and synthesis of piperidine- and isatin-based monospiro derivatives, identifying PP11, 10
(931 and 15f (previous chapter) as the most promising inhibitors of mPTP opening, as well as
potential cardioprotective agents. Based on these prominent results we then explored more
complex spiro templates (Fig. 2b.1), with the perspective of expanding the range of
chemotypes in this medchem area. Especially, we replaced the imidazolidinone ring from
the previous series with two spiro-cycles fused either with a piperidine ring or with an isatin
bicycle. By exploiting a known microwave-assisted three-component strategy (a type of
multiple bond-forming transformations (MBFTs) [l two series of dispiro-piperidine- and

dispiro-isatin-based compounds have been synthesized.

Synthetic organic chemistry has developed in a fascinating way over the past decades so that
several highly selective procedures have been advanced which allow the preparation of
complex molecules with excellent regio-, chemo-, diastereo-, and enantioselectivity.
However nowadays it is not only a question of what can be synthesized, but how it can be
done. Major problems in chemical production are the handling of waste, the search for
environmental tolerable procedures, the preservation of resources, and the increase in

efficiency. Efficiency can, of course, be evaluated from overall yield and sustainability
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criteria such as waste production, toxicity and hazard of the chemicals and the protocols
involved. '] In this scenario, MBFTs are defined as chemical transformations that allow
the creation of several covalent C-C or C-heteroatom bonds in a single chemical operation.
(1131 The invention of new highly chemoselective methods and controlled MBFTs is expected
to provide step-economical syntheses, thereby largely contributing to the development of
sustainable chemistry. Step-economical synthesis can be approached in different ways and
is established as one of the most important conceptual frameworks towards efficient modern
organic synthetic chemistry. For millions of years, the biosynthesis of complex molecules
occurring in living organisms (secondary metabolites) has been largely based on such
extremely efficient enzyme-mediated chemoselective MBFTs. Alternatively, to achieve this
goal it is possible to rely on the development of efficient non-concerted MBFTs. According
to the definitions proposed by Tietze, non-concerted MBFTs can be categorized into two
main classes, domino reactions and consecutive reactions respectively. A domino (or
cascade) reaction is a process involving two or more bond-forming transformations (usually
C-C bonds) without changes in the reaction conditions, and in which the subsequent
reactions result as a consequence of the functionality formed in the previous step. [!!2 In
comparison, consecutive reactions describe MBFTs for which the introduction of the
reagent(s) and/or additional solvent(s) and substrate(s) is performed in a stepwise manner to
a single reaction mixture from which nothing is removed. Whether the reaction sequence
requires any kind of workup of the intermediate product mixture, even one keeping the crude
product in the same reactor (e.g. the removal of solvent and/or volatiles by simple
evaporation), the reaction sequence may be considered as multiple-step without purification

of the intermediate performed in one-pot manner.

In order to synthesize more complex spiro templates we employed a published catalyst-free
domino three-component reaction involving a 1,3-dipolar cycloaddition of azomethine
imines obtained from hydrazone with a-oxo-ketene generated in situ. [!'' Regarding o-oxo-
ketenes, they are recognized as a class of densely functionalized 1,3-dicarbonyls particularly
suited for the conceptualization of new MBFTs. It is well-known that a-oxo-ketenes react
with nucleophiles to produce 1,3-dicarbonyl compounds, and in contrast with simple
ketenes, they almost exclusively react as 1-oxadienes with unsaturations in inverse electron
demand [4+2] oxa-Diels-Alder cycloadditions. However, it was recently discovered that in
the presence of 1-aza-dienes, o-oxo-ketenes can also react as excellent dienophiles in

microwave-assisted [2+4] aza-Diels-Alder cycloadditions.
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Based on this unique reactivity a series of pyrazolidin-3-one-based dispiro derivatives
(specifically dispiro-piperidine and dispiro-isatin compounds) was obtained from a carbonyl
derivative, a substituted hydrazine and a diazo compound (Fig. 2b.1). "' Compared to the
previous monospiro derivatives, the described series features the replacement of the
imidazolidinone ring with a pyrazolidin-3-one one, besides the insertion of an additional

core connected to this unit by spiro junction.
2b.2 RESULTS AND DISCUSSION.

2b.2.1 Chemistry.

The synthetic approach to the obtainment of the target compounds involves a known
microwave-assisted strategy realized in a short time and with an excellent control of the
diastereoselectivity. The 1,3-dipolar cycloaddition reaction was performed starting from
different carbonyl compounds, piperidine (in Scheme 2b.1 and Scheme 2b.2) or isatin
compounds (in Scheme 2b.3) respectively. Especially, N-methyl-4-piperidone and N-
benzyl-4-piperidone were commercially available, whereas substituted N’-benzyl-isatins
were previously obtained by treatment with substituted benzyl bromide (in Scheme 2b.3).
Carbonyl compounds were initially reacted with hydrazines to realize the corresponding
hydrazone intermediates. In this regard, for the dispiro-piperidine series, a wide range of
substituted hydrazines has been applied, while for the dispiro-isatin series only alkyl and
substituted alkyl hydrazines were admitted. !''') Moreover, for the preparation of dispiro-
piperidine derivatives with the N’° phenyl ring substituted at the para position with halogens
we optimized the protocol described in Scheme 2b.2. In this case, N-Boc-protected 4-
piperidinone was prepared from commercially 4-piperidone monohydrate hydrochloride by
treatment with Boc-anhydride and then used as carbonyl compound. In this way, the desired
final derivatives were achieved processing the obtained intermediates with acid conditions
(mixture of trifluoro acetic acid (TFA) and CH2Clz). Considering the most promising
spiropiperidines of the previous work, ! compounds PP11 and 10, we also synthesized
some N’ substituted derivatives (26, 27 and 35, 36) by merging the same substituted sulfonyl

units to the dispiro-piperidine scaffold herein investigated.

In addition, for all the synthesized derivatives we employed the same diazo compound,
synthesized through a standard liquid-phase reaction between dimedone, a 1,3-diketone, and

the p-toluenesulfonyl azide in the presence of potassium carbonate (K2CO3).
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Since the faster formation of the hydrazone compared to the a-oxo-ketene is crucial to
prevent the irreversible nucleophilic addition of hydrazines to the diazo compound, we
decided to split the global reaction into two steps (consecutive protocol): an initial
microwave-assisted reaction between the carbonyl compound and the hydrazine to give the
hydrazone intermediate and a subsequent microwave-assisted reaction between the obtained
intermediate and the added diazo compound (17). This strategy also avoided the hydrolysis

of the a-oxo-ketene by water produced concomitantly with hydrazone formation.

Upon heating the two main partners of the pivotal 1,3-dipolar cycloaddition reaction were
supplied as follows: a 1,2-hydrogen shift of the hydrazone intermediate provided the
corresponding azomethine imine 1,3-dipolo, while a Wolff rearrangement of the diazo

compound led to the corresponding a.-oxo-ketene. (Fig. 2b.2) 1)

A)

s G G L g

Figure 2b.2: Proposed 1,2-hydrogen shift (4) and Wolff rearrangement (B).
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Moreover, it has been highlighted that the reaction is highly atom-economical, producing
only water and nitrogen gas coproducts under additive-free conditions. Researchers have
also resolved the structure of analogues synthesized through this approach by X-ray
diffraction analyses, confirming the chemo-, regio- and stereochemical outcome of the

reaction. [

I'In this regard it has been speculated that, for both the observed regio- and
diastereoselectivity, the reaction involved a thermodynamically controlled stepwise (or

concerted very asynchronous) process via disrotatory 6z electrocyclization of a zwitterionic

species (Figure 2b.3). 111
? o ST
L o S
Jealia &

Figure 2b.3: Proposed pathway. '

Notably, the described synthetic approach allowed the creation of four covalent bonds and

two contiguous chiral quaternary centers with excellent diastereoselectivity.
2a.2.2 Biological evaluation.

The biological assay reported below was realized in collaboration with the research group
of Professor Paolo Pinton of the University of Ferrara (Dept. of Medical Sciences).
Preliminary screening-cobalt-calcein assay.

The biological activity of the investigated dispiro derivatives was tested by using the cobalt-
calcein assay 1% performed in human ventricular cardiomyocytes (AC16). All cells were
pretreated with vehicle (DMSO), 1 uM PP11 (first reference compound), 1 uM 10 (second
reference compound) or 1 uM inquired derivative, and then loaded with 1 uM calcein
acetoxymethyl ester and 2 mM Co?*. According to the described assay and under conditions
of mitochondrial calcium overload (by the administration of 1 pM ionomycin), the resulting

kinetics data are reported in Table 2b.1 and Table 2b.2.
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Table 2b.1. In vitro potency of dispiro-piperidine derivatives as mPTP opening

inhibitors.

Synthesized

PP11 Cl 10 dispiropiperidines
mPTP
Compd R R1 inhibition (%, Statistic
1uM)
PPI1 - - 40,19 P<0.0001
10 - - 66,80 P<0.0001
a\? ) Bn Ph 15,59 P<0.001
@? (?5) Me Ph 25,36 P<0.0001
(I\iFS ?3) H Ph 57,56 P<0.0001
(M2F626) Tosyl Ph 66,41 P<0.0001
(Mi“725) (g%fﬁ’fi’i‘;‘} Ph 51,39 P<0.0001
(]3,? ?0) Bn 4-F-Ph 34,69 P<0.0001
(1313 }))6) Me 4-F-Ph 6,42 n.s.
25b H 4-F-Ph 15,34 P<0.001
(MF 53) ,
(N%: 11 D Bn 4-Cl-Ph 69,51 P<0.0001
(N%S 37) Me 4-Cl-Ph 24,12 P<0.0001
a\:}: 317) H 4-C1-Ph 71,32 P<0.0001
(M:I":SSZ) Tosyl 4-Cl-Ph 28,73 P<0.0001
o g%?&fﬁiﬁ 4-CI-Ph 36,37 P<0.0001
(N%}:‘ 1fz) Bn 2-Naphthyl 37,79 P<0.0001
(1\423 ofg) Me 2-Naphthyl 14,59 P<0.001
(MZFS 5f4) H 2-Naphthyl 18,45 P<0.001
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Table 2b.2. In vitro potency of dispiro-isatin derivatives as mPTP opening inhibitors.

F N-R2
NH
(0]
mPTP
Compd R Ri1 R2 inhibition Statistic
(%, 1uM)
15¢ - - - 62,60 P<0.0001
44a
(MF 01) H Bn Me 19,36 P<0.001
44b
(MF 02) F Bn Me 29,84 P<0.0001
44c
(MF 03) H 4-F-Bn Me 23,84 P<0.0001
44d
(MF 04) F 4-F-Bn Me 38,71 P<0.0001
44e
(MF 14) H Bn Bn 30,93 P<0.0001

Regarding the design of the investigated compounds, we firstly synthesized two series of
dispiro compounds, dispiro-piperidine- (Table 2b.1) and dispiro-isatin- (Table 2b.2)
compounds. For the dispiro-piperidine series, we employed various carbonyl reactants, such
as N-methyl-4-piperidone, N-benzyl-4-piperidone and N-Boc-protected 4-piperidone
(Scheme 2b.1 and Scheme 2b.2). The resulting three groups of derivatives were designed as
follows: keeping unchanged the substitution at the N’ position of the piperidine core (i.e.
free N’ or substituted with methyl or benzyl), different changes were respectively introduced
at position N of the pyrazolidinone core, in some cases jointly with further precise
substitutions at the N’ position. Whereas, for the dispiro-isatin series we synthesized a unique

group of derivatives starting from substituted N-benzyl-isatins (Scheme 2b.3).

Among the dispiro-piperidine derivatives (in Table 2b.1) we identified three promising
candidates, 26, 24i and 34a, with a significantly more potent behaviour in inhibiting mPTP
opening than PP11. In light of these encouraging results and with the goal to better inquire
about the SAR, we extended the dispiropiperidine series (in Table 2b.3) by placing various
substitution to the general scaffold. The in vitro potency of these dispiro-piperidine
analogues have been only partially evaluated to date through a slightly different protocol
performed in human cardiac fibroblasts (in Figure 2b.4). A complete SAR analysis of the

dispiro-piperidine derivatives will be elucidated only after the acquisition of these data.
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Unfortunately, among the dispiro-isatin derivatives (in Table 2b.2) we did not find an
improvement of activity compared to the reference derivative 15f. Thus, for this subset of
molecules the increase of molecular complexity seems to correspond to a decrease of
potency.

Table 2b.3. Dispiro-piperidine analogues under
biological evaluation.

New synthesized
dispiropiperidines

Compd R Ri
(BZC“OCD Bn 2-CF3-Ph
(]32(233:2) Me 2-CFs-Ph
(]32C50°3) H 2-CF3-Ph
(]325‘&) Bn 3-CFs-Ph
(Bzg(‘)is : Me 3-CF5-Ph
(BZCS(‘)’@ H 3-CF5-Ph
(Bz(fgﬂ Bn 4-CFs- Ph
(BZ(?((;S) Me 4-CFs-Ph
(BZCSSQ) H 4-CFs- Ph
(Bzc41j A Bn 4-Br-Ph
(Bzc31j7) Me 4-Br-Ph
(gg}’g) H 4-Br-Ph
(E%glgo) Bn 4-Tolyl
(133 ]g]) Me 4-Tolyl
(E?CSIgZ) H 4-Tolyl
(]_fé‘g ) Bn Me
(ggf;) Me Me
£ ! e

66



160+
140+ ;
120+
100+ =

mPTP activity
(=2}
<

Figure 2b.4: Preliminary cobalt-calcein assay of the new dispiropiperidine analogues.

2b.3 EXPERIMENTAL SECTION.

2b.3.1 Materials and Methods.

Reagents and solvents were purchased by BLD, Fluorochem and Sigma Aldrich.
Microwave-assisted three-component reactions were conducted with a Biotage® Initiator+.
Reaction progress and product mixture were monitored by thin-layer chromatography (TLC)
on pre-coated F2s4 Macherey-Nagel plates of silica gel, visualized with a UV lamp (254 nm
light source), and/or by ESI MICROMASS ZMD 2000 electrospray mass spectrometer, after
dissolution of compounds in a solution composed by 40:60:0.1 of H>O:CH3CN:TFA.
Derivatives were purified by, flash chromatography or via reverse-phase purification using
a Waters Delta 600 high-performance liquid chromatography (HPLC) system with a Jupiter
column C18 (250 x 30 mm, 300 A, 15 pm spherical particle size), using a binary mobile
phase consisting of solution A (100% H>O, 0. 1% v/v TFA) and solution B (40% H>O, 60%
CH3CN, 0.1% v/v TFA) at a flow rate of 20 mL/min. Gradient was established individually
considering the analytical HPLC profile of the crude product. Analytical HPLC was
performed with a Beckman 126 liquid chromatograph furnished of a UV detector Beckman
168 and equipped with KARAT32 software. The purity of all the derivatives was assessed
with an Agilent Zorbax C18 column (4.6 x 150 mm, 3.5 um particle size) at a flow rate of
0.7 mL/min using a linear gradient from 100% of A (water + 0.1% TFA) to 100% of B
(acetonitrile + 0.1% TFA) over a period of 25 min. All final compounds were monitored at
220 nm showing > 96% purity. "H NMR and '*C NMR spectra were performed on a Varian
Mercury Plus 400 MHz spectrometer. The signals were referenced to residual 'H shift of the
deuterated solvents (respectively 6 H 7.26 for CDCls; 6 H 2.50 for DMSO-ds). Chemical
shifts (0) are expressed in parts per million (ppm) using the peak of deuterated solvents as

an internal standard, while values of coupling constants (J) are reported in Hertz (Hz).

67



Splitting patterns are designed as s, singlet; d, doublet; dd, double doublet; t, triplet; m,
multiplet; and bs, broad signal. Melting points for purified products were determined in a

glass capillary on a Stuart Scientific electrothermal apparatus SMP30.

2b.3.2 General synthetic procedures.

Dispiro-piperdine derivatives.

1141 7o a solution of

Preparation of 2-diazo-5,5-dimethylcyclohexane-1,3-dione 17. [
dimedone 16 (1 eq, 7.13 mmol) in MeCN (15 mL) were added tosyl azide (1 eq) and K,CO3
(1.1 eq) at 0°C. The mixture was stirred at 0°C for 1h and then at room temperature for 3h.
Upon completion, as indicated by TLC, the volatile fraction was evaporated under reduced
pressure. The resulting crude material was directly purified by flash chromatography

(EtOAC/PE as the eluent) to yield derivative 17 as pale white solid (stored at -25°C).

diazo-5,5-dimethylcyclohexane-1,3-dione (17): Pale yellow solid (yield 97%) 'H NMR
(400 MHz, DMSO-ds) 6 2.42 (s, 2H), 1.01 (s, 3H). *C NMR (101 MHz, DMSO-d¢) ¢
189.91, 49.50, 30.64, 27.57. MS (ESI): calculated for CsH1i1N2O> [M+H]" 167.08; found
167,25.

General procedure for the preparation of compounds 23a-j and 24a-j. To a solution of
carbonyl derivatives 18-19 (1 eq, 0.80 mmol) in toluene (3 mL), in a specific vial, was added
the appropriate hydrazine (2 eq). The reaction mixture was sealed and irradiate with
microwaves (400 W) at 140 °C for 15 min, and then cooled down to 50°C by airflow. When
the hydrazone intermediate was achieved, as indicated by MS(ESI), the diazo compound
(2.5 eq) was added to the resulting mixture, which was sealed again, irradiate with
microwaves (400 W) at 140 °C for 15 min and then cooled down to 50°C by airflow. Upon
completion, as indicated by MS (ESI), the solvent was evaporated and the obtained crude
material was directly purified by semi-preparative HPLC, to yield derivatives 23a-j and 24a-

j as white solids.

9-benzyl-3,3-dimethyl-13-phenyl-9,12,13-triazadispiro[4.0.5%.3%| tetradecane-1,14-

dione (24a): White solid (yield 43%). mp 68-70°C. 'H NMR (400 MHz, DMSO-de) 6 9.76
(bs, 1H), 7.82 (dd, J = 8.6, 0.9 Hz, 2H), 7.56-7.46 (m, 5H), 7.44-7.36 (m, 2H), 7.16 (t, J =
7.4 Hz, 1H), 6.24 (s, 1H), 4.41 (s, 2H), 3.46-3.06 (m, 4H), 2.39 (d, J=17.0 Hz, 1H), 2.24-
1.98 (m, 3H), 1.87-1.71 (m, 2H), 1.73 (d, /= 14.0 Hz, 1H), 1.48 (d, J=15.0 Hz, 1H), 1.20
(s, 3H), 1.08 (s, 3H). *C NMR (101 MHz, DMSO-ds) J 212.66, 169.44, 138.90, 131.06,
129.80, 129.53, 128.81, 128.55, 124.27, 118.39, 67.41, 60.79, 58.81, 53.75, 47.60, 47.34,
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39.54, 32.89, 29.33, 28.05, 26.33, 25.03. MS (ESI): calculated for C26H3:N30> [M+H]"
418.2489; found 418.3768. HPLC: tr = 18.26 min.

3,3,9-trimethyl-13-phenyl-9,12,13-triazadispiro[4.0.5%.3%|tetradecane-1,14-dione (232a):
White solid (yield 51%). mp 57-59°C. '"HNMR (400 MHz, DMSO-d¢) 6 9.84 (bs, 1H), 7.83
(dd, J=38.7, 1.1 Hz, 2H), 7.42-7.36 (m, 2H), 7.19-7.11 (m, 1H), 6.22 (s, 1H), 3.42-3.27 (m,
3H), 3.17-3.05 (m, 1H), 2.83-2.82 (m, 3H), 2.42 (d, J = 17.0 Hz, 1H), 2.21-2.05 (m, 3H),
1.87-1.73 (m, 3H), 1.51-1.45 (m, 1H), 1.22 (s, 3H), 1.09 (s, 3H). *C NMR (101 MHz,
DMSO-d¢) 6 212.71, 169.51, 138.91, 128.53, 124.21, 118.32, 67.39, 60.29, 53.74, 49.63,
49.09,42.25,39.54,32.87,29.32,28.07, 26.53, 25.23. MS (ESI): calculated for C20H28N30:
[M+H]" 342.2176; found 342.3223. HPLC: tr = 14.65 min.

9-benzyl-13-(4-fluorophenyl)-3,3-dimethyl-9,12,13-triazadispiro[4.0.5%.35|tetradecane-
1,14-dione (24b): White solid (yield 48%). mp 65-68°C. 'H NMR (400 MHz, DMSO-ds) 6
9.73 (bs, 1H), 7.86-7.78 (m, 2H), 7.57-7.46 (m, 5H), 7.30-7.20 (m, 2H), 6.30 (s, 1H), 4.40
(s, 2H), 3.42-3.11 (m, 4H), 2.39 (d, /= 17.0 Hz, 1H), 2.21-2.01 (m, 3H), 1.86-1.70 (m, 2H),
1.48 (d, J = 14.0 Hz, 1H), 1.20 (s, 3H), 1.07 (s, 3H). 3C NMR (101 MHz, DMSO- ds) 6
213.15, 169.82, 160.27, 158.15, 135.83, 131.57, 130.20, 129.35, 120.92, 115.70, 67.77,
61.40, 59.35, 54.26, 48.14, 47.85, 39.66, 33.42, 29.85, 28.56, 26.85, 25.56. MS (ESI):
calculated for C26H31FN3O2 [M+H]" 436.2395; found 436.4203. HPLC: tr = 18.37 min.

13-(4-fluorophenyl)-3,3,9-trimethyl-9,12,13-triazadispiro[4.0.5%.35|tetradecane-1,14-
dione (23b): White solid (yield 40%). mp 59-61°C. 'H NMR (400 MHz, DMSO-ds) 6 9.82
(bs, 1H), 7.89-7.80 (m, 2H), 7.28-7.21 (m, 2H), 6.28 (s, 1H), 3.40-3.29 (m, 3H), 3.14-3.03
(m, 1H), 2.83-2.81 (m, 3H), 2.42 (d, J=17.2 Hz, 1H), 2.21-2.05 (m, 3H), 1.86-1.72 (m, 3H),
1.48 (d, J = 15.6 Hz, 1H), 1.21 (s, 3H), 1.09 (s, 3H). 3*C NMR (101 MHz, DMSO-ds) ¢
212.67, 169.29, 158.51, 135.32, 120.29, 115.29, 67.22, 60.36, 53.72, 49.60, 49.05, 42.25,
39.55, 32.88, 29.31, 28.05, 26.51, 25.22. MS (ESI): calculated for C20H27FN30, [M+H]"
360.2082; found 360.4147. HPLC: tr = 15.94 min.

9-benzyl-3,3-dimethyl-13-(2-(trifluoromethyl)phenyl)-9,12,13-

triazadispiro[4.0.5%.35|tetradecane-1,14-dione (24¢): White solid (yield 48%). mp 67-
69°C. 'H NMR (400 MHz, DMSO-de) & 9.60 (bs, 1H), 7.84-7.77 (m, 2H), 7.66-7.60 (m,
1H), 7.54-7.42 (m, 6H), 6.16 (s, 1H), 4.42-4.26 (m, 2H), 3.21-3.27 (m, 3H), 3.03-2.85 (m,
1H), 2.36 (d, J = 17.2 Hz, 1H), 2.23-1.97 (m, 3H), 1.95-1.65 (m, 4H), 1.17 (s, 3H), 1.02 (s,
3H). 13C NMR (101 MHz, DMSO-ds) ¢ 212.47, 171.65, 136.57, 134.45, 131.56, 130.64,
130.25, 130.07, 129.91, 129.36, 127.43, 127.42, 127.32, 66.12, 63.07, 59.26, 54.16, 47.96,
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47.82, 39.15, 33.42, 29.89, 28.54, 26.92, 25.63. MS (ESI): calculated for C27H31F3N30:
[M+H]" 486.2363; found 486.3757. HPLC: tr = 18.31 min.

3,3,9-trimethyl-13-(2-(trifluoromethyl)phenyl)-9,12,13-
triazadispiro[4.0.5%.35|tetradecane-1,14-dione (23c¢): White solid (yield 44%). mp 65-
67°C. 'H NMR (400 MHz, DMSO-de) J 9.67 (bs, 1H), 7.88-7.72 (m, 2H), 7.63 (t, J = 7.7
Hz, 1H), 7.50 (d, J= 7.9 Hz, 1H), 6.17 (s, 1H), 3.42-3.14 (m, 3H), 3.03-2.86 (m, 1H), 2.80-
2.77 (m, 3H), 2.39 (d,J=17.2 Hz, 1H), 2.22-2.00 (m, 3H), 1.94-1.69 (m, 4H), 1.19 (s, 13H),
1.03 (s, 3H). *C NMR (101 MHz, DMSO-de) § 212.60, 171.70, 136.57, 134.45, 130.63,
129.91, 127.44,127.43, 66.13, 62.55, 54.18, 50.04, 49.67, 42.78, 39.40, 33.44, 29.90, 28.58,
27.15, 25.85. MS (ESI): calculated for C21H27F3N302 [M+H]" 410.2050; found 409.8189.
HPLC: tr = 16.56 min.

9-benzyl-3,3-dimethyl-13-(3-(trifluoromethyl)phenyl)-9,12,13-
triazadispiro[4.0.5%.3%|tetradecane-1,14-dione (24d): White solid (yield 71%). mp 47-
49°C. 'H NMR (400 MHz, DMSO-ds) 6 9.67 (bs, 1H), 8.16 (s, 1H), 8.09 (d, J=8.2 Hz, 1H),
7.64 (t,J=8.1 Hz, 1H), 7.57 — 7.42 (m, 6H), 6.43 (s, 1H), 4.40 (s, 1H), 3.34 — 3.09 (m, 4H),
2.40(d,J=16.8 Hz, 1H), 2.21 — 2.02 (m, 3H), 1.85-1.69 (m, 3H), 1.52 (d, /= 13.5 Hz, 1H),
1.19 (s, 3H), 1.06 (s, 3H). '*C NMR (101 MHz, DMSO-de) § 213.02, 170.68, 158.43, 140.25,
131.62, 130.48, 130.24, 130.08, 130.08, 129.90, 129.34, 122.26, 122.26, 121.09, 114.47,
68.00, 61.46, 59.20, 54.25, 48.32,47.67, 39.21, 33.28, 29.66, 28.57, 26.66, 25.65. MS (ESI):
calculated for C27H31F3N30, [M+H]" 486,2363; found 485.9183. HPLC: tr = 20.73 min

3,3,9-trimethyl-13-(3-(trifluoromethyl)phenyl)-9,12,13-
triazadispiro[4.0.56.35]tetradecane-1,14-dione (23d): White solid (yield 52%). mp 55-
57°C. "H NMR (400 MHz, DMSO-de) § 9.75 (bs, 1H), 8.21 (s, 1H), 8.09 (d, /= 8.0 Hz, 1H),
77.63 (t, J = 8.0 Hz, 1H), 7.50 (d, J = 7.8 Hz, 1H), 6.40 (s, 1H), 3.42-3.25 (m, 3H), 3.15-
3.06 (m, 1H), 2.82-2.85 (m, 3H), 2.43 (d, /= 17.0 Hz, 1H), 2.23-2.03 (m, 3H), 1.85-1.73 (m,
3H), 1.52 (d, J = 12.9 Hz, 1H), 1.21 (s, 3H), 1.07 (s, 3H). '*C NMR (101 MHz, DMSO-ds)
0 212.98, 170.71, 139.81, 130.64, 130.03, 129.90, 122.15, 120.81, 114.66, 68.00, 60.81,
54.53, 50.61, 49.60, 42.69, 40.09, 33.59, 29.96, 28.61, 27.02, 25.78. MS (ESI): calculated
for C21H27F3N30, [M+H]" 410.2050; found 409.8156. HPLC: tr = 16.67 min.

9-benzyl-3,3-dimethyl-13-(4-(trifluoromethyl)phenyl)-9,12,13-

triazadispiro[4.0.5%.35|tetradecane-1,14-dione (24e): White solid (yield 62%). mp 74-
76°C. 'TH NMR (400 MHz, DMSO-de) 6 9.67 (bs, 1H), 8.03 (d, J= 8.6 Hz, 2H), 7.75 (d, J =
8.8 Hz, 2H), 7.54-7.43 (m, 5H), 6.40 (s, 1H), 4.39 (s, 2H), 3.42-3.11 (m, 4H), 2.41 (d, J =
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17.1 Hz, 1H), 2.21-2.03 (m, 3H), 1.86-1.72 (m, 3H), 1.47 (d, J= 12.8 Hz, 1H), 1.19 (s, 3H),
1.06 (s, 3H). 3C NMR (101 MHz, DMSO-de) J 212.86, 170.87, 142.62, 131.58, 130.31,
130.09, 129.38, 129.36, 126.43, 124.56, 118.62, 68.03, 61.50, 59.37, 54.27, 48.14, 47.79,
39.55, 33.47, 29.80, 28.54, 26.81, 25.54. MS (ESI): calculated for C27Hs F3N30, [M+H]"
486.2363; found 486.6895. HPLC: tg = 20.62 min.

3,3,9-trimethyl-13-(4-(trifluoromethyl)phenyl)-9,12,13-
triazadispiro[4.0.56.3|tetradecane-1,14-dione (23¢): White solid (yield 66%). mp 54-
56°C. 'TH NMR (400 MHz, DMSO-ds) 6 9.70 (bs, 1H), 8.05 (d, J= 8.7 Hz, 2H), 7.74 (d, J =
8.8 Hz, 2H), 6.38 (s, 1H), 3.42-3.27 (m, 3H), 3.17-3.01 (m, 1H), 2.85-2.80 (m, 3H), 2.42 (s,
1H), 2.21-2.06 (m, 3H), 1.86-1.71 (m, 3H), 1.48 (d, /= 14.2 Hz, 1H), 1.21 (s, 3H), 1.08 (s,
3H). 13C NMR (101 MHz, DMSO-ds) 6 212.93, 170.89, 142.63, 126.42, 126.39, 124.56,
118.61, 68.02, 61.00, 54.29, 50.13, 49.59, 42.82, 40.14, 33.47, 29.83, 28.59, 27.04, 25.77.
MS (ESI): calculated for C21H27F3N302 [M+H]" 410.2050; found 409.7831. HPLC: tr =
21.73 min.

9-benzyl-3,3-dimethyl-13-(naphthalen-2-yl)-9,12,13-
triazadispiro[4.0.56.3|tetradecane-1,14-dione (24f): White solid (yield 43%). mp 185-
187°C. "H NMR (400 MHz, DMSO-ds) 0 9.73 (bs, 1H), 8.25-8.24 (m, 1H), 8.06-8.03 (m,
1H), 7.97-7.86 (m, 3H), 7.60-7.42 (m, 7TH), 6.39 (s, 1H), 4.44 (s, 2H), 3.39-3.19 (m, 4H),
2.42 (d, J = 17.1 Hz, 1H), 2.24-2.06 (m, 3H), 1.93-1.73 (m, 3H), 1.55 (d, J = 14.3 Hz, 1H),
1.22 (s, 3H), 1.11 (s, 3H). 3C NMR (101 MHz, DMSO- dg) 6 212.65, 169.72, 136.53,
132.83, 131.64, 130.10, 129.49, 129.37, 128.80, 128.26, 127.98, 127.18, 126.64, 125.75,
119.06, 115.79, 67.45, 60.92, 58.85, 53.78, 47.68, 47.31, 39.62, 32.93, 29.34, 28.05, 26.38,
25.05. MS (ESI): calculated for C30H34N30, [M+H]" 468.2646; found 468.4977. HPLC: tr
=19.86 min.

3,3,9-trimethyl-13-(naphthalen-2-y1)-9,12,13-triazadispiro[4.0.5%.3%|tetradecane-1,14-
dione (23f): White solid (yield 49%). mp 157-159°C. 'H NMR (400 MHz, DMSO-ds) 6 9.83
(bs, 1H), 8.26-8.25 (m, 1H), 8.08-8.04 (m, 1H), 7.96-7.84 (m, 3H), 7.53-7.41 (m, 2H), 6.36
(s, 1H), 3.46-3.29 (m, 3H), 3.21-3.08 (m, 1H), 2.87-2.84 (m, 3H), 2.44 (d,.J= 17.1 Hz, 1H),
2.23-2.06 (m, 3H), 1.92-1.74 (m, 3H), 1.53 (d, J = 14.7 Hz, 1H), 1.22 (s, 3H), 1.11 (s, 3H).
3C NMR (101 MHz, DMSO-de) 6 213.25, 170.27, 137.09, 133.39, 130.63, 128.78, 127.97,
127.95, 127.13, 125.70, 119.05, 115.74, 67.99, 60.98, 54.34, 50.22, 49.68, 42.85, 39.97,
33.46,29.89, 28.63, 27.14, 25.82. MS (ESI): calculated for C24H30N30, [M+H]" 392.2333;
found 392.3768. HPLC: tr = 16.83 min.

71



9-benzyl-3,3-dimethyl-13-(p-tolyl)-9,12,13-triazadispiro[4.0.5%.35|tetradecane-1,14-
dione (24g): White solid (yield 51%). mp 51-53°C. '"H NMR (400 MHz, DMSO-ds) 6 9.69
(bs, 1H), 7.67 (d, J = 8.5 Hz, 2H), 7.54-.43 (m, 5H), 7.18 (d, J = 8.7 Hz, 2H), 6.17 (s, 1H),
4.39 (s, 2H), 3.41-3.10 (m, 4H), 2.36 (d, /= 17.1 Hz, 1H), 2.27 (s, 3H), 2.18-1.99 (m, 3H),
1.86-1-65(m, 3H), 1.44 (d, J=12.8 Hz, 1H), 1.18 (s, 3H), 1.05 (s, 3H). >*C NMR (101 MHz,
DMSO-d¢) 0 213.28, 169.67, 137.09, 133.96, 131.60, 130.33, 130.07, 129.43, 129.34,
118.95, 67.87, 61.33, 59.33, 54.28, 48.14, 47.87, 39.97, 33.41, 29.88, 28.58, 26.88, 25.55,
20.89. MS (ESI): calculated for C27H34N30, [M+H]" 432.2646; found 431.8159. HPLC: tr
=19.10 min.

3,3,9-trimethyl-13-(p-tolyl)-9,12,13-triazadispiro[4.0.5%.35|tetradecane-1,14-dione
(23g): White solid (yield 50%). mp 48-50°C. 'H NMR (400 MHz, DMSO-ds) 6 9.66 (bs,
1H), 7.68 (d, J=8.6 Hz, 2H), 7.17 (d, J= 8.3 Hz, 2H), 6.15 (s, 1H), 3.32-3.29 (m, 3H), 3.15-
3.01 (m, 1H), 2.85-2.80 (m, 3H), 2.40 (d, /= 17.1 Hz, 2H), 2.27 (s, 3H), 2.21-2.01 (m, 4H),
1.86-1.67 (m, 3H), 1.44 (d,J=14.7 Hz, 1H), 1.19 (s, 3H), 1.07 (s, 3H). 3C NMR (101 MHz,
DMSO-ds) 6 213.36, 169.67, 137.11, 133.93, 129.44, 118.89, 67.87, 60.83, 54.29, 50.19,
49.67, 42.81, 40.18, 33.42, 29.93, 28.62, 27.12, 25.80, 20.88. MS (ESI): calculated for
C21H30N302 [M+H]" 356.2333; found 356.4444. HPLC: tr = 17.03 min.

9-benzyl-3,3,13-trimethyl-9,12,13-triazadispiro[4.0.5%.3%]tetradecane-1,14-dione (24h):
White solid (yield 55%). mp 44-46°C. 'H NMR (400 MHz, DMSO-d) 6 9.88 (bs, 1H), 7.52-
7.42 (m, 5H), 5.63 (s, 1H), 4.34 (s, 2H), 3.26-3.12 (m, 3H), 2.93 (s, 3H), 2.25 (d, J = 17.0
Hz, 1H), 2.10-1.81 (m, 3H), 1.78-1.58 (m, 3H), 1.40 (d, /= 12.7 Hz, 1H), 1.13 (s, 3H), 1.00
(s, 3H). >*C NMR (101 MHz, DMSO-de) 6 213.62, 170.62, 131.61, 130.21, 130.04, 129.32,
65.96, 62.23,59.21, 54.17, 48.05, 47.82, 39.75, 33.35, 32.80, 29.86, 28.49, 26.94, 25.48. MS
(ESI): calculated for C21H30N30, [M+H]" 356.2333; found 356.34. HPLC: tr = 16.02 min.

3,3,9,13-tetramethyl-9,12,13-triazadispiro[4.0.5%.3%|tetradecane-1,14-dione (23h):
White solid (yield 47%). mp 50-52°C. 'H NMR (400 MHz, DMSO-dg) & 10.12 (bs, 1H),
5.61 (s, 1H), 3.32-3.12 (m, 3H), 2.93 (s, 3H), 2.94-2.84 (m, 1H), 2.76 (s, 3H), 2.26 (d, J =
17.0 Hz, 1H), 2.10-1.88 (m, 3H), 1.76-1.62 (m, 3H), 1.39 (d, J = 12.1 Hz, 1H), 1.14 (s, 3H),
1.01 (s, 3H). 1*C NMR (101 MHz, DMSO-ds) 6 213.70, 170.64, 65.96, 61.75, 54.19, 50.19,
49.65, 42.77, 39.73, 33.34, 32.78, 29.83, 28.52, 27.13, 25.67. MS (ESI): calculated for
Ci15sH26N30, [M+H]" 280.2020; found 280.33. HPLC: tg = 12.92 min.

9-benzyl-13-(4-chlorophenyl)-3,3-dimethyl-9,12,13-
triazadispiro[4.0.5%.35|tetradecane-1,14-dione (24i): White solid (yield 51%). mp 81-
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83°C. '"H NMR (400 MHz, DMSO-de) § 9.73 (bs, 1H), 7.85-7.810 (m, 2H), 7.55-7.41 (m,
7H), 6.30 (s, 1H), 4.39 (s, 2H), 3.39-3.11 (m, 4H), 2.38 (d, /= 17.1 Hz, 1H), 2.19-2.01 (m,
3H), 1.85-1.68 (m, 3H), 1.45 (d, 1H, J = 14.8 Hz), 1.18 (s, 3H), 1.05 (s, 3H). *C NMR (101
MHz, DMSO- des) 6 213.04, 170.08, 138.32, 131.57,130.33, 130.07, 129.35, 129.00, 128.47,
120.37, 67.88, 61.40, 59.35, 54.27, 48.13, 47.81, 39.80, 33.43, 29.82, 28.55, 26.83, 25.53.
MS (ESI): calculated for Co¢H31CIN3O, [M+H]" 452.2099; found 452.3963. HPLC: tr =
19.93 min.

13-(4-chlorophenyl)-3,3,9-trimethyl-9,12,13-triazadispiro[4.0.5%.3%|tetradecane-1,14-
dione (23i): White solid (yield 47%). mp 73-75°C. 'H NMR (400 MHz, DMSO-d¢) 6 9.79
(bs, 1H), 7.85 (d, J=9.1 Hz, 2H), 7.44 (d, J=9.1 Hz, 2H), 6.28 (s, 1H), 3.40-3.26 (m, 3H),
3.13-3.02 (m, 1H), 2.83-2.81 (m, 3H), 2.41 (d, /= 17.1 Hz, 1H), 2.19-2.03 (m, 3H), 1.85-
1.70 (m, 3H), 1.45 (d, J = 14.4 Hz, 1H), 1.20 (s, 3H), 1.07 (s, 3H). 13C NMR (101 MHz,
DMSO-d¢) 6 213.11, 170.19, 138.33, 128.99, 128.42, 120.33, 67.88, 60.92, 54.28, 50.13,
49.59, 42.80, 39.98, 33.44, 29.85, 28.59, 27.06, 25.77. MS (ESI): calculated for
C20H27CIN3O2 [M+H] " 376.1786; found 376.3745. HPLC: tr = 16.27 min.

9-benzyl-13-(4-bromophenyl)-3,3-dimethyl-9,12,13-
triazadispiro[4.0.5%.35|tetradecane-1,14-dione (24j): White solid (yield 65%). mp 70-
72°C. 'H NMR (400 MHz, DMSO-d) 6 9.64 (bs, 1H), 7.81-7.74 (m, 2H), 7.57 (d, J = 8.5
Hz, 2H), 7.54-7.43 (m, 5H), 6.30 (s, 1H), 4.39 (s, 2H), 3.39-3.10 (m, 4H), 2.38 (d, J = 17.0
Hz, 1H), 2.19-1.99 (m, 3H), 1.85-1.67 (m, 3H), 1.45 (d, J= 13.1 Hz, 1H), 1.18 (s, 3H), 1.05
(s, 3H). >*C NMR (101 MHz, DMSO-de) 6 213.02, 170.19, 138.74, 131.90, 131.58, 130.33,
130.08, 129.36, 120.69, 116.57, 67.90, 61.40, 59.36, 54.26, 48.14, 47.81, 39.77, 33.44,
29.84,28.54,26.84,25.54. MS (ESI): calculated for C26H31BrN30, [M+H]"496.1594; found
496.40. HPLC: tr = 20.47 min.

13-(4-bromophenyl)-3,3,9-trimethyl-9,12,13-triazadispiro[4.0.5%.3%|tetradecane-1,14-
dione (23j): White solid (yield 49%). mp 51-53°C. 'H NMR (400 MHz, DMSO-d¢) 6 9.73
(bs, 1H), 7.79 (d, J= 8.5 Hz, 1H), 7.56 (d, J= 8.5 Hz, 1H), 6.28 (s, 1H), 3.40-3.27 (m, 3H),
3.14-3.02 (m, 1H), 2.83-2.80 (m, 3H), 2.41 (d, /= 17.1 Hz, 1H), 2.20-2.03 (m, 3H), 1.84-
1.69 (m, 3H), 1.45 (d, J = 12.3 Hz, 1H), 1.20 (s, 3H), 1.07 (s, 3H). '*C NMR (101 MHz,
DMSO-d¢) 0 213.09, 170.22, 138.76, 131.90, 120.66, 116.52, 67.90, 60.91, 54.28, 50.13,
49.60, 42.81, 39.81, 33.44, 29.85, 28.59, 27.06, 25.77. MS (ESI): calculated for
C20H27BrN30, [M+H]" 420.1281; found 420.25. HPLC: tr = 18.33 min.
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General procedure for the preparation of compounds 25a-h. A solution of dispiro-
piperidine derivatives 24a-h (1 eq, 0.45 mmol) in EtOH (5 mL) and glacial AcOH (1 mL)
was treated with a catalytic amount (0.045 mmol) of palladium on activated charcoal (10%
Pd basis) in an atmosphere of hydrogen. Upon completion, as indicated by TLC and MS
(ESI), the mixture was filtered through celite, washed with fresh EtOH and then concentrated
under reduced pressure. The resulting solid residue was directly purified by semi-preparative

HPLC to yield the final derivatives 25a-h as white solids.

3,3-dimethyl-13-phenyl-9,12,13-triazadispiro[4.0.5%.3%|tetradecane-1,14-dione  (25a):
White solid (yield 40%). mp 52-53°C. '"H NMR (400 MHz, DMSO-de) 6 8.70 (bs, 1H), 8.49
(bs, 1H), 7.83-7.77 (m, 2H), 7.44-7.35 (m, 2H), 7.17-7.12 (m, 1H), 6.21 (s, 1H), 3.29-3.19
(m, 3H), 3.12-2.99 (m, 1H), 2.41 (d,J=17.0 Hz, 1H), 2.22-1.98 (m, 3H), 1.83-1.72 (m, 3H),
1.41 (d, J = 15.2 Hz, 1H), 1.22 (s, 3H), 1.09 (s, 3H). 3C NMR (101 MHz, DMSO-ds) ¢
212.74, 169.45, 138.88, 128.57, 124.17, 118.18, 67.83, 61.01, 53.79, 39.56, 39.54, 39.14,
32.89, 29.35, 28.05, 25.64, 24.48. MS (ESI): calculated for C19H26N30> [M+H]" 328.2020;
found 328.3370. HPLC: tg = 15.31 min.

13-(4-fluorophenyl)-3,3-dimethyl-9,12,13-triazadispiro[4.0.5%.3%|tetradecane-1,14-
dione (25b): White solid (yield 44%). mp 48-50°C. 'H NMR (400 MHz, DMSO-ds) J 8.50
(bs, 1H), 8.21 (bs, 1H), 7.82-7.75 (m, 2H), 7.30-7.15 (m, 2H), 6.25 (s, 1H), 3.22-3.15 (m,
3H), 3.05-2.94 (m, 1H), 2.41 (d, J = 16.9 Hz, 1H), 2.20-1.95 (m, 3H), 1.77-1.70 (m, 3H),
1.40 (d, J = 13.6 Hz, 1H), 1.21 (s, 3H), 1.07 (s, 3H). *C NMR (101 MHz, DMSO-dg) &
213.27, 175.04, 169.83, 135.85, 120.70, 115.82, 68.21, 61.61, 54.33, 42.80, 40.46, 39.94,
33.48,29.98, 28.61,26.22, 25.06. MS (ESI): calculated for C19H2sFN3O, [M+H]" 346.1925;
found 346.3879. HPLC: tr = 17.67 min.

3,3-dimethyl-13-(2-(trifluoromethyl)phenyl)-9,12,13-
triazadispiro[4.0.56.3%|tetradecane-1,14-dione (25¢): White solid (yield 51%). mp 61-
63°C. 'H NMR (400 MHz, DMSO-de) & 8.59 (bs, 1H), 8.40 (bs, 1H), 7.85-7.74 (m, 2H),
7.62 (t,J = 7.7 Hz, 1H), 7.47 (d,J = 7.9 Hz, 1H), 6.15 (s, 1H), 3.28-3.06 (m, 3H), 2.96-2.82
(m, 1H), 2.38 (d, J = 17.2 Hz, 1H), 2.20-1.96 (m, 3H), 1.97-1.64 (m, 4H), 1.19 (s, 3H), 1.03
(s, 3H). 3C NMR (101 MHz, DMSO-de) § 212.65, 171.72, 136.55, 134.47, 130.48, 129.84,
127.43,127.38, 109.99, 66.59, 63.18, 54.25, 40.10, 39.95, 39.70, 33.46, 29.92, 28.57, 26.23,
25.09. MS (ESI): calculated for C20H25F3N30, [M+H]" 396,1893; found 396.4466. HPLC:
tr = 15.49 min.
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3,3-dimethyl-13-(3-(trifluoromethyl)phenyl)-9,12,13-
triazadispiro[4.0.5%.35|tetradecane-1,14-dione (25d): White solid (yield 55%). mp 70-
72°C. 'H NMR (400 MHz, DMSO-ds) § 8.62 (bs, 1H), 8.52 (bs, 1H), 8.17 (s, 1H), 8.08 (d,
J=8.8 Hz, 1H), 7.64 (t, J = 8.1 Hz, 1H), 7.49 (d, J = 7.7 Hz, 1H), 6.38 (s, 1H), 3.29-2.98
(m, 4H), 2.42 (d, J = 17.0 Hz, 1H), 2.23-2.00 (m, 3H), 1.81-1.71 (m, 3H), 1.43 (d, J = 13.5
Hz, 1H), 1.21 (s, 3H), 1.07 (s, 3H). 3C NMR (101 MHz, DMSO-de)  213.04, 170.78,
140.01, 130.58, 129.90, 122.04, 121.01, 114.49, 68.48, 61.74, 54.33, 40.24, 40.09, 39.65,
33.49,29.83,28.60,26.11,25.02. MS (ESI): calculated for C20H2sF3N30, [M+H]"396,1893;
found 396.37. HPLC: tr = 19.23 min.

3,3-dimethyl-13-(4-(trifluoromethyl)phenyl)-9,12,13-
triazadispiro[4.0.5%.3%|tetradecane-1,14-dione (25¢): White solid (yield 44%). mp 75-
77°C. "H NMR (400 MHz, DMSO-de) 0 8.63 (bs, 1H), 8.40 (bs, 1H), 8.01 (d, J = 8.6 Hz,
2H), 7.76 (d, J = 8.6 Hz, 2H), 6.37 (s, 1H), 3.32-2.94 (m, 4H), 2.43 (d, J = 17.1 Hz, 1H),
2.22-2.05 (m, 3H), 1.80-1.69 (m, 3H), 1.40 (d, J = 14.6 Hz, 1H), 1.21 (s, 3H), 1.08 (s, 3H).
13C NMR (101 MHz, DMSO-ds) 6 212.98, 170.93, 142.61, 126.52, 124.56, 118.48, 68.49,
61.74, 54.35, 40.07, 39.62, 39.44, 33.51, 29.86, 28.58, 26.16, 25.01. MS (ESI): calculated
for C20H25F3N302 [M+H]" 396,1893; found 396.4119. HPLC: tr = 17.90 min.

3,3-dimethyl-13-(naphthalen-2-y1)-9,12,13-triazadispiro[4.0.5%.3%|tetradecane-1,14-
dione (25f): White solid (yield 50%). mp 70-72°C. '"H NMR (400 MHz, DMSO-ds) 6 8.65
(bs, 1H), 8.44 (bs, 1H), 8.24-8.21 (m, 1H), 8.06-8.02 (m 1H), 7.96-7.84 (m, 3H), 7.54-7.40
(m, 2H), 6.34 (s, 1H), 3.32-3.03 (m, 4H), 2.43 (d, J=17.0 Hz, 1H), 2.23-2.01 (m, 3H), 1.82-
1.75 (m, 3H), 1.45 (d, J = 12.7 Hz, 1H), 1.22 (s, 3H), 1.11 (s, 3H). '3C NMR (101 MHz,
DMSO-ds) 0 213.30, 170.27, 137.09, 133.38, 130.60, 128.85, 127.95, 127.15, 127.16,
125.71,118.87, 115.61, 68.46, 61.69, 54.39, 40.19, 39.97, 39.56, 33.51, 29.94, 28.64, 26.27,
25.09. MS (ESI): calculated for C23H2sN30, [M+H]" 378,2176; found 378.4529. HPLC: tr
=20.98 min.

3,3-dimethyl-13-(p-tolyl)-9,12,13-triazadispiro[4.0.5%.3| tetradecane-1,14-dione (25g):
White solid (yield 52%). mp 78-80°C. 'H NMR (400 MHz, DMSO-ds) 6 8.63 (bs, 1H), 8.43
(bs, 1H), 7.65 (d, /= 8.3 Hz, 2H), 7.17 (d, J = 8.3 Hz, 2H), 6.15 (s, 1H), 3.25-2.97 (m, 4H),
2.38 (d, J=17.0 Hz, 1H), 2.26 (s, 3H), 2.20-1.96 (m, 3H), 1.78-1.70 (m, 3H), 1.37 (d, J =
13.3 Hz, 1H), 1.20 (s, 3H), 1.07 (s, 3H). '3C NMR (101 MHz, DMSO-ds) 6 213.39, 169.72,
137.11, 133.89, 129.48, 118.77, 68.34, 61.58, 54.35, 40.39, 40.12, 39.70, 33.45, 29.94,
28.62, 26.23, 25.04, 20.88. MS (ESI): calculated for C20H2sN30, [M+H]" 342.2176; found
342.4488. HPLC: tr = 17.48 min.
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3,3,13-trimethyl-9,12,13-triazadispiro[4.0.5%.35|tetradecane-1,14-dione (25h): White
solid (yield 50%). mp 55-57°C. 'H NMR (400 MHz, DMSO-de) & 8.42 (bs, 1H), 8.11 (bs,
1H), 5.60 (s, 1H), 3.14-3.08 (m, 3H), 2.85 (d, J = 15.2 Hz, 1H), 2.57 (d, J = 17.9 Hz, 1H),
2.30 (d, J=17.0 Hz, 2H), 2.11-2.03 (m, 1H), 1.98-1.84 (m, 2H), 1.68-1.58 (m, 3H), 1.35-
1.28 (m, 1H), 1.16 (s, 3H), 1.02 (s, 3H). *C NMR (101 MHz, DMSO-de) 6 213.72, 170.65,
66.37,62.48, 54.24, 41.80, 40.55, 39.73, 36.22,33.41, 32.84, 30.02, 28.52,26.33, 25.00. MS
(ESI): calculated for C14H24N302 [M+H]" 266,1863; found 266.39. HPLC: tr = 12.07 min.

General procedure for the preparation of compounds 26-27. To a solution of dispiro-
piperidine derivative 25a (1 eq, 0.60 mmol) in THF (8 mL) were added DIPEA (1 eq) and
the appropriate sulfonyl chloride (1.2 eq). The resulting mixture was stirred at room
temperature 2-3h. Upon completion, as indicated by TLC and MS (ESI), the solvent was
evaporated under reduce pressure. The resulting solid residue was extracted with EtOAc
(3x15 mL) and the combined organic layers were washed with water (1x15 mL), brine (1x10
mL), and then dried over NaxSO4. The volatile fraction was then evaporated and the crude

solid was purified by semi-preparative HPLC to yield derivatives 26-27 as white solids.

3,3-dimethyl-13-phenyl-9-tosyl-9,12,13-triazadispiro[4.0.5.3%|tetradecane-1,14-dione
(26): White solid (yield 45%). mp 200-202°C. '"H NMR (400 MHz, DMSO-d¢) 6 7.65 (d, J
= 8.1 Hz, 2H), 7.58 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 8.0 Hz, 2H), 7.30 (t, /= 7.9 Hz, 2H),
7.07 (t, J = 7.4 Hz, 1H), 5.92 (s, 1H), 3.59-3.54 (m, 2H), 2.72-2.63 (m, 1H), 2.41 (s, 3H),
2.34(d,J=16.6 Hz, 1H), 2.06 (d,J=16.4 Hz, 1H), 1.99-1.87 (m, 2H), 1.76 (d, /= 14.0 Hz,
1H), 1.62-1.47 (m, 2H), 1.31-1.21 (m, 2H), 1.19 (s, 3H), 1.02 (s, 3H). *C NMR (101 MHz,
DMSO-ds) 0 213.40, 170.48, 144.05, 139.48, 133.78, 130.41, 129.03, 127.88, 124.60,
118.78, 68.38, 62.64, 54.32, 42.46, 41.86, 40.20, 39.82, 33.47, 29.50, 28.59, 27.39, 21.50.
MS (ESI): calculated for C2sH32N304S [M+H]" 482,2108; found 482.5256. HPLC: tr =
25.17 min.

9-((5-chlorothiophen-2-yl)sulfonyl)-3,3-dimethyl-13-phenyl-9,12,13-

triazadispiro[4.0.5%.35|tetradecane-1,14-dione (27): White solid (yield 51%). mp 166-
168°C. '"H NMR (400 MHz, DMSO-d¢) § 7.70-7.65 (m, 2H), 7.61 (d, J = 4.0 Hz, 1H), 7.42
(d, J=4.0 Hz, 1H), 7.38-7.31 (m, 2H), 7.14-7.08 (m, 1H), 5.99 (s, 1H), 3.59-3.54 (m, 2H),
2.90-2.81 (m, 1H), 2.74-2.63 (m, 1H), 2.38 (d, J=16.6 Hz, 1H), 2.13-1.94 (m, 3H), 1.86 (d,
J=13.9 Hz, 1H), 1.70-1.58 (m, 2H), 1.34 (d, J =13.7 Hz, 1H), 1.22 (s, 3H), 1.05 (s, 3H).
3C NMR (101 MHz, DMSO-de) 6 212.85, 169.89, 138.93, 135.42, 134.26, 132.83, 128.73,
128.51, 124.05, 118.15, 67.78, 61.87, 53.75, 42.03, 41.48, 39.26, 32.94, 28.93, 28.06, 27.97,
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26.78. MS (ESI): calculated for C23H27CIN304S: [M+H]" 508,1126; found 508.2773. HPLC:
tr = 26.16 min.

Preparation of compound 30. To a solution of carbonyl derivative 28 (1 eq, 5.2 mmol) in
H>0:1,4-Dioxane (2:1, 20 mL) was added K>CO3 (3 eq) at 0°C. To the resulting mixture was
then added dropwise a solution of Boc-anhydride (1 eq) in H20O:1,4-Dioxane (2:1, 10 mL) at
0°C. The reaction was stirred at room temperature overnight. Upon completion, the mixture
was concentrated under reduce pressure. The resulting residue was extracted with EtOAc
(3x15 mL) and the combined organic layers were washed with water (1x15 mL), brine (1x10
mL), and then dried over Na;SOs4. The volatile fraction was then evaporated to yield

derivative 30 as yellow solid.

tert-butyl 4-oxopiperidine-1-carboxylate (30): Yellow solid (yield 95%). 'H NMR (400
MHz, DMSO-d) 6 3.59 (t, J = 6.0 Hz, 4H), 2.33 (t, J = 6.0 Hz, 4H), 1.40 (s, 9H)."3C NMR
(101 MHz, DMSO-d¢) 6 208.01 (C), 79.47 (C), 39.55 (CH>), 28.63 (CH3).

General procedure for the preparation of compounds 33a-b. To a solution of N-Boc
protected-carbonyl derivative 30 (1 eq, 0.60 mmol) in toluene (3 mL), in a specific vial, was
added the appropriate hydrazine (2 eq). The reaction mixture was sealed, irradiate with
microwaves (400 W) at 140 °C for 15 min, and then cooled down to 50°C by airflow. When
the hydrazone intermediate was achieved, as indicated by MS(ESI), the diazo compound
(2.5 eq) was added to the resulting mixture, which was sealed again, irradiate with
microwaves (400 W) at 140 °C for 15 min, and then was cooled down to 50°C by airflow.
Upon completion, the mixture was concentrated under reduce pressure. The resulting residue
was extracted with EtOAc (3x15 mL) and the combined organic layers were washed with
water (1x15 mL), brine (1x10 mL), and then dried over Na;SOa4. The volatile fraction was
then evaporated and the crude solid intermediates 33a-b were used in the next step without

further purification.

General procedure for the preparation of compound 34a-b. Intermediates 33a-b (0.40
mmol) were suspended in TFA:CH>Cl, (2:1, 5 mL), and the resulting mixture was stirred at
room temperature for 2h. Upon completion, as indicated by MS (ESI), the solvent was
evaporated under reduced pressure, and the resulting residue was directly purified by semi-

preparative HPLC to yield derivatives 34a-b as white solids.

13-(4-chlorophenyl)-3,3-dimethyl-9,12,13-triazadispiro[4.0.5.3%|tetradecane-1,14-
dione (34a): White solid (yield 48%). mp 56-59°C. 'H NMR (400 MHz, DMSO-d) 6 8.67
(bs, 1H), 8.46 (bs, 1H), 7.85-7.76 (m, 2H), 7.49-7.40 (m, 2H), 6.27 (s, 1H), 3.31-2.94 (m,
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4H), 2.40 (d, J=17.0 Hz, 1H), 2.20-1.99 (m, 3H), 1.80-1.70 (m, 3H), 1.38 (d, /= 14.4 Hz,
1H), 1.20 (s, 3H), 1.07 (s, 3H). *C NMR (101 MHz, DMSO- de) 6 213.16, 170.22, 138.32,
129.07, 128.38, 120.21, 68.35, 61.67, 54.34, 40.58, 40.38, 39.97, 33.48, 29.88, 28.59, 26.18,
25.02. MS (ESI): calculated for C19H25CIN3O, [M+H]" 362,1630; found 362.3550. HPLC:
tr = 15.62 min.

13-(4-bromophenyl)-3,3-dimethyl-9,12,13-triazadispiro[4.0.5°.35| tetradecane-1,14-
dione (34b): White solid (yield 51%). mp 67-69°C. 'H NMR (400 MHz, DMSO-ds) J 8.65
(bs, 1H), 8.43 (bs, 1H), 7.76 (d, J=9.0 Hz, 2H), 7.57 (d, /= 9.0 Hz, 2H), 6.27 (s, 1H), 3.26-
3.12(m, 3H), 3.08-2.96 (m, 1H), 2.40 (d, /= 17.0 Hz, 1H), 2.20-1.96 (m, 3H), 1.78-1.71 (m,
3H), 1.37 (d, J = 12.8 Hz, 1H), 1.20 (s, 3H), 1.06 (s, 3H). '*C NMR (101 MHz, DMSO-ds)
0213.14, 170.26, 138.74, 131.97, 120.53, 116.49, 68.36, 61.65, 54.34, 40.02, 39.68, 39.57,
33.48, 29.88, 28.58, 26.18, 25.02. MS (ESI): calculated for CioH2sBrN3;O, [M+H]"
406.1125; found 406.26. HPLC: tr = 18.43 min.

General procedure for the preparation of compounds 35-36. To a solution of derivative
34a (1 eq, 0.50 mmol) in THF (8 mL) were added DIPEA (1 eq) and the appropriate
sulphonyl-chloride (1.2 eq), and the reaction mixture was stirred at room temperature
overnight. After the reaction was complete, as indicated by MS (ESI), the mixture was
concentrated under reduced pressure. The resulting solid residue was extracted with EtOAc
(2x10 mL), and the organic layers were washed with water (1x10 mL) and brine (1x10 mL).
After drying over Na;SOs, the solvent was evaporated to obtain a crude material, which was

purified by semi-preparative HPLC to yield derivatives 35-36 as white solids.

13-(4-chlorophenyl)-3,3-dimethyl-9-tosyl-9,12,13-triazadispiro[4.0.56.3| tetradecane-
1,14-dione (35): White solid (yield 42%). mp 181-183°C. '"H NMR (400 MHz, DMSO-dy)
07.67-7.60 (m, 4H), 7.46 (d, J=7.9 Hz, 2H), 7.40-7.34 (m, 2H), 6.01 (s, 1H), 3.61-3.50 (m,
2H), 2.70-2.62 (m, 1H), 2.41 (s, 3H), 2.35 (d, J = 16.6 Hz, 1H), 2.09-2.03 (m, 1H), 1.98-
1.87 (m, 2H), 1.81-1.73 (m, 1H), 1.61-1.47 (m, 2H), 1.25-1.20 (m, 2H), 1.19 (s, 3H), 1.01
(s, 3H). 3C NMR (101 MHz, DMSO-ds) 6 213.24, 170.68, 144.04, 138.35, 133.87, 130.43,
128.97, 128.22, 127.85, 120.18, 68.34, 62.73, 54.29, 42.41, 41.81, 40.19, 39.56, 33.48,
29.44, 28.56, 27.36, 21.50. MS (ESI): calculated for C26H31CIN3O4S [M+H]" 516,1718;
found 516.5870. HPLC: tr = 26.07 min.

13-(4-chlorophenyl)-9-((5-chlorothiophen-2-yl)sulfonyl)-3,3-dimethyl-9,12,13-
triazadispiro[4.0.5%.3%|tetradecane-1,14-dione (36): White solid (yield 45%). mp 165-
167°C; 'H NMR (400 MHz, DMSO-ds) 6 7.71-7.66 (m, 2H), 7.59 (d, J = 4.1 Hz, 1H), 7.42-
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7.37 (m, 3H), 6.07 (s, 1H), 3.60-3.50 (m, 2H), 2.83-2.75 (m, 1H), 2.69-2.62 (m, 1H), 2.37
(d, J=16.7 Hz, 1H), 2.12-1.82 (m, 4H), 1.68-1.61 (m, 2H), 1.30 (d, /= 11.7 Hz, 1H), 1.20
(s, 3H), 1.02 (s, 3H). 3C NMR (101 MHz, DMSO-de) J 213.27, 170.66, 138.37, 136.00,
134.92, 133.37, 129.31, 129.01, 128.25, 120.16, 68.29, 62.53, 54.30, 42.54, 42.00, 39.96,
33.52, 29.44, 28.59, 28.53, 27.33. MS (ESI): calculated for C23Ha6ClN304S; [M+H]'
542,0736; found 542.4138. HPLC: tg = 25.16 min.

Dispiro-isatin derivatives.

General procedure for the preparation of compounds 39-42.

K2COs (3 eq) and the appropriate benzyl bromide (1.5 eq) were added to a solution of
substituted isatins 37-38 (1 eq, 6.8 mmol) in MeCN (0.10 M) at room temperature. The
resulting mixture was then heated at reflux overnight. Upon completion, as indicated by TLC
and MS (ESI), the reaction mixture was cooled, filtered and concentrated. The crude residue
was then triturated (Et2O) and filtered to yield derivatives 39-42 as orange-red solids, which

were used in the next step without further purification. %)

1-benzylindoline-2,3-dione (39): Orange solid (yield 82%). '"H NMR (400 MHz, DMSO-
ds) 0 7.62-7.54 (m, 2H), 7.43 (d, J=7.2 Hz, 2H), 7.39-7.24 (m, 3H), 7.14-7.08 (m, 1H), 6.97
(d,J=8.4 Hz, 1H), 4.91 (s, 2H). MS (ESI): calculated for C1sH;2NO, [M+H]" 238.09; found
238.30.

1-benzyl-5-fluoroindoline-2,3-dione (40): Dark orange solid (yield 89%). 'H NMR (400
MHz, DMSO-d¢) 0 7.53-7.40 (m, 4H), 7.38-7.24 (m, 3H), 6.98-6.93 (m, 1H), 4.91 (s, 2H).
MS (ESI): calculated for CisHi1FNO, [M+H]" 256.08; found 256.37.

1-(4-fluorobenzyl)indoline-2,3-dione (41): Dark orange solid (yield 79%). '"H NMR (400
MHz, DMSO-dg) 6 7.62-7.44 (m, 4H), 7.24 -7.04 (m, 3H), 6.98 (d, /= 7.7 Hz, 1H), 4.90 (s,
2H). MS (ESI): calculated for C1sHi:FNO> [M+H]" 256.08; found 256.17.

5-fluoro-1-(4-fluorobenzyl)indoline-2,3-dione (42): Red solid (yield 78%). '"H NMR (400
MHz, CDCl3) 0 7.37-7.29 (m, 3H), 7.26-7.19 (m, 1H), 7.10-7.03 (m, 2H), 6.76-6.71 (m, 1H),
491 (s, 2H). MS (ESI): calculated for Ci1sH10F2NO> [M+H]" 274.07; found 274.30.

General procedure for the preparation of compounds 44a-e. To a solution of carbonyl
derivatives 39-42 (1 eq, 0.4 mmol) in toluene (3 mL), in a specific vial, was added the
appropriate hydrazine (1 eq). The reaction mixture was sealed and irradiate with microwaves
(400 W) at 140 °C for 15 min, and then cooled down to 50°C by airflow. When the hydrazone
intermediate was achieved, as indicated by TLC and MS(ESI), the diazo compound (2eq)
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was added to the resulting mixture, which was sealed again, irradiated with microwaves (400
W) at 140 °C for 15 min and then cooled down to 50°C by airflow. Upon completion, as
indicated by TLC and MS (ESI), the solvent was evaporated and the obtained crude material

was directly purified by semi-preparative HPLC to yield derivatives 44a-e as white solids.

1""-benzyl-1',4,4-trimethyldispiro[cyclopentane-1,4'-pyrazolidine-3',3'"-indoline]-
2,2",5'-trione (44a): White solid (yield 50%). mp 202-204°C. "H NMR (400 MHz, CDCls)
o NH not detected, 7.35-7.24 (m, 7H), 7.05-6.98 (m, 1H), 6.79 (d, J= 7.9 Hz, 1H), 5.03 (d,
J=15.5Hz, 1H), 4.69 (d, J=15.5 Hz, 1H), 3.20 (s, 3H), 2.47 (d, J = 14.2 Hz, 1H), 2.21 (d,
J=17.4Hz, 1H), 1.88 (d,J=17.4 Hz, 1H), 1.34 (d, /= 14.2 Hz, 1H), 1.13 (s, 3H), 0.59 (s,
3H). *C NMR (101 MHz, CDCls) § 214.22, 174.05, 170.40, 144.23, 135.32, 131.12, 128.84,
127.95, 127.54, 124.97, 123.20, 121.70, 109.91, 70.40, 63.99, 54.27, 43.78, 42.19, 33.74,
33.63, 29.22, 28.98. MS (ESI): calculated for C24H2¢N303 [M+H] © 404.1969; found
404.2409. HPLC: tr = 20.98 min.

1'""-benzyl-5'""-fluoro-1',4,4-trimethyldispiro[cyclopentane-1,4'-pyrazolidine-3',3"'-
indoline]-2,2"",5'-trione (44b): White solid (yield 41%). mp 224-226°C. 'H NMR (400
MHz, CDCI3) 6 NH not detected, 7.38-7.29 (m, 5SH), 7.12-7.07 (m, 1H), 7.05-6.98 (m, 1H),
6.75-6.70 (m, 1H), 5.03 (d, /= 15.6 Hz, 1H), 4.71 (d, J = 15.6 Hz, 1H), 3.22 (s, 3H), 2.52
(d, /J=14.0 Hz, 1H), 2.28 (d, J=17.5 Hz, 1H), 1.96 (d, J=17.5 Hz, 1H), 1.37 (d, /= 14.0
Hz, 1H), 1.17 (s, 3H), 0.62 (s, 3H). 3C NMR (101 MHz, CDCls) § 214.09, 173.74, 170.03,
158.99, 140.13, 134.87, 128.93, 128.09, 127.47, 123.13, 117.65, 113.65, 110.59, 70.33,
54.13, 43.84, 42.22, 33.71, 33.61, 29.24, 28.88. MS (ESI): calculated for C24H25FN303
[M+H] " 422.1874; found 422.1902. HPLC: tr = 21.25 min.

1'"'-(4-fluorobenzyl)-1',4,4-trimethyldispiro[cyclopentane-1,4'-pyrazolidine-3',3"'-
indoline]-2,2"",5'-trione (44c): White solid (yield 56%). mp 183-185°C. '"H NMR (400
MHz, CDCls) 6 NH not detected, 7.36-7.27 (m, 4H), 7.08-7.01 (m, 3H), 6.81 (d, J= 7.8 Hz,
1H), 4.97 (d, J=15.5 Hz, 1H), 4.72 (d, J=15.5, 1H Hz), 3.23 (s, 3H), 2.47 (d, J = 14.2 Hz,
1H), 2.24 (d, J=17.4 Hz, 1H), 1.90 (d, /= 17.4 Hz, 1H), 1.31 (d, /= 14.2 Hz, 1H), 1.15 (s,
3H), 0.60 (s, 3H). *C NMR (101 MHz, CDCl3) 6 214.09, 174.02, 170.44, 161.16, 143.98,
131.19, 131.12, 129.38, 125.10, 123.38, 121.63, 115.80, 109.75, 70.38, 63.99, 54.23,43.11,
42.16,33.74,33.65,29.25, 28.96. MS (ESI): calculated for C24HasFN3O3 [M+H] " 422.1874;
found 422.2532. HPLC: tr = 21.04 min.

5'"'-fluoro-1''-(4-fluorobenzyl)-1',4,4-trimethyldispiro[cyclopentane-1,4'-pyrazolidine-
3',3"-indoline]-2,2",5'-trione (44d): White solid (yield 46%). mp 176-178°C. 'H NMR
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(400 MHz, CDCl3) 5 NH not detected, 7.32-7.26 (m ,2H), 7.15-6.97 (m, 4H), 6.75-6.70 (m,
1H), 4.96 (d, J = 15.6 Hz, 1H), 4.71 (d, J = 15.6 Hz, 1H), 3.22 (s, 3H), 2.51 (d, J= 14.0 Hz,
1H), 2.29 (d, J= 17.5 Hz, 1H), 1.96 (d, J= 17.5 Hz, 1H), 1.32 (d, J = 14.0 Hz, 1H), 1.17 (s,
3H), 0.61 (s, 3H). 3C NMR (101 MHz, CDCls) 6 213.98, 173.80, 170.13, 162.50, 159.15,
139.94, 130.74, 129.39, 123.21, 117.59, 115.89, 113.61, 110.51, 70.39, 63.98, 54.17, 43.24,
4226, 33.77, 33.70, 29.34, 28.94. MS (ESI): calculated for CasHasFoN303 [M+H] *
440.1789; found 440.2499. HPLC: tr = 21.36 min.

1',1"'-dibenzyl-4,4-dimethyldispiro[cyclopentane-1,4'-pyrazolidine-3',3"''-indoline]-
2,2",5'-trione (44¢): White solid (yield 43%). mp 209-211°C. 'H NMR (400 MHz, CDCls)
0 NH not detected, 7.42-7.24 (m ,11H), 7.21 (dd, J = 7.6, 0.7 Hz, 1H), 7.02-6.95 (m, 1H),
6.79 (d, J=7.9 Hz, 1H), 5.27 (d, J=15.0 Hz, 1H), 5.04 (d, J=15.5 Hz, 1H), 4.71 (d, J =
15.5 Hz, 1H), 4.38 (d, J=15.0 Hz, 1H), 2.55 (d, J=14.3 Hz, 1H), 2.27 (d, J = 17.4 Hz,
1H), 1.93 (d, J=17.4 Hz, 1H), 1.41 (d, J = 14.3 Hz, 1H), 1.19 (s, 3H), 0.64 (s, 3H). 1*°C
NMR (101 MHz, CDCls) 214.10, 173.86, 170.22, 144.24, 135.76, 135.29, 131.21, 128.92,
128.81,128.16,128.04, 127.70, 127.65, 125.13, 123.25,121.57,109.97, 70.14, 63.99, 54.34,
50.31, 43.82, 42.19, 33.70, 29.28, 29.03. MS (ESI): calculated for C3oH30N303 [M+H] "
480.23; found 480.53. HPLC: tr = 23.94 min.
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2C. Project 3: SPIRO-PIPERIDINE DERIVATIVES.

2¢.1 AIM AND OBJECTIVES.

LE% G.Morciano, D.Preti et al.
J.Med.Chem. 2018, 61(16), 7131-7143
1,3,8-triaza-spirof4.5]decan-4-one 1,4,8-triazaspiro[4.5]decan--one
H
RS
Nﬁ Synthesis of }\ O
“structural isomers” HN \)k
exploiting solid-phase X—H
supports
N PP
N
X=NHorO
6a
Solid-
Solution- sz' l;::e
phase 4
chemistry
Work-up
required steps

Figure 2c.1: Rational design Project 3.

My research group has reported the discovery of the first small-molecule inhibitors of mPTP
that target the c-subunit of F{Fo-ATP synthase. 3! The synthesized spiro derivatives, with a
general structure 1,3,8-triazaspiro[4.5]decan-4-one, were obtained by a synthetic approach
exclusively based on standard liquid-phase methodologies. In this project we explored a
different strategy which implement solid-phase supports in order to quickly synthesize a

wide library of spiro derivatives.

In this regard, spiro-imidazolidinone compounds represent a molecular framework used with
various pharmacological activities, and they may offer a useful template to which can be
added a variety of functional groups. Since 1,4,8-triazaspiro[4.5]decan-2-one is recognized
as a molecular architecture that constitutes interesting highly functionalized templates in the
drug discovery process, [115] we decided to design a series of spiropiperidines whose
general spirodecane scaffold can be defined as structural isomer of that of the
spiropiperidines previously detailed. **! Moreover, considering that in drug design program
particular attention is focused on the possibility to introduce hydrophilic or salifiable
functions into the investigated derivatives, we have herein proposed spiro derivatives which
can be converted in the corresponding salt form, increasing their water solubility to facilitate
eventual future formulation in aqueous medium for in vivo administration. In particular,

starting from compound 6a 3! we synthesized two groups of derivatives, as amide
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spirocyclic and carboxylic acid spirocyclic derivatives respectively. (Fig. 2c.1) These
compounds are made up of a piperidine moiety from N-benzyl-4-piperidone, and an
imidazolidinone moiety from a dipeptide species. ! To the achievement of the desired
compounds, all the synthetic steps, including the preparation of the dipeptide and the
subsequent condensation with N-benzyl-4-piperidone, were conducted on a solid-phase
support. Only at the end of the synthesis the final derivatives were removed from the support
(cleavage step) and purified. '] It is therefore clear that the designed series were gained
rapidly, reducing the reaction steps but especially all the work-up required procedures. Of
note, this type of synthetic strategy allowed a quick preparation and investigation of a library

931 in the mutual

of spiro-piperidine compounds, which differs from the previous one
position of some functional groups that may be closely involved in the mechanism of mPTP
inhibition.

2c. 1.1 Overview of solid phase peptide synthesis (SPPS).

Since 1963, solid-phase peptide synthesis (SPPS) developed by R.B. Merrifield has been the

(1161 Compared with the

widely used technique for the production of synthetic peptides.
previous liquid-phase peptide synthesis, SPPS greatly simplifies the problems of compound
solubility and purification through an approach inspired by protein biosynthesis in the human

organism.

Solid-phase peptide synthesis involves sequential reactions on an accretion sequence bound
to a "solid" support. The term "solid" refers more to the insolubility of this support in
commonly used organic solvents, being porous polymer resin spheres. This polymer resin is
chemically modified with reactive functions onto which the nascent peptide chain is grafted.
They are available in either electrophilic (Br) or nucleophilic (OH, NH> and SH) form as
well as derivatized with various linkers. Linkers are chemical entities used to “link” a
compound to a resin bead during solid phase synthesis. The nature of the linker determines
the kind of chemistry that can be performed, and the conditions under which products can
be cleaved from the resin. There are a wide variety of linkers for polystyrene core resins.
Peptide chemists can usually focus on just a few: Wang, Rink, and derivatives of each. Wang
linkers produce carboxylic acid products while Rink linkers produce amide products. Both
Wang and Rink resins are available with amino acids preloaded. The general procedure (Fig.
2c¢.2) involves the initial condensation of the first amino acid (aa), via the activated free C-
terminal residue, to the resin support (Load). To prevent its polymerization, the alpha amino
group (N«) and the side chains are protected with a temporary protecting group. Indeed, the

side chains of many amino acids are reactive and may form side products if left unprotected.
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For successful peptide synthesis, these side chains must remain protected despite repeated
exposure to N-deprotection conditions. Such a protection scheme is called “orthogonal”
protection. Once the amino acid is attached to the resin, the resin is filtered and washed to
remove by-products and excess reagents (Wash). The N-protecting group is then removed
under appropriate conditions (Deprotect) and, following another washing step (Wash), the
next amino acid is coupled to the attached resin-peptide (Couple). The cycle is repeated until
the peptide sequence is complete. Then typically, all or most of the protecting groups are
removed, the peptide resin is washed, and the peptide is cleaved from the resin (Cleave).
This latter step is usually done using a "cleavage cocktail," consisting of a high percentage
of a strong acid, among which the most commonly used is trifluoroacetic acid (TFA), and a
small percentage of some "scavengers" such as thiols, alcohols, silanes or H>O. Then, the
obtained crude peptide may be precipitated in a cold organic solvent, such as Et;0,

centrifuged, and finally purified by semi-preparative HPLC. !17]

P.G- aa, /" \/
P.G-2a-OH + X\ 3
WGV Deprotect
LOGN \/

P.G- aa,"\/"\/ H- aa{\/"\/

/\ j Wash
w L

P.G- aa-OH H- aa N\
n
SN—

Cleave

Y4

H- aa,-OH

Figure 2¢.2: General solid-phase peptide synthesis cycle.

This synthetic method simplifies the work-up procedures and allows the use of reagents in
large excess to drive reactions to completion, obtaining the product in relatively pure form
with high yield. !'¥! Moreover, the use of a solid-phase support permits to automate the
peptide synthesis process. Disadvantages of this type of synthesis include the lack of
analytical control and purification following each step, besides a yield that tends to be

inversely proportional to the length of the chain synthesized.
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2¢.2 RESULTS AND DISCUSSION.

2c.2.1 Chemistry.

As depicted in Scheme 2c¢.1 and Scheme 2¢.2, the synthetic pathway on solid-phase supports
allowed us to quickly synthesize a library of spiropiperidines, as “structural isomers” of the
spiropiperidines realized in the previous work. *! All the reported derivatives, with general
structure 2-(8-benzyl-2-oxo-1,4,8-triazaspiro[4.5]decan-1-yl)acetamide (51a-f) and 2-(8-
benzyl-2-oxo-1,4,8-triazaspiro[4.5]decan-1-yl)acetic acid (56a-f), were synthetized starting
from commercially available natural Fmoc-protected amino acids (Fmoc-aa-OH), which
were anchored on specific solid support by automatic coupling reactions. The obtained
dipeptides were subsequently applied for the condensation reaction with N-benzyl-4-
piperidone. This reaction was performed in different solvent conditions, according to the
type of resin used: toluene for the AmphiSpheres resin and 2,2-Dimethoxypropane (DMP)

[115] Especially, the AmphiSpheres resin was used as a functionalized

for the Wang one.
support for the preparation of compounds S1a-f, while the Glycine preloaded-Wang resin
was used similarly for compounds S6a-f. These final spiro derivatives were finally removed

from the solid support and purified by semi-preparative HPLC.

Notably, we designed spiro derivatives starting from a dipeptide: the first amino acid bound
to the solid-phase support, as well as the Glycine residue, was retained unaltered, changing
the second one in order to first explore how this diverse portion, from a same general
scaffold, can influence the activity towards the target. Moreover, since the employed
commercially available amino acids were natural L-amino acids, all the synthesized final

spiro derivatives exhibited a well-defined stereochemistry (as highlighted below).
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Scheme 2c.2. Synthesis of substituted 2-(8-benzyl-2-oxo-1,4,8-triazaspiro[4.5]decan-1-yl)acetic acid
(56a-f) -Reagents and conditions - 1. 40% Piperidine in DMF; 2x7min, DIC, HOBt, DMF, 2x40min;
NMM, Ac,0, 2x5min; 40% Piperidine in DMF, 2x7min; ii. N-benzyl-4-piperidone, DMP, p-TSOH,
80°C 5h; iii. TFA:H,O:Et;SiH (95:2.5:2.5), 1t 3 h.
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2c.2.2 Biological evaluation.

The biological assay reported below was realized in collaboration with the research group
of Professor Paolo Pinton of the University of Ferrara (Dept. of Medical Sciences).
Preliminary screening-cobalt-calcein assay.

To assess the efficacy of the investigated spiro-piperidine derivatives in inhibiting Ca**-
mediated mPTP opening, herein we measured their biological activity in human ventricular
cardiomyocytes (AC16) by using the cobalt-calcein assay. 'l For the cobalt-calcein
quenching assay, all cells were pretreated with vehicle (DMSO), 1 uM PP11 (first reference
compound), 1 uM 6a (second reference compound) or 1 uM inquired derivative, and then
loaded with 1 pM calcein acetoxymethyl ester and 2 mM Co?*. According to the described
assay and under conditions of mitochondrial calcium overload (by the administration of 1

uM ionomycin), the resulting kinetics data are reported in Table 2c.1.

The obtained outcomes indicate that changing R does not result in a different behaviour
towards the target, whereas varying R may modify the inhibitory potency. Especially,
compounds 56e and 56f were slightly more potent than compound 6a in inhibiting mPTP
opening. Comparing these selected compounds with all the other synthesized, it can be
noticed that, similarly to compound 6a which bears an aniline fragment, the presence of an

aromatic moiety at the imidazolidinone ring may be mandatory to ensure the desired activity.
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Table 2c¢.1. In vitro potency of spiro-piperidine derivatives as mPTP opening inhibitors.

HN—\ HN— 2 1
IO g0 e
0=8=0 ©)N N
©) 51a-f
PP11 6a 56a-f
mPTP
Compd R Ri inhibition (%, Statistic
1nM)
PP11 - - 40,19 P<0.0001
6a - - 37 P<0.0001
a\fpl ?9) Me NH, 18,71 P<0.001
a\fg ?0) Me OH 19,40 P<0.001
(ISI} ?1) Isopropyl NH, 28,71 P<0.0001
(33 ?2) Isopropyl OH -0,896 n.s.
(]\?Fl §3) Isobutyl NH, 29,13 P<0.0001
(]\ff §4) Isobutyl OH 23,01 P<0.001
@?F‘ (319) Ph NH, 38,73 P<0.0001
(ﬁg ?0) Ph OH 36,63 P<0.0001
(I\?Fl 55) Bn NH; 30,72 P<0.0001
(]\ff ?6) Bn OH 43,02 P<0.0001
(N?FI;) 4-OH-Bn NH, 32,17 P<0.0001
(MSF6 :,fg) 4-OH-Bn OH 42,11 P<0.0001

As shown in Table 2c.1, all the synthesized compounds showed a good inhibitory potential

compared to the untreated mitochondrial sample. In particular, the addition of 1 uM

ionomycin to cells pretreated with 1 uM 56e or 56f resulted in desensitization of mPTP

opening by around 40-45%, which was approximately the same as that observed in

compounds PP11 and 6a treated cells.
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2¢.3 EXPERIMENTAL SECTION.

2c¢.3.1 Materials and Methods.

Peptides were synthesized using a standard Fmoc/tBu strategy ['!°! through a Syro XP
multiple peptide synthesizer (MultiSynTech GmbH, Witten Germany) on a AmphiSpheres
20 RAM resin (loading 0.55 mmol/g) or a Glycine preloaded-Wang resin (loading 1
mmol/g). Commercially available Fmoc-amino acids were used with a 4-fold excess on a
0.11mM scale of the resin and double-coupled to the growing peptide chain using a 4-fold
excess of N,N’-diisopropylcarbodiimide and 1-hydroxybenzotriazole (DIC/HOBt). Each
Fmoc removal step was performed using 40% solution of piperidine in N,N-
dimethylformamide (DMF), and the couplings were repeated until the desired dipeptide-
bound resin was completed. After each coupling reaction a treatment with a solution of acetic
anhydride (Ac20) and N-Methylmorpholine (NMM) in DMF was performed to quench the
reactivity of randomly uncoupled amine groups (capping). The “cleavage cocktail” to obtain
the final product from the resin consisted of 95% trifluoroacetic acid, 2.5% water, and 2.5%
triethylsilane (TFA:H>O:Et:SiH). Reverse-phase purifications of crude derivative was
carried out on a Waters Delta 600 high-performance liquid chromatography (HPLC) system
with a Jupiter column C18 (250 x 30 mm, 300 A, 15 um spherical particle size), using a
binary mobile phase consisting of solution A (100% H>O, 0. 1% v/v TFA) and solution B
(40% H20, 60% CH3CN, 0.1% v/v TFA) at a flow rate of 20 mL/min. Gradient was
established individually considering the analytical HPLC profile of the crude product.
Analytical HPLC was performed with a Beckman 126 liquid chromatograph furnished of a
UV detector Beckman 168 and equipped with KARAT32 software. The purity of all the
derivatives was assessed with an Agilent Zorbax C18 column (4.6 x 150 mm, 3.5 pm particle
size) at a flow rate of 0.7 mL/min using a linear gradient from 100% of A (water + 0.1%
TFA) to 100% of B (acetonitrile + 0.1% TFA) over a period of 25 min. All final compounds
were monitored at 220 nm showing >95% purity. The molecular weights of the crude
material and of the final compounds were determined using an electrospray mass
spectrometer (ESI MICROMASS ZMD 2000). Enantiopure Fmoc-protected amino acids
and the resins for SPPS were purchased from AAPPTec, Bachem (Bubendorf, Switzerland),
BLDpharm (Kaiserslautern, Germany), Merk Life Science (Milan, Italy) and IrisBiotech

(Marktredwitz, Germany). All solvents were purchased from VWR International.
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2c¢.3.2 General synthetic procedures.
General procedure for dipeptide synthesis on solid-phase.

AmphiSpheres 20 RAM resin and Glycine preloaded-Wang resin were the two solid
supports adopted as starting material (1eq). The resin was weighted into an empty syringe

and then it was swelled in DMF at room temperature.
The main automatically repeated steps were:

= N-terminal deprotection: N-Fmoc, of the resin or of the first amino acid preloaded to
it, was removed by treatment the resin with a 40% solution of piperidine in DMF
(2 mL/0.15 g of resin), which selectively removed the base-labile N-protecting group
in favour of the next amide coupling reaction;

* Amide coupling reaction: the free N-terminal residue of the growing peptide chain
was coupled with the activated C-terminal of the following N-Fmoc-aa-OH (0.5M)
of the sequence. HOBt (0.78 M) and DIC (1.09 M) were used as coupling reagents
in DMF (1.1:0.7:0.5 v/v; 2.3 mL/0.15 g of resin);

= (Capping: the acetylation reaction was performed to block the elongation of undesired
peptide chains that may occur due to possible unsuccessful coupling reaction. Ac,O
(0.5 M) and NMM (0.25 M) were used as capping reagents in DMF (1.5:0.5 v/v;

2 mL/0.15 g of resin), to quench the reactivity of randomly uncoupled amine groups.

After each step the resin was washed for three times with fresh DMF (2 mL/0.15 g of resin).
In the case of N-Fmoc deprotection it was preferred to wash the resin more carefully, for
nine times with fresh DMF, to avoid an undesired N-deprotection of the next added amino

acid.

Once the last amino acid was inserted and the N-terminal Fmoc protection was removed, a
condensation reaction with N-benzyl-4-piperidone was performed, under specific condition

depending on the solid support used as starting.

General procedure for condensation of N-benzyl-4-piperidone from AmphiSpheres

resin (50a-f).

To a solution of N-benzyl-4-piperidone (leq) in toluene (4mL), in a glass vial, were
consecutively added a catalytic amount of p-toluenesulfonic acid monohydrate (0.01 eq) and
the free N-terminal dipeptide anchored to Amphispheres resin (leq, 0.083mmol). The
reaction mixture was slowly stirred overnight at 80°C. The solution was filtered out and the

solid support was washed three times with DMF and CH>Cl; respectively.

90



General procedure for condensation of N-benzyl-4-piperidone from Glycine

preloaded-Wang resin (55a-f).

To a solution of N-benzyl-4-piperidone (leq) in DMP (4mL), in a glass vial, were
consecutively added a catalytic amount of p-toluenesulfonic acid monohydrate (0.01 eq) and
free N-terminal dipeptide anchored to the Glycine preloaded-Wang resin (leq, 0.15mmol).
The reaction mixture was slowly stirred for Sh at 80°C. The solution was filtered out and the

solid support was consecutively washed three times with DMF and CH>Cl, respectively.

General procedure for the cleavage of synthesized final derivatives S1a-f and 56a-f.

Upon completion, as indicated by MS(ESI), the final spiro derivatives S0a-f and 55a-f,
which were anchored to the solid support, were treated with a cleavage solution composed
by trifluoroacetic acid TFA, H>O and Et:SiH (95:2.5:2.5; v/v; 5 mL/0.15 g of resin) for 3 h
at room temperature. After filtration of the exhausted resin, TFA was removed under
vacuum, and the crude material was then precipitated in diethyl ether (Et;0), isolated
through centrifugation and finally purified by reverse-phase semi-preparative HPLC. After

lyophilization the desired spiro derivatives S1a-f and S6a-f were obtained as tinted oils.

2-(8-benzyl-3-methyl-2-0x0-1,4,8-triazaspiro[4.5]decan-1-yl)acetamide (51a): Yellow
oil (yield 38%). "H NMR (400 MHz, DMSO-de) 6 9.51 (bs, 1H), 7.55-7.43 (m, 6H), 7.34 (s,
1H), 7.12 (s, 1H), 4.33 (s, 2H), 3.71 (d, /= 17.1 Hz, 1H), 3.63-3.04 (m, 6H), 2.16-2.05 (m,
1H), 1.97-1.67 (m, 3H), 1.19 (d, J= 6.9 Hz, 3H). 3*C NMR (101 MHz, DMSO-d¢)  175.14,
169.31, 131.12, 131.10, 129.53, 128.80, 73.55, 58.59, 52.40, 48.73, 48.04, 41.92, 31.72,
29.24, 16.17. MS (ESI): calculated for Ci17H25N402 [M+H]" 317,1972; found 317.1975.
HPLC: tr = 10.69 min.

2-(8-benzyl-3-methyl-2-o0xo0-1,4,8-triazaspiro[4.5]decan-1-yl)acetic acid (56a): Yellow
oil (yield 28%). "H NMR (400 MHz, DMSO-de) 6 9.62 (bs, 1H), 7.61-7.38 (m, 6H), 4.34 (s,
2H), 3.86-3.67 (m, 2H), 3.51-3.06 (m, 7H), 2.26-2.09 (m, 1H), 2.04-1.62 (m, 3H), 1.18 (d, J
= 6.9 Hz, 3H). >*C NMR (101 MHz, DMSO-ds) § 175.60, 170.49, 131.66, 131.62, 130.08,
129.37, 74.05, 59.13, 52.86, 49.26, 48.58, 41.31, 32.41, 30.22, 17.07. MS (ESI): calculated
for C17H24N303 [M+H] * 318,1812; found 318.2321. HPLC: tg = 11.30 min.

2-(8-benzyl-3-isopropyl-2-oxo-1.,4,8-triazaspiro[4.5]decan-1-yl)acetamide (51b):
Yellow oil (yield 31%). '"H NMR (400 MHz, DMSO-ds) 6 9.38 (bs, 1H), 7.53-7.43 (m, 6H),
7.33 (s, 1H), 7.06 (s, 1H), 4.33 (s, 2H), 3.69 (d, J=17.1 Hz, 1H), 3.56 (d,J=17.1 Hz, 1H),
3.38-3.13 (m, 5H), 2.08-1.80 (m, 3H), 1.72-1.60 (m, 2H), 0.96 (d, J = 6.8 Hz, 3H), 0.85 (d,
J=6.8 Hz, 3H). 3C NMR (101 MHz, DMSO-de) 6 174.01, 169.60, 131.64, 130.23, 130.10,
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129.36, 73.51, 62.34, 59.23, 49.19, 48.93, 42.06, 33.20, 31.43, 29.86, 19.69, 18.13. MS
(ESI): calculated for C19H20N4O, [M+H] * 345,2285; found 345.4126. HPLC: tr = 11.15

min.

2-(8-benzyl-3-isopropyl-2-oxo-1,4,8-triazaspiro[4.5]decan-1-yl)acetic = acid  (56b):
Orange oil (yield 15%). "H NMR (400 MHz, DMSO-de) 6 9.39 (bs, 1H), 7.52-7.43 (m, 6H),
4.33 (s, 2H), 3.85 (d, /= 17.8 Hz, 1H), 3.67 (d, J = 17.8 Hz, 1H), 3.36-3.15 (m, 5H), 2.13-
1.83 (m, 3H), 1.72-1.61 (m, 2H), 0.96 (d, J= 6.8 Hz, 3H), 0.84 (d, J= 6.8 Hz, 3H). *C NMR
(101 MHz, DMSO-d¢) 6 173.95, 170.38, 131.62, 130.23, 130.10, 129.37, 73.46, 62.25,
59.27, 49.20, 48.93, 41.05, 33.28, 31.50, 29.91, 19.59, 17.84. MS (ESI): calculated for
C1oH2sN303 [M+H] " 346,2125; found 346.2477. HPLC: tr = 13.57 min.

2-(8-benzyl-3-isobutyl-2-0x0-1,4,8-triazaspiro[4.5]decan-1-yl)acetamide (51c): Yellow
oil (yield 30%). '"H NMR (400 MHz, DMSO-de) J 9.36 (bs, 1H), 7.57-7.42 (m, 6H), 7.32 (s,
1H), 7.11 (s, 1H), 4.34 (s, 2H), 3.69 (d, J = 17.1 Hz, 1H), 3.53 (d, /= 17.1 Hz, 1H), 3.47-
3.06 (m, 5H), 2.16-1.99 (m, 1H), 1.98-1.70 (m, 4H), 1.57-1.47 (m, 1H), 1.37-1.27 (m, 1H),
0.91 (d, J=6.7 Hz, 3H), 0.87 (d, J= 6.7 Hz, 3H). 3*C NMR (101 MHz, DMSO-ds) 6 175.67,
169.87, 131.62, 130.27, 130.08, 129.35, 74.25, 59.19, 55.67, 49.39, 48.88, 42.39, 40.94,
32.56, 30.24, 25.08, 23.67, 21.86. MS (ESI): calculated for C20H31N4O, [M+H] * 359,2442;
found 359.2592. HPLC: tgr = 18.23 min.

2-(8-benzyl-3-isobutyl-2-o0xo0-1,4,8-triazaspiro[4.5]decan-1-yl)acetic acid (56¢): Orange
oil (yield 29%). '"H NMR (400 MHz, DMSO-de) J 9.35 (bs, 1H), 7.55-7.42 (m, 6H), 4.34 (s,
2H), 3.83 (d, J=17.8 Hz, 1H), 3.70 (d, /= 17.8 Hz, 1H), 3.46-3.01 (m, 6H), 2.14-2.04 (m,
1H), 2.00-1.60 (m, 3H), 1.55-1.44 (m, 1H), 1.32-1.21 (m, 1H), 0.91 (d, /= 6.7 Hz, 3H), 0.87
(d, J = 6.7 Hz, 3H). *C NMR (101 MHz, DMSO-ds) § 175.69, 170.52, 131.61, 130.30,
130.08, 129.35, 74.14, 59.18, 55.59, 49.39, 48.93, 41.28, 40.17, 32.77, 30.62, 25.04, 23.68,
21.82. MS (ESI): calculated for C20H30N303 [M+H]" 360,2282; found 360.3399. HPLC: tr
=10.69 min.

2-(8-benzyl-2-0x0-3-phenyl-1,4,8-triazaspiro[4.5]decan-1-yl)acetamide (51d): Yellow
oil (yield 41%). "H NMR (400 MHz, DMSO-de) 6 9.53 (bs, 1H), 7.53-7.39 (m, 8H), 7.37-
7.23 (m, 4H), 7.11 (s, 1H), 4.63 (s, 1H), 4.34 (s, 2H), 3.72-3.68 (m, 2H), 3.49-3.12 (m, 4H),
2.20-1.95 (m, 2H), 1.89 (d, J=13.2 Hz, 1H), 1.72 (d, J=13.2 Hz, 1H). 3*C NMR (101 MHz,
DMSO-d¢) 0 173.24, 169.56, 139.25, 131.68, 130.13, 130.10, 129.36, 128.54, 128.14,
127.87, 74.13, 60.85, 59.27, 49.11, 48.82, 42.44, 33.10, 31.25. MS (ESI): calculated for
C22H27N4O2 [M+H] " 379,2129; found 379.3060. HPLC: tr = 11.86 min.
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2-(8-benzyl-2-0x0-3-phenyl-1,4,8-triazaspiro[4.5]decan-1-yl)acetic acid (56d): Orange
oil (yield 28%). '"H NMR (400 MHz, DMSO-d¢) 6 9.61 (bs, 1H), 7.56-7.38 (m, 8H), 7.38-
7.24 (m, 3H), 4.64 (s, 1H), 4.34 (s, 2H), 3.94-3.74 (m, 2H), 3.42-3.20 (m, 4H), 2.21-2.04 (m,
2H), 1.87 (d, J = 13.8 Hz, 1H), 1.72 (d, J = 13.8 Hz, 1H). *C NMR (101 MHz, DMSO-ds)
0 173.13, 170.34, 139.24, 131.66, 130.14, 130.09, 129.36, 128.59, 128.13, 127.94, 74.06,
60.82, 59.27,49.06, 48.81, 41.42, 40.59, 33.15, 31.31. MS (ESI): calculated for C22H26N303
[M+H] " 380,1969; found 380.1863. HPLC: tr = 14.85 min.

2-(3,8-dibenzyl-2-0x0-1,4,8-triazaspiro[4.5]decan-1-yl)acetamide (51e): Pale white solid
(vield 35%). '"H NMR (400 MHz, DMSO-ds) 6 9.37 (bs, 1H), 7.52-7.41 (m, 6H), 7.35 (s,
1H), 7.32-7.09 (m, 6H), 4.31 (s, 2H), 3.73-3.54 (m, 3H), 3.39-2.98 (m, 5H), 2.72-2.62 (m,
1H), 2.08-1.86 (m, 2H), 1.74 (d, J = 13.6 Hz, 1H), 1.58 (d, J = 13.6 Hz, 1H). *C NMR (101
MHz, DMSO-de) 6 174.69, 169.76, 139.36, 131.63, 130.24, 130.06, 129.60, 129.32, 128.62,
126.60, 74.34, 59.21, 59.04, 49.17, 48.85, 42.44, 38.06, 32.60, 30.71. MS (ESI): calculated
for C23H20N40, [M+H] " 393,2285; found 393.4768. HPLC: tr = 12.93 min.

2-(3,8-dibenzyl-2-0x0-1,4,8-triazaspiro[4.5]decan-1-yl)acetic acid (56e): Yellow oil
(yield 28%). 'TH NMR (400 MHz, DMSO-ds) 6 12.85 (s, 1H), 9.40 (s, 1H), 7.53-7.41 (m,
5H), 7.32-7.16 (m, 6H), 4.32 (s, 2H), 3.83-3.65 (m, 2H), 3.40-2.96 (m, 6H), 2.68-2.61 (m,
1H), 2.14-1.90 (m, 2H), 1.72 (d, J = 13.3 Hz, 1H), 1.55 (d, J = 13.3 Hz, 1H). 3*C NMR (101
MHz, DMSO-ds) 0 174.52, 170.40, 139.20, 131.61, 130.24, 130.06, 129.65, 129.32, 128.59,
126.61, 74.28, 59.08, 59.06, 49.12, 48.88, 41.33, 38.27, 32.78, 30.97. MS (ESI): calculated
for C23HasN303 [M+H] " 394,2125; found 394.3277. HPLC: tr = 20.05 min.

2-(8-benzyl-3-(4-hydroxybenzyl)-2-oxo0-1,4,8-triazaspiro[4.5]decan-1-yl)acetamide
(51): Yellow oil (yield 34%). '"H NMR (400 MHz, DMSO-ds) 6 9.36 (bs, 1H), 7.54-7.39
(m, 6H), 7.32 (s, 1H), 7.12 (s, 1H), 7.04 (d, J = 8.2 Hz, 2H), 6.65 (d, J = 8.2 Hz, 2H), 4.31
(s, 2H), 3.66-3.56 (m, 3H), 3.37-3.01 (m, 4H), 2.93-2.87 (m, 1H), 2.62-2.54 (m, 1H), 2.07-
1.86 (m, 2H), 1.73 (d, J = 12.8 Hz, 1H), 1.51 (d, J = 12.8 Hz, 1H). '3C NMR (101 MHz,
DMSO-ds) 0 174.78, 169.78, 156.19, 131.62, 130.51, 130.23, 130.05, 129.32, 129.18,
115.38, 74.27, 59.42, 59.08, 49.18, 48.87, 42.43, 37.15, 32.61, 30.79. MS (ESI): calculated
for C23H2oN4O3 [M+H] " 409,2234; found 409.3512. HPLC: tg = 11.09 min.

2-(8-benzyl-3-(4-hydroxybenzyl)-2-oxo-1,4,8-triazaspiro[4.5]decan-1-yl)acetic acid
(56f): Yellow oil (yield 28%). 'H NMR (400 MHz, DMSO-de) J 9.45 (bs, 1H), 7.58-7.37
(m, 6H), 7.04 (d, /= 8.5 Hz, 2H), 6.65 (d, J = 8.5 Hz, 2H), 4.31 (s, 2H), 3.80-3.76 (m, 1H),
3.63-3.57 (m, 2H), 3.37-3.03 (m, 4H), 2.93-2.85 (m, 1H), 2.60-2.52 (m, 1H), 2.14-1.88 (m,
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2H), 1.70 (d, J = 13.4 Hz, 1H), 1.49 (d, J = 13.4 Hz, 1H). '*C NMR (101 MHz, DMSO-ds)
6 174.62, 170.41, 156.20, 131.60, 130.56, 130.25, 130.05, 129.32, 129.01, 115.37, 74.20,
59.30,59.07,49.11, 48.87, 41.29, 37.32, 32.76, 31.02. MS (ESI): calculated for C23HasN304
[M+H]* 410,2074; found 410.5575. HPLC: tg = 11.24 min.

94



2.2. GENERAL CONCLUSIONS.

Despite the efficacy of interventional coronary reperfusion strategies, morbidity and
mortality from acute MI are still significant since, paradoxically, reperfusion negatively
affects the post-MI healing. ") Reperfusion injury (RI) contributes for up to the 50% of the
final infarct size and there is a clear unmet need with respect to specific cardioprotective
therapies for such condition. It has been suggested that, when the blood flow is restored after
an ischemic insult, the opening of the mitochondrial permeability transition pore (mPTP) is
one of the key biochemical processes responsible for RI. mPTP is described as a multiprotein
platform sited at the crosstalk of inner and outer mitochondrial membranes. Recent data

[%4] the increase of mitochondrial

point to a role for ATP synthase in mPTP formation: [%3!
calcium during reperfusion can convert the energy-supplying ATP synthase machine into an
energy-dissipating supramolecular entity, the mPTP. In particular, the ¢ ring of the
mitochondrial F1Fo-ATP synthase is emerged as a major target in this clinical area. In this
scenario, my research group has reported the discovery of the first mPTP inhibitors that
target the c-subunit of F1Fo-ATP synthase. [°>) Promising derivatives, as PP11 and 10, were
designed from the structure of Oligomycin A (OA), a known mPTP inhibitor that binds the

c-subunit of F1Fo-ATP synthase.

In the attempt to fill the gaps for the advancement of knowledge, with this doctoral thesis
we aimed to consolidate these early studies on the validation of the c-subunit of the FiFo-
ATP synthase as a novel therapeutic target for cardioprotection. Specifically, the research
efforts were focused on the development of new classes of spiro derivatives as mPTP

inhibitors (Project 1, 2 and 3).

In a first project we considered to design novel spiro derivatives by implementing the isatin
ring, a scaffold that has attracted strong interest in organic and medicinal chemistry due to
its potent biological and pharmacological activities. In particular, we described the discovery
of spiroisatins among which compound 15f has shown a promising in vitro potency. In the
cobalt-calcein assay 15f was recognised as the most potent compound with a 62% inhibition
of mPTP activity at 1 uM concentration. Moreover, the compound exhibited a
cardioprotective behaviour in further in vitro evaluations demonstrating its capability to
increase the relative cell viability and to protect cells from cell death without affecting basal
mitochondrial ATP content. Future perspectives will be oriented towards the demonstration
of the engagement of the c-subunit of ATP synthase as the effective mechanism of action

leading to mPTP inhibition.
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With the objective of expanding the range of chemotypes in this medchem area, in a second
project we explored spiro derivatives with enhanced molecular complexity, namely
dispiropiperidines and dispiroisatins. Among the dispiro-piperidine derivatives we identified
three promising candidates, 26, 24i and 34a, with a significantly more potent activity in
inhibiting mPTP opening than the starting reference compound (PP11). In light of these
encouraging results and with the goal to better inquire about the SAR, we then extended the
series with a second round of dispiropiperidine derivatives for which only a preliminary
biological evaluation is currently available. A complete SAR analysis of the dispiro-

piperidine derivatives will be elucidated only after the acquisition of these data.

In a third project, a solid-phase strategy was applied to quickly synthesize a small library of
spiropiperidines whose general spirodecane scaffold can be considered a structural isomer
of the previously detailed compounds. **! Considering that a particular attention is paid in
drug discovery program to increasing the water solubility of putative lead compounds in
order to facilitate aqueous formulations for in vivo administration, we have proposed spiro-
piperidine derivatives which may be easily converted in the corresponding salt form. Thanks
to the approach we succeeded in identifying a further class of salified mPTP inhibitor
endowed with improved water solubility. However additional SAR optimization work is

required to improve in vitro potency before the preclinical investigation.
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3. DESIGN AND SYNTHESIS OF PHOAFFINITY PROBES (PAPs)
FOR BINDING SITE DECONVOLUTION STUDIES AND
DETECTION OF POSSIBLE OFF-TARGETS.

3.1 INTRODUCTION.

As detailed in the previous chapters, my research group recently reported the design,
synthesis and structure-activity relationship (SAR) optimization of the first series of mPTP
inhibitors targeting the c-subunit of F1Fo-ATP synthase as a new possible pharmacological
approach for the treatment of RI. °*! This preliminary investigation led to the discovery of
spiro compounds that demonstrated cardioprotective effects in an animal model of RI. The
acquired preliminary findings strongly support the interaction of such molecules with FiFo-
ATP synthase with an engagement of its c-ring. In particular: a) it has been demonstrated
that the investigated molecules accumulate in the mitochondrial fraction of cells; b) the
engagement of the c-subunit by the investigated molecules has been confirmed by a cellular
thermal shift assay; c) by a proximity ligation assay, it has been provided evidence that our
compounds stabilize ATP synthase dimers preventing their typical dissociation upon MPT
induction. Despite these important results, the exact binding site of our molecules at the
target protein is still unknown. Moreover, we cannot exclude that other cellular proteins can

be enrolled by the explored chemical template.
3.1.1 Photo-affinity labeling (PAL) in chemical proteomics.

Photoaffinity labeling (PAL) is a validated chemoproteomics technique used in drug
discovery for target identification studies or for probing the position and coordinates of
ligand binding sites. Briefly, PAL was first introduced by Westheimer’s group in the early
1960s 2% and has been newly revitalized by proteomic methods for the identification of
labelled targets. It has traditionally been used with the goal of identifying proteins labelled
by a probe but has increasingly been applied to locating specific sites within proteins.
Actually, PAL (or photocrosslinking) is noted as a unique and emergent technique used for
the study of protein-ligand interactions. It can identify unknown targets of ligands, assist in
the explication of protein structures, functions and conformational changes, as well as

recognize novel or alternative binding sites in proteins.

PAL consists in the use of multicomponent ligand that can covalently cross-link to its target
upon irradiation with UV light. [121] The small molecule of interest, in other words the
affinity/specificity motif, is responsible for reversible binding to target proteins. The simple
combination of this unit with a “warhead”, a photoreactive unit that remains inert until

122]

photoactivated, (1221 [123] allows the permanent attachment to targets. Since PAL can be
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performed either with recombinantly expressed proteins or in live cells, a
reporter/purification tag may be included in the structure of the ligand for the detection and
isolation of the PAL-target protein adducts. As shown in Figure 3.1, the general design of
typical photoaffinity probes (PAPs) involves three structural components: the bioactive

portion, a photoreactive group and an appropriate tag. 24

l/ Bioactive
Photo-reactive group portion Reporter/purification

(«warhead») | /_7 tag

Figure 3.1: General design of PAPs.

In order to generate the best possible probe an extensive structure-activity relationship
(SAR) work on a parent compound is often required as it will guide to incorporate the
photoactivating group in strategic positions to retain the binding affinity to the expected
target biomolecule. The length of the spacer groups between the main functionalities is a
further key assignment. > Indeed, a probe with a linker that is too short may cross-link
with itself while a probe with a linker that is too long may prevent the “warhead” to
efficiently capture the target protein. Moreover, the nature of most reporter tags generally
makes photoaffinity probes large and cell impermeable, avoiding the catch of protein targets
in live cells. A strategy to overcome this issue may be the introduction of the reporter tag at

(1261 via click chemistry conjugation. Huisgen 1,3-dipolar cycloaddition of

a later stage
alkynes and azides to form 1,2,3-triazoles is one of the most successful examples of click
chemistry in target identification strategies. Hence, the portion containing merely the
pharmacophore, the photogroup and an alkyne moiety can enter cells. Following cell lysis,
the terminal alkyne handle will serve to attach an azide-containing reporter/purification tag
via copper-catalyzed azide-alkyne cycloaddition (CuAAC). Alternatively, the azide and the

alkyne groups can switch positions.

The effort required to optimize simultaneously all the ideal components of a photoaffinity
probe in a single molecule can be hard. Stability in the dark at a range of pHs, similarity to
the parent compound with comparable activity and affinity, and little steric interference to
binding are some of the main features in PAPs design programs. Even the choice of the
photoreactive group can depend on various considerations such as activation at wavelengths
that avoid damage to biological molecules (proteins absorb UV light at 280 and 200 nm),

chemical synthetic accessibility, and minimal chemical perturbation.
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The lead photoreactive groups used for PAL are phenylazides, phenyldiazirines and
benzophenones which, as a result of the irradiation with specific wavelengths of light,
formed the corresponding reactive intermediates, nitrene, carbene and diradical respectively.
(1241 As anticipated, to facilitate the successful isolation of photolabelled biomolecules,
reporter/identification tags are incorporated either directly or indirectly in the photoprobe.
Affinity tags are commonly used in PAL, where biotin is the most popular choice due to its
extremely high affinity towards avidin. They allow easier enrichment and isolation of
labelled proteins, representing the typical approach for target/binding site identification

studies, whereas fluorophores, a group of reporter tags that has the largest variety available,

are frequently used for visualization by in-gel fluorescence or imaging. 127!

3.2 AIM AND OBJECTIVES.

With this doctoral thesis we aimed to consolidate the early studies on the validation of the
c-subunit of the FiFoATP synthase as a novel therapeutic target for cardioprotection with
the design and synthesis of photoaffinity probes to be used in future studies finalized to

binding site deconvolution and off-targets identification.

Before starting a protocol for a photoaffinity labelling (PAL) probe strategy, two compounds
are needed: a parent ligand and a PAL probe, which is designed from it and still retains the
activity. The idea is that by preserving the crucial chemical unit of the parent ligand, a similar
reversible binding to the protein target will be gained for the PAL probe. The conjugation of
the pharmacophoric unit with a photoreactive group enables the capture of protein targets by
establishing a covalent bond with close amino acid residues, while the further insertion of
an alkyne handle can be useful to conjugate, via CuAAC click chemistry, an azide-

containing reporter/purification tag for downstream analysis.

Our research group, provided indirect evidence that one of the most promising mPTP
inhibitor with a spiro-piperidine nucleus (PP11, Fig 3.2), interacts with FiFo-ATP synthase
with an engagement of its c-ring. [*>) SAR information on PP11 guided us to incorporate the
photoactivating group in strategical positions to retain its binding affinity to the expected
target biomolecule without altering its functionality. In this regard, data suggested some
tolerance for sterically demanding groups at the para position of the N’ phenyl ring. In
addition, the replacement of the N® tosyl moiety did not interfere with the activity of the
compound, leading in some cases to its enhancement. Considering the 1-phenyl-1,3,8-
triazaspiro[4.5]decan-4-one scaffold as mandatory to ensure the optimal interactions with

the putative biological target, we designed two series of PAPs which have been conceived
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incorporating a photo-cross-linking unit alone (65 and 66, Fig. 3.2) or in combination with

(1241 [128] \ve selected the

an alkyne handle (67 and 68, Fig 3.2). As photo reactive group,
trifluoromethylphenyl diazirine moiety, largely used in PAL due to its relatively high
thermal/chemical stability and its peculiar activation conditions which require high
wavelengths (350-355 nm) with low potential damage to biological molecules. '?*! This
“warhead” was merged to the parent portion through a carbonyl group (65 and 67), for
reasons related to the accessibility of chemical reagents, or through a sulfonyl group, in

analogy to PP11 (66 and 68).
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Figure 3.2: Rational design.

3.3 RESULTS AND DISCUSSION.

3.3.1 Chemistry.

The investigated PAPs (65-68) were prepared through a liquid-phase methodology as
depicted in Scheme 3.1. The general spiro-piperidine moiety 62 was easily synthetized in
analogy to the versatile approach previously applied for synthesis of PP11 analogues. [*]
Specifically, a Strecker reaction between the commercially available N-benzyl-4-piperidone
57 and anilines in presence of trimethyl silyl cyanide (TMSCN) led to the a-aminonitrile 58,
whose nitrile group was then hydrolysed to the corresponding amide function by treatment
with concentrated sulfuric acid. A spirocyclization of the obtained amino-amide intermediate

59 was carried out with DMF-DMA. Afterwards, the unsaturated spiro derivative 60 was
reduced with NaBHy4, leading to the corresponding saturated product 61. Debenzylation of
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61, by hydrogenation using 10% palladium on carbon catalyst, yielded derivative 62 as well

as the bioactive moiety used for the subsequent inclusion of the photo-reactive unit and the

alkyne handle. The introduction of the “warhead” was realized through a HATU-mediated

coupling and a reaction with 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzenesulfonyl

chloride in the presence of DIPEA, resulting in the final PAPs 65 and 66, respectively. The

final PAPs 67 and 68 were obtained through an alkylation reaction of 65 and 66 with

propargyl bromide.

]

N:\
N
NH, o \©
— i
N

N

o Ol
o o %

L0 %©

ho T

=\ =\
N‘\ N‘\
o e
N N
0=8=0
N
N

Scheme 3.1. Reagents and conditions - 1. Aniline, TMSCN, AcOH, rt 2.5h ii. H,SOg, rt 18h; iii. DMF-
DMA, MeOH, 55°C 16h; iv. NaBHa4, MeOH, rt 2h; v. Hy, 10% C/Pd, MeOH, CH3COOH, 16h; vi.
DIPEA, HATU, DMF, rt 20min; vii. DIPEA, THF, rt 1h; viii. NaH, Propargyl bromide, DMF, 0°C

30min, rt 2h.
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3.3.2 Biological evaluation.

The biological assay reported below was realized in collaboration with the research group
of Professor Paolo Pinton of the University of Ferrara (Dept. of Medical Sciences).

Preliminary screening-cobalt-calcein assay. To assess the efficacy of the designed PAPs
in inhibiting Ca**-mediated mPTP opening, herein we measured their biological activity in
human ventricular cardiomyocytes (AC16) by using the cobalt-calcein assay. ' For the
cobalt-calcein quenching assay, all cells were pretreated with vehicle (DMSO), 1 uM PP11
(reference compound) or 1 puM inquired PAP, and then loaded with 1 puM calcein
acetoxymethyl ester and 2 mM Co®*. According to the described assay and under conditions
of mitochondrial calcium overload (by the administration of 1 uM ionomycin), the resulting

kinetics data are summarized in Table 3.1.

Table 3.1. In vitro potency of mPTP probes.

NH
. R
O o
@/ 0
N
0=S=0 N
X
Q(CFs
N=N
PP11 65-68
mPTP
Compd X R inhibition Statistic
(%, 1nM)
PP11 - - 40,19 P<0.0001
(Pgso 1 CO H inactive n.s.
(szz) CcO prop—iiyn— I- inactive n.s.
<M6F623) SO, H 38,71 P<0.0001
o SO, pmp‘iiy“'l' 4327 P<0.0001

As shown in Table 3.1, the addition of 1 uM ionomycin to cells pretreated with 1 uM PAPs
66 or 68 resulted in desensitization of mPTP opening by approximately 40-45%, which was
significantly higher than that observed in vehicle (DMSO) treated cells and approximately
the same as that observed in PP11 treated cells. Considering the lack of activity of PAP 65
and 67, it can be speculated that the sulfonyl group used to join the photo reactive unit to the

bioactive one may be mandatory for their activity on the target. This encouraging result
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highlighted that starting from the general molecular scaffold of PP11, the introduction of the
selected photo-reactive unit and the alkyne handle did not affect the inhibitory potency on
the target. For this reason, PAPs 66 and 68 can be employed in future studies in order to
identify the exact binding site of the synthesized molecules at the target protein, besides

possible off-targets.

3.4 CONCLUSION AND FUTURE PERSPECTIVES.

Based on previous research efforts on assessing the role of the ¢ ring of ATP synthase in
mPTP opening [*”1 "% to validate a new pharmacological approach for the treatment of IRI,
in the first section of this doctoral thesis we detailed the design, synthesis and biological
evaluation of various mPTP spirocyclic inhibitors. However, the exact binding site of all the

examined molecules at the target protein is still unknown.

In order to guide the research towards a more rational structure-based drug design approach
that could be helpful in generating more potent cardioprotective agents, a photoaffinity
labelling (PAL) approach has been applied. We developed two series of PAL probes,
containing a photoreactive unit, that after irradiation at a specific wavelength allows the
permanent attachment to the target protein, and an alkyne handle for the detection and

isolation of the PAL-target protein adducts.

Among the investigated PAPs, 66 and 68 retained the same mPTP inhibitory activity as PP11
(the reference compound °*)). We can conclude that in this part of the doctoral thesis we
have discovered two suitable tools which may be extremely useful to progress in this

medchem area.

In particular, PAP 66 will be used in binding site deconvolution studies which involve the
treatment of the purified c-subunit of eukaryotic ATP synthase 3! followed by irradiation
at the required wavelength to activate the photophore. After enzymatic digestion of the
protein, the resulting peptide fragments will be sequenced by LC-MS to determine the

covalently linked fragments proteins. [1*%

On the other hand, PAP 68 has all the structural requirements for performing PAL
intracellular proteomics studies in cardiomyocytes (AC16 cells) (Fig. 3.3). After cells
treatment with PAP 68 and irradiation, the reaction of the alkyne handle with rhodamine-
azide can allow visualization of target proteins by fluorescence microscopy (bioimaging),
whereas reaction with biotin-azide followed by LC-MS/MS experiments is the typical
approach to confirm the interaction with the c-subunit of F1Fo-ATP synthase and eventually

other proteins that can be involved as off-targets. 3]
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Figure 3.3: Typical PAL workflow.

We expect that the MS-based approach will provide structural and mechanistic information
regarding the protein complex (ligand-receptor stoichiometry and a map of the binding
pocket). The data obtained can be used to support a 3D model of the ligand-binding pocket
that might provide better insight into the nature of the ligand-receptor interaction and will
allow a structure-based drug design for further compound optimization. We also envision
that the intracellular PAL proteomic approach can reveal or exclude the involvement of off-
targets by our compounds. The early identification of off-target interactions in drug
discovery represents an opportunity to reduce safety-related attrition rates during preclinical

and clinical development.

3.5 EXPERIMENTAL SECTION.

3.5.1 Materials and Methods.

Reaction progress was checked by electrospray mass spectrometer ESI MICROMASS ZMD
2000 and/or by thin-layer chromatography (TLC) on pre-coated F2s4 Macherey-Nagel plates
of silica gel (UV lamp 254 nm light source). Compounds were purified by
crystallization/trituration or flash chromatography with silica gel 60 (40-63pum). Chemical
shifts (0) are reported in parts per million (ppm) using the peaks of deuterated solvents as an
internal standard (6 H 7.26 for CDCl3; 0 H 2.50 for DMSO-ds respectively), while coupling
constants (J) are reported in Hertz. Splitting patterns are designed as s, singlet; d, doublet;
dd, double doublet; t, triplet; m, multiplet; and bs, broad signal. Analytical HPLC was
performed with a Beckman 126 liquid chromatograph furnished of a UV detector Beckman

104



168 and equipped with KARAT32 software. The purity of all the derivatives was assessed
with an Agilent Zorbax C18 column (4.6 x 150 mm, 3.5 um particle size) at a flow rate of
0.7 mL/min using a linear gradient from 100% of A (water + 0.1% TFA) to 100% of B
(acetonitrile + 0.1% TFA) over a period of 25 min. All final compounds were monitored at
220 nm showing > 96% purity. Melting points for purified products were determined in a
glass capillary on a Stuart Scientific electrothermal apparatus SMP30.

Reagents and solvents were purchased by TCI, Iris Biotech, BLD, Fluorochem and Sigma
Aldrich.

3.5.2 General synthetic procedures.

Preparation of 1-benzyl-4-(phenylamino)piperidine-4-carbonitrile 58. To a solution of
N-benzyl-4-piperidone 57 (1 eq, 2g, 10.6 mmol) in glacial AcOH (40 mL) was added the
appropriate aniline (1 eq) at 0°C. Trimethylsilyl cyanide (TMSCN) (3 eq) was then added at
0°C and the reaction mixture was stirred at room temperature overnight. Upon completion,
as indicated by TLC and MS (ESI), the reaction mixture was basified to pH 10 using 2M
NaOH and suspended with Ac,OEt (20 mL). The organic layers were then washed with
water (2x20 mL), brine (1x10 mL) and dried over Na;SO4. The solvent was evaporated under
reduced pressure to give a crude solid residue, which was triturated (Et2O) and filtered. The
carbonitrile derivative 58 was obtained as pale yellow solid and used in the next step without

further purification.

Pale yellow solid (yield 81%). mp 144-145°C. 'H NMR (400 MHz, DMSO-d¢) 6 7.33-7.19
(m, 4H), 7.15 (t, J = 7.8 Hz, 2H), 6.83 (d, J= 7.9 Hz, 2H), 6.71 (t,J = 7.3 Hz, 1H), 6.01 (s,
1H), 3.50 (s, 2H), 3.31 (s, 1H), 2.74 (d, J = 11.3 Hz, 2H), 2.33-2.23 (m, 4H), 1.87-1.76 (m,
2H). *C NMR (101 MHz, CDCls) 6 145.18, 138.53, 129.32, 129.24, 128.65, 127.43, 121.33,
118.78, 116.00, 62.14, 52.44, 49.38, 35.53. MS (ESI): calculated for C1oH2oN3 [M+H]" =
292.18; found 292.16.

Preparation of 1-benzyl-4-(phenylamino)piperidine-4-carboxamide 59. The carbonitrile
derivative 58 (1 eq, 1.5g, 5.2 mmol) was dissolved in H>SO4 (96% w/w, 8 mL), and the
resulting mixture was stirred at room temperature for 18h. Upon completion, as indicated by
TLC and MS(ESI), it was slowly basified (pH>10) by dropwise addition of a NH4OH
solution (30% w/w) while maintaining the temperature below 0°C. Then, the mixture was
extracted with CH2Clz (2x20 mL), and the organic layer was washed with water (2x10 mL)
and brine (1x10 mL). After drying over Na>SOs4, the solvent was evaporated under reduced

pressure to yield a solid residue, which was triturated with Et;O and filtered to yield the
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carboxamide derivatives 59 as pale-yellow solids. The compound was used in the next step

without further purification.

Pale yellow solid (yield 90%). mp 191-194°C. 'H NMR (400 MHz, DMSO-ds) 6 7.32-7.17
(m, 5H), 7.14 (s, 1H), 7.03 (t, J= 7.8 Hz, 2H), 6.97 (s, 1H), 6.59-6.51 (m, 3H), 5.4 (s, 1H),
3.40 (s, 2H), 3.31 (s, 2H), 2.23 (t, J= 10.7 Hz, 2H), 1.98 (t, J = 10.9, 2H), 1.84.1.77 (m, 2H).
13C NMR (101 MHz, CDCls) & 178.08, 145.90, 139.14, 129.12, 128.90, 128.58, 127.24,
116.90, 115.14, 62.67, 57.49, 48.91, 31.84. MS (ESI): calculated for C1oHx4N30 [M+H]" =
310.19; found 310.28.

Preparation of 8-benzyl-1-phenyl-1,3,8-triazaspiro[4.5]dec-2-en-4-one 60. To a solution
of carboxamide derivatives 59 (1 eq, 7.3 mmol) in MeOH (15 mL) was added DMF-DMA
(3 eq) and the reaction mixture was then stirred at 55°C for 16h. Upon completion, as
indicated by TLC and MS(ESI), the volatile fraction was evaporated under reduced pressure
to yield a solid residue, which was triturated with Et2O and filtered to yield the bicyclic

compound 60 as white solid.

White solid (yield 88%). mp 158-159°C. '"H NMR (400 MHz, DMSO-ds) 6 8.68 (s, 1H),
7.53-7.44 (m, 3H), 7.39-7.33 (m, 2H), 7.28-7.14 (m, 5H), 3.46-3.22 (m, 4H), 2.79-2.64 (m,
2H), 1.81-1.62 (m, 4H). 3C NMR (101 MHz, CDCls) ¢ 194.64, 170.85, 138.85, 136.21,
130.11, 129.41, 129.11, 128.57, 128.44, 127.28, 64.16, 62.21, 46.98, 30.80. MS (ESI):
calculated for C20H22N3O [M+H]" = 320.18; found 320.36.

Preparation of 8-benzyl-1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one 61. To a cooled
solution of bicyclic derivative 60 (1 eq, 5.5 mmol) in MeOH (25 mL) was added in small
portions NaBH4 (1.5 eq), and the reaction mixture was then stirred at room temperature for
2h. Upon completion, as indicate by TLC and MS (ESI), the mixture was quenched with
water. The volatile fraction was then concentrated under reduced pressure and the resulting
residue was suspended with EtOAc (2x20 mL). The organic layers were washed with water
(1x15 mL), brine (1x10 mL), and dried over Na>xSO4.The solvent was then evaporated and
the obtained crude material was crystallized (MeOH) to yield derivative 61 as white pale
solid.

White pale solid (yield 92%). mp 158-160°C. '"H NMR (400 MHz, DMSO-de) J 8.61 (s,
1H), 7.34-7.18 (m, 7H), 6.85 (d, J = 8.1 Hz, 2H), 6.74 (t, J= 7.2 Hz, 1H), 4.55 (s, 2H), 3.50
(s, 2H), 3.31 (s, 2H), 2.72-2.66 (m, 4H), 1.55 (d, J = 13.4 Hz, 2H).!3C NMR (101 MHz,
DMSO-de) 6 176.63, 143.77, 139.20, 129.49, 129.12, 128.63, 127.25, 118.07, 114.69, 62.61,
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59.10, 58.58, 49.70, 28.89. MS (ESI): calculated for C20H24N30 [M+H]" = 322.19; found
322.31.

Preparation of 1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one 62. A solution of derivative
61 (1 eq, 3.1 mmol) in MeOH (30mL) and AcOH (2mL) was treated with a catalytic amount
(0.3 mmol) of palladium on activated charcoal (10% Pd basis) in an atmosphere of hydrogen.
Upon completion, as indicate by MS (ESI), the reaction mixture was filtered through Celite,
concentrated under reduced pressure, diluted with water and alkalinized with saturated
sodium bicarbonate. The aqueous phase was then extracted with CH2Cl, (3x20 mL), and the
combined organic layers were dried over Na>SQg, filtered and concentrated under a vacuum

to yield derivative 62 as white solid.

White solid (yield 91%). mp 172-173°C. 'H NMR (400 MHz, DMSO-ds) ¢ 8.57 (s, 1H),
7.19 (t,J=17.9 Hz, 2H), 6.87 (d, /= 8.3 Hz, 2H), 6.71 (t,J= 7.2 Hz, 1H), 4.55 (s, 2H), 3.18-
3.07 (m, 2H), 2.87-2.78 (m, 2H), 2.44-2.32 (m, 2H), 1.46 (d, J = 13.3 Hz, 2H). *C NMR
(101 MHz, DMSO-ds) 0 176.87, 143.85, 129.35, 117.65, 114.35, 59.20, 59.01, 42.65, 29.72.
MS (ESI): calculated for C13HisN3O [M+H]" = 232.14; found 232.16.

Preparation of 1-phenyl-8-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-1,3,8-
triazaspiro[4.5]decan-4-one 65. To a solution of 4-(3(trifluoromethyl)-3H-diazirin-3-yl)
benzoic acid 63 (1.1 eq) in DMF (3 mL) were added HATU (1.1 eq) and DIPEA (1.2 eq).
Then derivative 62 (1 eq, 0.24 mmol) was added and the reaction mixture was stirred at room
temperature for 1 h. Upon completion, as indicated by TLC and MS (ESI), the volatile
fraction was evaporated, and the resulting residue was extracted with CH2Cl> (3x10 mL).
The organic layers were washed with water (2x10 mL) and brine (1x10 mL). After drying
over NaxSOyg, the solvent was evaporated to obtain a crude solid which was purified by flash

chromatography (AcOEt as the eluent) to yield derivative 65 as white solid.

White solid (yield 48%). '"H NMR (400 MHz, DMSO-de) & 8.84 (s, 1H), 7.60 (d, J= 8.2 Hz,
2H), 7.43-7.20 (m, 4H), 6.88-6.70 (m, 3H), 4.65-4.53 (m, 2H), 4.46-4.37 (m, 1H), 3.85-3.39
(m, 3H), 3.13 (s, 1H), 2.42-2.25 (m, 1H), 1.76 (d, J=12.6 Hz, 1H), 1.60 (d, J=12.6 Hz, 1H).
BCNMR (101 MHz, DMSO- d): 6 175.48, 168.11, 142.96, 137.80, 129.13, 128.45, 127.58,
126.56, 123, 38, 117.86, 114.08, 58.66, 58.34, 43.55, 38.33, 28.80, 27.92. MS (ESI):
calculated for C22Ha1F3NsO, [M+H]" = 444,16; found 444.42. HPLC: tr = 19.04 min.

Preparation of 1-phenyl-8-((4-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenyl)sulfonyl)-
1,3,8-triazaspiro[4.5]decan-4-one 66. To a solution of derivative 62 (1 eq) in freshly
distilled THF (3 mL) were added DIPEA (1.2 eq) and the appropriate sulphonyl-chloride 64
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(1.2 eq, 0.3 mmol), under an argon atmosphere. Then the solution was stirred at room
temperature for 1 h. Upon completion, as indicated by TLC and MS (ESI), the mixture was
concentrated under reduced pression. The resulting residue was then extracted with CH>Cl»
(3x10 mL), and the organic layers were washed with water (2x10 mL) and brine (1x10 mL).
After drying over NaSOs, the solvent was evaporated to obtain a solid which was purified

by flash chromatography (AcOEt/PE as the eluent) to yield derivative 66 as white solid.

White sold (yield 80%). 'H NMR (400 MHz, DMSO-ds) 6 8.74 (s, 1H), 7.97-7.85 (m, 2H),
7.54 (d, J = 8.2 Hz, 2H), 7.25-7.17 (m, 2H), 6.83-6.66 (m, 3H), 4.54 (s, 2H), 3.71-3.60 (m,
2H), 3.11-3.00 (m, 2H), 2.47-2.41 (m, 2H), 1.68 (d, J = 14.2 Hz, 2H). '3C NMR (101 MHz,
DMSO- dg) & 175.68, 143.30, 138.22, 132.84, 129.59, 128.61, 127.92, 123.33, 119.08,
115.37, 59.08, 58.11, 43.10, 28.54. MS (ESI): calculated for C21Ha1F3sNsO3S [M+H]" =
480,1312; found 480.3758. HPLC: tr = 21.49 min.

General procedure for the preparation of compounds 67-68. To a solution of the
appropriate spiro derivatives 65-66 (1 eq, 0.2 mmol) in DMF (2 mL) was added NaH (60%
w/w, 1.2 eq) at 0°C. The resulting mixture was stirred for 10 min. Then propargyl bromide
(1.2 eq) was added at 0°C, and the reaction mixture was stirred at 0°C for 30 min and at
room temperature for 2 h. Upon completion, as indicated by TLC and MS (ESI), the volatile
fraction was evaporated and the resulting residue was extracted with AcOEt (3x10 mL). The
organic layers were washed with water (2x10 mL) and brine (1x10 mL). After drying over
NaxSOq4, the solvent was evaporated to obtain a solid which was purified by flash

chromatography (AcOEt/PE as the eluent) to yield PAPs 67-68 as white solids.

1-phenyl-3-(prop-2-yn-1-yl)-8-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-1,3,8-
triazaspiro[4.5]decan-4-one (67): White solid (yield 49%). '"H NMR (400 MHz, DMSO-
ds) 0 7.59 (d, J=8.4 Hz, 2H), 7.43-7.23 (m, 4H), 6.90-6.85 (m, 1H), 6.93-6.86 (m, 3H), 5.64
(d, J=6.4 Hz, 2H), 4.73-4.66 (m, 2H), 4.46-4.36 (d, 1H), 3.85-3.37 (m, 3H), 2.40-2.20 (m,
2H), 1.87 (d, J=12.4 Hz, 1H), 1.71 (d, J = 12.4 Hz, 1H). 3C NMR (101 MHz, DMSO- de)
0201.44, 170.82, 168.10, 142.29, 137.77, 129.24, 128.49, 127.62, 126.56, 123. 31, 119.19,
115.66, 92.76, 88.36, 61.70, 60.75, 43.31, 38.05, 29.16, 28.22. MS (ESI): calculated for
C2sH23F3NsO2 [M+H]" = 482,18; found 482.34. tg = 22.76 min.

1-phenyl-3-(prop-2-yn-1-yl)-8-((4-(3-(trifluoromethyl)-3H-diazirin-3-

yl)phenyl)sulfonyl)-1,3,8-triazaspiro[4.5]decan-4-one (68): White solid (yield 55%). 'H
NMR (400 MHz, DMSO-d¢) 6 7.95-7.88 (m, 2H), 7.56 (d, J = 8.2 Hz, 2H), 7.29-7.24 (m,
2H), 7.00 (t, /= 6.5 Hz, 1H), 6.89 (t, J= 7.3 Hz, 1H), 6.81 (d, /J=7.9 Hz, 2H), 5.61 (d, J =
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6.5 H, 2H z), 4.66 (s, 2H), 3.70-3.62 (m, 2H), 3.08-2.95 (m, 2H), 2.46-2.34 (m, 2H), 1.81
(d, J = 14.0 Hz, 2H). '*C NMR (101 MHz, DMSO- d¢) 6 201.37, 170.34, 142.16, 137.51,
132.23, 129.09, 128.15, 127.38, 122.93, 119.56, 116.27, 92.64, 88.31, 61.72, 59.75, 42.40,
28.37. MS (ESI): calculated for C24H23F3NsO3S [M+H]" = 518,1468; found 518.2219. tr =
24.82 min.
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4. DESIGN AND SYNTHESIS OF NOVEL MITOCHONDRIA-
TARGETED CARDIOPROTECTIVE AGENTS POTENTIALLY ABLE
TO SCAVENGE REDOX-ACTIVE TRANSITION METAL IONS.

4.1 INTRODUCTION.

In the last decades, mitochondria have occupied a central position in developing innovative
therapeutic strategies. 32! Within the cardiovascular system, mitochondria are involved in
several pathways in order to ensure cellular homeostasis: ATP supply, regulation of calcium
(Ca*") handling and reactive oxygen species (ROS), activation of the innate immune system,
and regulation of cell death programs. One major determinant of the mitochondria-
dependent cell loss is the opening of the mitochondrial permeability transition pore (mPTP),
an unselective high conductance complex located in the inner mitochondrial membrane
(IMM), which plays a dual role as arbiter of different cellular responses. mPTP opening and
subsequent mitochondrial impairment are due to many factors among which Pi, high pH,
overload of mitochondrial calcium (Ca®") and oxidative stress (ROS production). The
combination of these conditions occurs in multiple diseases, including the ischemia-
reperfusion-related pathologies. ROS generated in the mitochondria (hydrogen peroxide,
superoxide anions, and hydroxyl radicals) lead to target-organ damage, dysfunction,
hypertrophy, and inflammation. For these reasons the mPTP opening and the oxidative stress
are noted as pivotal mediators of the ensuing pathological complications, thus amenable to
drug therapy. 3%

In the previous sections we reported the design and synthesis of novel mPTP inhibitors as
potential cardioprotective agents. However, single-target drug approaches are often limited
in the treatment of complex diseases, since not fully addressing multiple and interconnected
molecular mechanisms. Considering the importance of identifying adjuvant strategies in the
clinical management of cardiovascular diseases, our efforts are herein focused on the
development of mitochondria-targeted compounds able to counteract the mechanisms that
sustain ROS generation during the ischemia-reperfusion event.

The term “oxidative stress” was originally introduced by Helmut Sies in 1985, denoting the
shift in the balance between oxidants and antioxidants in favour of the former, potentially
leading to many pathological conditions and diseases. Prooxidant (or free radicals) are
compounds able to trigger a cascade of oxidative reactions to become electrically neutral.
They induce oxidative stress, either through formation of ROS or by inhibiting the
antioxidant system. Differently, antioxidants are elements that act as scavengers or convert
the radical in an inert compound via oxyreductive reactions. The human body is equipped

with a range of antioxidants that serve to counterbalance the effect of oxidants (Birben et al.
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2012). However, antioxidants can exert a prooxidant activity under certain conditions, [!33!
including alkaline pH, high concentrations of transition metal ions and the presence of
oxygen molecules (Blokhina, Virolainen, and Fagerstedt 2003; Eghbaliferiz and Iranshahi
2016). ROS is a general term that includes both oxygen-derived free radicals, such as
superoxide anions (O:"), hydroxyl radicals ("OH), and nitric oxide ("NO) with unpaired
electrons in their outer orbital, and other prooxidant and non-radical oxygen derivatives that
are easily converted into radicals, such as hydrogen peroxide (H202) and peroxynitrite
(ONOO"). 13411351 Experimental evidence supported that the rapid ROS generation during

e, 13911137 either by direct toxic

reperfusion is the main responsible for cell and tissue damag
effects (i.e. DNA nicking, membrane lipid peroxidation, protein degradation) or by pathways
that lead indirectly to cell injury, as well as a consequence of the activation of signal
transduction pathways that culminate in up- or down regulation of the expression of a

(138111391 Aerobic organisms utilize molecular oxygen as a terminal electron

number of genes.
acceptor during the process of energy producing oxidative catabolism. Even under normal
conditions, a small portion of oxygen is reduced via a univalent pathway with concomitant
formation of reactive intermediates, however only when ROS levels exceed the antioxidant
ability of mitochondria, deleterious effects become hazardous for cell integrity. Although
some data suggested that a limited formation of superoxide anions (O2") was observed
during the ischemic period, [1*%1 141l the greatest amount of ROS production and cellular
injury occurs mainly during the reintroduction of oxygen following ischemia. In this case
the exact sources of electrons are not clear; it is assumed that, as a consequence of the sudden
increase in O2, other oxygen-depending cellular redox systems, in addition to mitochondria,
may produce ROS which collectively play an important role in postischemic myocardial
injury. ['*?) Both superoxide anions (O2") and hydrogen peroxide (H,0>) are relatively weak
oxidants that are continuously removed by endogenous nonenzymatic or enzymatic

scavengers, such as superoxide dismutase, catalase, or glutathione (Fig. 4.1)
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Figure 4.1: Enzymatic and non-enzymatic antioxidants. '*/

On the other hand, the lack of scavenger for the high reactive and cytotoxic hydroxyl radical
(‘OH), causes irreversible cell damage by lipid peroxidation and alteration of protein

[144] This radical is produced from the superoxide anions and hydrogen peroxide

structure.
in presence of trace amount of transition metal ions.

Of note, because ROS are implicated in IRI, the role of metal ions is of considerable
importance. !**! Tron and copper have been shown to play a critical role in the formation of
free radicals, as prooxidant agents. Their physiological plasma total concentrations (free and
bound) are 11-31 mM and 14-19 mM, respectively (Letelier et al. 2010). Although the
enzymatic mediation of redox reactions incorporating transition metal ions is of vital
importance, iron and copper are particularly damaging when they exist in their unbound form
because they can interact with oxygen by catalysing Haber-Weiss and/or Fenton reactions.
(1461 Conversely, selenium contributes to the detoxification of radicals as antioxidant agent.
Zinc may also function in antioxidant pathways, disclosing an endogenous protective effect
against IRI. Indeed, plasma zinc levels were found to be reduced after acute myocardial

147]

infarction, 47! a result of its increased uptake into mitochondria and microsomal fractions,

both possible sites of production of reactive oxygen-derived intermediates. [!4]

Since in ischemic conditions a large amount of iron is released, in this section we focused
on the design of novel iron chelators to moderate production of ROS.

Briefly, iron is an essential nutrient for cell function and survival, but due to its redox nature

it can act as a potential agent for toxicity. As iron is a transition metal with two oxidation

states, ferrous (Fe?") and ferric (Fe*"), its redox property is useful for biological systems but
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it is also hazardous for the cells. During a global ischemia the pH decreases leading to release
of iron from transferrin and other carrier proteins. A study showed that iron levels transiently
increase with time and that the early treatment with iron chelators results in decreased
ischemic damage as compared to later treatment (Millerot-Serrurot et al. 2008). This low
molecular weight free iron acts as a catalyst in free radical reactions (Lipscomb et al. 1998).
Especially, Fe*" is released and upon reperfusion is oxidized to Fe**, making the tissue
susceptible to damage (Halliwell and Gutteridge 1989). As anticipated, iron ions produce
hydroxyl free radicals, via Haber-Weiss and Fenton reactions, and enhances [*! the
propagation of lipid peroxidation. (Fig. 4.2) The iron overload results in production of ROS

which is directly proportional to time as well as its concentration.

V0, < > Toz

HIF-1

VEGF Transferrin Transferrin *OH H,0, Superoxide
receptors

Fet, Fe*

| Haber-Weiss Reaction I

| Protein degradation; DNA damage; Lipid peroxidation l

Figure 4.2: Role of iron in Ischemia-Reperfusion. [°"

Chelating agents are compounds that are known to be used as scavenger of metal ions and
consequently as non-enzymatic scavenger of ROS. In this setting, iron chelators have already

(5111521 [153] Deferoxamine (DFO) is an

been described and have shown protective action.
iron chelator that has been tested in various animal models of stroke. It binds ferric iron by
forming a hexadentate complex, making iron unavailable to cause any sort of injury. DFO
is also a known activator of hypoxiainducible factor 1 (HIF-1) (Wang and Semenza 1993),
whose activation increases the expression of genes involved in adaptation to hypoxic
conditions (Zaman et al. 1999). (Fig. 4.2)

However, a major challenge in this field is the selective delivery of these potential
therapeutic agents to the cardiac tissue and to damaged mitochondria for successful clinical

outcomes. The specific targeting of the treatment product to mitochondria may also

minimize potential side effects.
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4.2 AIM AND OBJECTIVES.

In this project we aimed to design, synthesize and characterize prooxidant metal ion
chelators linked to a mitochondria-targeted drug delivery system, with an appropriate

flexible spacer (Fig. 4.3).

9 iron (Fe)

copper (Cu) A novel strategy

to improve the

.......................................... B . detOXIf\Ca‘UOnOf
selenium (Se) \ /'/ % //% free radicals
. f \
zinc (Zn) © spacer

(—k—l

mithocondrial

\ metal ion drug delivery |
\\ chelators system /

Figure 4.3: Rational design.

Two properties of mitochondria may facilitate this selective drug delivery: the larger
membrane potential across the inner membrane (-150-200 mV), and the organelle's protein
import machinery. The most common method for targeting compounds to mitochondria
exploits the first mitochondria property, and thus we decided to consider a novel class of
cell-permeable small peptides (Szeto-Schiller peptides, SS peptides), which selectively
partition to the inner mitochondrial membrane and possess intrinsic mitoprotective
properties. In fact, experiments with isolated mitochondrial preparations and cell cultures
suggest that they can scavenge ROS, reduce mitochondrial ROS production, and inhibit
mitochondrial permeability transition. They are small, water-soluble peptides composed of
<10 amino acid residues. A common feature of these peptides is an alternating aromatic
cationic motif, carrying a 3+ net charge at physiologic pH, which allows them to freely
penetrate cells, in an energy-independent and non-saturable manner (1000-5000-fold). The
SS peptides were first evaluated in ischemia-reperfusion injury in ex vivo guinea pig hearts
undergoing retrograde perfusion in a Langendorff apparatus. Among them, the so-called
SS31 and its acetate salt MTP-131 (also known as Bendavia or Elamipretide) was one of the
most potent (nM) cardioprotective agents that can be used to reduce myocardial stunning
without pre-ischemic treatment. [1**! SS31 was initially thought to scavenge mitochondrial

[155][156

ROS through the activity of its dimethyltyrosine residue. !In fact, tyrosine is a known

oxyradicals scavenger, forming relatively unreactive tyrosyl radicals, which can give

114



dityrosine, or react with superoxide to form tyrosine hydroperoxide. >’ In addition,
dimethyltyrosine-containing peptides were found to be more effective than the tyrosine
counterparts. Subsequent studies have revealed a further mechanism of SS31 action. Indeed,
it can interfere with cardiolipin, preventing its oxidation, and probably interrupting a vicious

cycle of cardiolipin oxidation, ROS formation and diminished ATP production. [1381[159]

It is known that Cyclosporin A (CsA) is a potent inhibitor of MPT which has very high
affinity for cyclophilin D. If CsA could be targeted to mitochondria, clinical outcomes would
be improved. In fact, a recent and small trial (CAPRI) has shown that a single dose of CsA

s. 1800 In particular,

did not affect infarct size or left ventricular remodelling in STEMI patient
the delineation of the lymphocyte kinetics and plasmatic concentration of CsA during the 24
h period post-injection has suggested that free CsA suffers of poor delivery at the injured
tissue. For this reason, CsA was then loaded in PLGA NPs (poly(lactic-co-glycolic) acid
nanoparticles) to improve its bioavailability and delivery to the injured cardiomyocyte.
Although it has showed an enhanced cardioprotective effect than CsA alone, it could also
present unfavourable features such as the unspecific uptake by the mononuclear phagocyte
system in the blood circulation, reducing its accumulation in mitochondria of the ischemic
cardiomyocytes. Hence, researchers formulated hybrid PLGA-CsA NPs by coating their
surface with PEG (polyethylene glycol) and the mitochondriotropic SS31 peptide. This latter
formulation exhibited significant cardioprotective effects against IR in rats by accumulating

in the damaged mitochondria, protecting mitochondrial integrity, and decreasing

cardiomyocyte cell death and myocardial infarct area. 3%

Considering the data highlighted above, we selected SS31 as useful drug delivery system
which also combines ROS scavenging properties. Moreover, since DFO can tightly bind iron
and copper, it was herein selected as specific chelator of transition metal ions. Deferoxamine
(DFO) has been widely studied and several investigators were able to prove its

cardioprotective effects in experimental and clinical studies. 13!/ 1161]

In this regard, we designed a series of derivatives (Fig. 4.4, panel A) characterized by the
tetrapeptide SS31 conjugated to DFO through a Lys(Ne=succ.) or a Lys(Ne(020c¢),=1 3-

succ.) spacer, where succ. refers to a succinic acid unit.

Considering that SS31 is endowed with intrinsic ROS scavenging potential, a second series
of derivatives (Fig. 4.4, panel B), lacking the chelating moiety, has been synthesized as

internal reference.
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A: Mitochondrial drug delivery system ($831) + Metal ion chelator (DFQ) B: Internal reference derivatives

/

H-Lys(N,-succ.-DFO)- 8831 -NH, §531  -Lys(N,-succ.-DFO)-NH, H-Lys(Ac)- 8831 -NH; H- 5531 -Lys(Ac)-NH;

H- 8831  -Lys(N,-(020c),.; ;-succ.-DFO)-NH; H- 8831 -Lys(N_-(020c),.; 3-Ac)-NH,

Figure 4.4: Synthesized derivatives.

4.3 RESULTS AND DISCUSSION.
4.3.1 Chemistry.

The designed derivatives reported in Table 4.1 and Table 4.2, were prepared through solid-
phase Fmoc/tBu-based peptide synthesis (SPPS) ''° on a AmphiSpheres 20 RAM resin.
Commercially available protected amino acids were employed as synthetic precursors of the
target derivatives, except for the nonproteinogenic Fmoc-2’,6" dimethyl-tyrosine (Fmoc-
Dmt-OH), that was synthesized in analogy to an approach formerly described by our
research unit, %2 the Fmoc-D-Arg(Pmc)-OH and the Boc-D-Arg(Pbf)-OH. Moreover,
Deferoxamine (DFO) was employed as metal ion chelator, while polyoxyethylene chains (-
0,0c¢-) as flexible spacers.

The synthetic pathway was planned considering that the common feature of tetrapeptide
SS31 needs to be preserved as its 3+ net charge at physiologic pH allows it to freely penetrate
cells, in an energy-independent and non-saturable manner. In order to perform a synthetic
strategy on a solid-phase support, we implemented a Lysin residue as linker to join SS31 to
selected flexible spacers or to the chelating agent DFO.

Apart from the standard liquid-phase reaction between DFO and succinic anhydride (Scheme
4.1), to promote its subsequent coupling reaction (succ.-DFO, in green), all the other
synthetic steps were realized on solid-phase support, adding sequentially the protected
building blocks of the target derivatives.

As depicted in Scheme 4.2 and Scheme 4.3 we designed two different orthogonal strategies
wherein the Lysin residue (in black) was inserted at the N-terminal and at the C-terminal of
the tetrapeptide SS31 (in pink) respectively.

Whereas, in Scheme 4.4 is shown the strategy used for the preparation of the derivatives
realized by the further insertion of polyoxyethylene chains (-O2Oc-, in blue). In this regard,
we considered to synthesize derivatives composed by tetrapeptide SS31 C-terminal-linked
to these flexible chains, with the aim to first evaluate whether these units may alter or

improve the drug delivery contribution of tetrapeptide SS31.
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Scheme 4.1. Reagents and conditions - i. succinic anhydride, TEA, DMF, rt overnight.

Scheme 4.2. Reagents and conditions - 1. 40% Piperidine in DMF; Fmoc-Lys(Dde)-OH, DIPEA,
HATU, DMF; ii. 40% Piperidine in DMF; Fmoc-Phe-OH, DIC, HOBt, DMF; iii. 40% Piperidine in
DMF; Fmoc-Lys(Boc)-OH, DIC, HOBt, DMF; iv. 40% Piperidine in DMF; Fmoc-DMT-OH,
DIPEA, HATU, DMF; v. 40% Piperidine in DMF; Fmoc-D-Arg(Pmc)-OH, DIPEA, HATU, DMF;
vi. NH>OH-HCl/Imidazole in DMP; NMM, Ac,O, DMF; vii. 40% Piperidine in DMF;
TFA:H,O:Et;SiH (95:2.5:2.5); viii. NH,OH-HCl/Imidazole in DMP; DFO-succ-OH, DIPEA,

HATU, DMF; ix. 40% Piperidine in DMF; TFA:H,O:Et;SiH (95:2.5:2.5)
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Scheme 4.3. Reagents and conditions - i. 40% Piperidine in DMF; Fmoc-Phe-OH, DIC, HOBt, DMF;
ii. 40% Piperidine in DMF; Fmoc-Lys(Boc)-OH, DIC, HOBt, DMF; iii. 40% Piperidine in DMF;
Fmoc-DMT-OH, DIPEA, HATU, DMF; iv. 40% Piperidine in DMF; Fmoc-D-Arg(Pmc)-OH,
DIPEA, HATU, DMF; v. 40% Piperidine in DMF; Fmoc-Lys(Dde)-OH, DIPEA, HATU, DMF; vi.
NH,OH-HCl/Imidazole in DMP; NMM, Ac,O, DMF; vii. 40% Piperidine in DMF; TFA:H,O:Et;SiH
(95:2.5:2.5); viii. NH,OH-HCl/Imidazole in DMP; DFO-succ.-OH, DIPEA, HATU, DMF; ix. 40%
Piperidine in DMF; TFA:H,O:Et;SiH (95:2.5:2.5).

118



N
0 i o9
HNO - 4 Q = e L Q
Fmoc’ /N PN H,N Tts) N
H Fmoc fe)
AmphiSpheres 20 RAM resin AN~ Emoc
91 92 93
HN
Dde
&
Fmoc. N
i u © o v TONH 0 5o
T N, 9 _N, O - lo K s N D
Fmoc™ ™75 N &N ™ N © N
o o [¢]
N
94 O 95
HN. HN. HN HN.
Boc Dde OH Boc Dde
Pbf_
Pbfs H = ] j\H o} N
!
NN N Py ~~el S
v H H no 9 vi H o H it
e NH & N S N, —_— Boc-H ) N S N
Boc ‘\\\\ 1s) u I (s) H [ s N ] s N
o [¢] ~ ;
| 96 |
HN. 97
OH “Boc AN pge Boc HNfOZOc+Fmoc

5N N
o] (S) b (S) H
- $
>
\
HN )
o o Sl 101 L onn o S
0'1'3 Boc || o
] HN o
l N DFO O
V|”

n=1:99, YA ‘ n=1:102, N H’Kn”
n=3:100 o] 3 ! n=3:103 DFO o}

Scheme 4.4. Reagents and conditions - i. 40% Piperidine in DMF; Fmoc-Lys(Dde)-OH, DIPEA,
HATU, DMF; ii. 40% Piperidine in DMF; Fmoc-Phe-OH, DIC, HOBt, DMF; iii. 40% Piperidine in
DMF; Fmoc-Lys(Boc)-OH, DIC, HOBt, DMF; iv. 40% Piperidine in DMF; Fmoc-DMT-OH,
DIPEA, HATU, DMF; v. 40% Piperidine in DMF; Boc-D-Arg(Pbf)-OH, DIPEA, HATU, DMF; vi.
NH,OH-HCl/Imidazole in DMP; Fmoc-O20c-OH, DIPEA, HATU, DMF; vii. 40% Piperidine in
DMF; NMM, Ac,O, DMF; viii. TFA:H,O:Et3SiH (95:2.5:2.5); ix. 40% Piperidine in DMF; DFO-
succ.-OH, DIPEA, HATU, DMF; x. TFA:H,O:Et;SiH (95:2.5:2.5).
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Table 4.1: Synthesized derivatives composed of SS31 and DFO

OH
" H-(D)Arg-Dmt-Lys-Phe-Lys(N-succ.-DFOQ)-NH:
o ’ (80)
° NI HN—(®) HN—
®/ " NH O MW;: 1752,73 g/mol
HN NH, o /}5) _
HQN%NH N NH, Yield : 9%
o
H-(D)Arg-Dmt-Lys-Phe-Lys(N-(020c).=1-succ.-
DFO)-NH2 (102)
I~ MW;: 1897,89 g/mol
OH ///NH )
N 0 Yield : 11%
5 O NH, H
o
S, N s) n HN N, 5((
Op N H I 5N N H-(D)Arg-Dmt-Lys-Phe-Lys(N~(020c)x=3-succ.-
= DFO)-NH, (103)
HNyNH
HoN MWs: 2188,20 g/mol

Yield : 10%

NH

OH

NH HN—g’ST/—/
N, HN=(®) NH O
- o
s "0 NH © NH,
J—NH,
HN

NH,

H-Lys(Nesuce.-DFO)-(D)Arg-Dmt-Lys-Phe-NH:
90)

MWs: 1752,73 g/mol

Yield : 21%
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Table 4.2: Synthesized derivatives as internal reference

OH
H-(D)Arg-Dmt-Lys-Phe-Lys(Ac)-NHz (78)
NH HN’§;/_/ MWs: 1151,49 g/mol
HN NH -
H2N>LNH FiN Yield : 14%
H-(D)Arg-Dmt-Lys-Phe-Lys(N-(020c¢)s=1-Ac)-NHz
o (99)
NH, o MWs: 1296,57 g/mol
¥y 2 ﬁ}\ﬁ— Yield : 11%
NH N e NH, HOI ’
(R) '
N NH, SERVERN o
NH HN*{ H-(D)Arg-Dmt-Lys-Phe-Lys(N:~(020¢)s-3-Ac)-NHz
re (100)
MWs: 1586,71 g/mol
Yield : 12%
HoN
NH
oK AN NH
>\7N\/\/M 9 H-Lys(Ac)-(D)Arg-Dmt-Lys-Phe-NH: (88)
o Q
s NH O
N NCOR el MW;: 1151,49 g/mol
o /&Y -
Yield : 11%
NH,
OH
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4.4 CONCLUSION AND FUTURE PERSPECTIVES.

As detailed above, mitochondrial ROS and mPTP opening have been suggested as primary
targets for therapeutic intervention in cardiovascular disease.

In this section of the doctoral thesis, we focused on mitochondrial ROS and on the possibility
to reduce the related oxidative damage for cardioprotective purposes. Hence, we designed,
synthesized and characterized derivatives composed of an iron chelator (as DFO) linked to
a mitochondria-targeted drug delivery system (as SS31), with appropriate spacers. All the
novel synthesized derivatives will be evaluated in order to assess their potential behaviour
in protecting mitochondria from the oxidative stress during the ischemic event. In particular,
future perspectives will be oriented towards an in vitro biological assay performed in a
hypoxia chamber. An evaluation in terms of mitochondrial cell protection against oxidative
stress will select the derivatives with the best profile which may be further characterized by
potentiometry and spectrophotometry techniques (such as mass spectrometry, UV-Vis

spectrophotometry).

Moreover, a fascinating application field could exploit a push-and-pull mechanism for the
synthesized compounds, when administered in complex with zinc instead of as free chelating
derivatives: since iron and copper play a critical role in the formation of free radicals while
zinc have antioxidant actions, and considering that iron ions have higher affinity to DFO
than zinc ones, there is reason to assume synergistic cell protective effects from DFO-

derivatives in theirs complexes with zinc. [!33

Most importantly, the two classes of compounds resulting from the final thesis, spirocyclic
mPTP inhibitors and antioxidant agents, could exert synergistic cardioprotective actions that

will be investigated in future studies.

4.5 EXPERIMENTAL SECTION.

4.5.1 Materials and Methods.

Peptides were synthesized using a standard Fmoc/tBu chemistry !'°) through a Syro XP
multiple peptide synthesizer (MultiSynTech GmbH, Witten Germany). The commercially
available AmphiSpheres 20 RAM resin (loading 0.55 mmol/g) was used as a functionalized
support for the designed derivatives. Protected amino acids, polyoxyethylene chains (Fmoc-
020c-0OH), and precursor DFO-succinic acid-OH were coupled to the growing chain using
N,N-Diisopropylethylamine and 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxide hexafluorophosphate (DIPEA/HATU), or N,N’-
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diisopropylcarbodiimide and 1-hydroxybenzotriazole (DIC/HOBt). No-Fmoc deprotection
was performed using a 40% solution of piperidine in N,N-dimethylformamide (DMF),
whereas N-Dde deprotection ['® was realized using a solution of hydroxylamine
hydrochloride (NH>OH-HCl) and imidazole in N-methyl-2-pyrrolidone (NMP), completely
orthogonal to the N-Fmoc deprotection. All the couplings were repeated until the desired
resin-bound derivative has been completed. After each coupling reaction a treatment with a
solution of acetic anhydride (Ac2O) and N-Methylmorpholine (NMM) in DMF was
performed to quench the reactivity of randomly uncoupled amine groups (capping). The
cleavage cocktail to obtain the desired derivative from the resin consisted of a mixture of
95% trifluoroacetic acid, 2.5% water and 2.5% triethylsilane (TFA:H>O:Et:SiH). Reverse-
phase purifications of crude derivative was then carried out on a Waters Delta 600 high-
performance liquid chromatography (HPLC) system with a Jupiter column C18 (250 x 30
mm, 300 A, 15 um spherical particle size), using a binary mobile phase consisting of solution
A (100% H»20, 0. 1% v/v TFA) and solution B (40% H>0O, 60% CH3CN, 0.1% v/v TFA) at
a flow rate of 20 mL/min. Gradient was established individually considering the analytical
HPLC profile of the crude product. Analytical HPLC was performed with a Beckman 126
liquid chromatograph furnished of a UV detector Beckman 168 and equipped with
KARATS32 software. The purity of all the derivatives was assessed with an Agilent Zorbax
C18 column (4.6 x 150 mm, 3.5 um particle size) at a flow rate of 0.7 mL/min using a linear
gradient from 100% of A (water + 0.1% TFA) to 100% of B (acetonitrile + 0.1% TFA) over
a period of 25 min. All final compounds were monitored at 220 nm showing > 96% purity.
The molecular weights of the crude material and of the final compounds were determined
using an electrospray mass spectrometer (ESI MICROMASS ZMD 2000). HPLC
chromatograms and ESI mass spectra of the final derivatives have been reported below in
the appendix (4.4.3). Enantiopure Fmoc-protected amino acids and the resins for SPPS were
purchased from AAPPTec, Bachem (Bubendorf, Switzerland), BLDpharm (Kaiserslautern,
Germany), Merk Life Science (Milan, Italy) and IrisBiotech (Marktredwitz, Germany). All

solvents were purchased from VWR International.
4.5.2 General synthetic procedures.

Preparation of 3,14,25-trihydroxy-2,10,13,21,24,32-hexaoxo0-3,9,14,20,25,31-

hexaazapentatriacontan-35-oic acid 70.

To a solution of deferoxamine mesylate salt (1 eq, 0.76 mmol) in DMF (40 mL) were added
succinic anhydride (1.3 eq) and TEA (2.3 eq). The reaction mixture was then stirred at room

temperature overnight. Upon completion, as indicated by MS (ESI), the solvent was removed
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under vacuum. The crude product was then precipitated in fresh diethyl ether (Et2O) and
isolated through centrifugation. The obtained white solid was used for the next step without

further purification.

General procedure for the synthesis realized on solid-phase support.

AmphiSpheres 20 RAM resin was adopted as starting material (1eq, 0.083 mmol). The resin

was weighted into an empty syringe, and then it was swelled in DMF at room temperature.
The main repeated steps were:

= N-terminal deprotection: No-Fmoc deprotection was removed by treatment the resin
with a 40% solution of piperidine in DMF (2 mL/0.15 g of resin), which selectively
removed the base-labile N-protecting group in favour of the next amide coupling
reaction; while N-Dde deprotection of Lysin residue was realized using a solution
of NH,OH-HCI (1.80 mmol) and imidazole (1.35 mmol) in NMP (5mL), which just
before reaction was diluted CH>Cl, (5:1 v/v; 2mL/0.15 g of resin). 163! This
completely orthogonal strategy was required to avoid the undesired N-Fmoc
deprotection.

* Amide coupling reaction: for Fmoc-Phe-OH and Fmoc-Lys(Boc)-OH the C-
terminals were activated using HOBt (0.78 M) and DIC (1.09 M) as coupling
reagents in DMF (1.1:0.7:0.5 v/v; 2.3 mL/0.15 g of resin); for all the other building
blocks (1.5 eq) of the sequence the C-terminals were activated with the coupling
reagents HATU (1.5 eq) and DIPEA (1.5 eq) in DMF (2 mL/0.15 g of resin);

= Capping: the acetylation reaction was performed in order to block the elongation of
undesired peptide chains that can occur due to possible unsuccessful coupling
reaction. Ac2O (0.5 M) and NMM (0.25 M) were used as capping reagents in DMF
(1.5:0.5 v/v; 2 mL/0.15 g of resin), to quench the reactivity of randomly uncoupled

amine groups.

After each step the resin was washed for three times with fresh DMF (2 mL/0.15 g of resin).
In the case of Na-Fmoc and N~Dde deprotection it was preferred to wash the resin more

carefully, for nine times with fresh DMF, to avoid an undesired N-deprotection of the next

added aa.

Once the last building block of the sequence was inserted and the N-terminal protection was
removed, the desired final derivatives, which were anchored to the solid support, were
treated with a cleavage solution composed by trifluoroacetic acid TFA, H>O and Et;SiH

(95:2.5:2.5; v/v; 5mL/0.15 g of resin) for 8 h at room temperature. After filtration of the
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exhausted resin, TFA was removed under vacuum, and the crude material was then
precipitated in fresh diethyl ether (Et20), isolated through centrifugation and finally purified
by reverse-phase semi-preparative HPLC. After lyophilization the final spiro derivatives

were obtained as white oils.

4.5.3 Appendix: HPLC chromatograms and ESI mass spectra of the final derivatives.
H-(D)Arg-Dmt-Lys-Phe-Lys(Ac)-NH (78)
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H-(D)Arg-Dmt-Lys-Phe-Lys(N~(020c),-3-Ac)-NH; (100)
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H-Lys(Ac)-(D)Arg-Dmt-Lys-Phe-NH; (88)

1200
Det 168-220nm
1000 E 1000
g
800 800
600 600
§ 2
g
400 400
200 2 200
4
=
&
. i == .
[ : 4 L] 8 0 12 " 18 18 20 2 M % el
Mites
M 2H) Sean £S5
R 105 61 7 5268
-
M 1H)
8109
|
o b dbosedhe Lol L - mz
30 340 360 GB0 400 | 420 4%0 | 460 480 50 54 w0 | 600 | 620 | 640 | G0 60 | 700 | 720 | 740 | 160 | 780 | 800 « €20 B40  ©60 | 88D 900 920 940 & 960 | 960

128



H-(D)Arg-Dmt-Lys-Phe-Lys(Ngsucc.-DFO)-NH; (80)
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H-(D)Arg-Dmt-Lys-Phe-Lys(N+(020c¢),=1- succ.-DF0)-NH; (102)
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H-(D)Arg-Dmt-Lys-Phe-Lys(N~(020c),=3- succ.-DF0)-NH; (103)
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H-Lys(Nssucc.-DFO0)-(D)Arg-Dmt-Lys-Phe-NH; (90)
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ABSTRACT: Neuropeptide S modulates important neurobiological functions including locomotion, anxiety, and drug abuse
through interaction with its G protein-coupled receptor known as neuropeptide S receptor (NPSR). NPSR antagonists are
potentially useful for the treatment of substance abuse disorders against which there is an urgent need for new effective therapeutic
approaches. Potent NPSR antagonists in vitro have been discovered which, however, require further optimization of their in vivo
pharmacological profile. This work describes a new series of NPSR antagonists of the oxazolo[3,4-a]pyrazine class. The guanidine
derivative 16 exhibited nanomolar activity in vitro and S-fold improved potency in vivo compared to SHA-68, a reference
pharmacological tool in this field. Compound 16 can be considered a new tool for research studies on the translational potential of
the NPSergic system. An in-depth molecular modeling investigation was also performed to gain new insights into the observed
structure—activity relationships and provide an updated model of ligand/NPSR interactions.

B INTRODUCTION

Neuropeptide S (NPS), identified in 2002 by a reverse
pharmacology approach,' is the endogenous ligand of a
previous orphan G protein-coupled receptor (GPCR), now
named neuropeptide S receptor (NPSR). NPS is a 20 amino
acid neuropeptide (primary sequence in humans:
SFRNGVGTGMKKTSFQRAKS) highly conserved among
different species, and it owes its name to the serine residue
at the 1-position of the peptide sequence. NPSR shows a
moderate homology with the other members of the GPCR
family. The in vitro pharmacology of the human and mouse
NPSR showed that NPS increases both intracellular calcium
levels and cAMP accumulation with ECy, values in the low
nanomolar range. This indicates that NPSR can signal via both
Gq and Gs pathways to increase cellular excitability.”” In the
rodent brain, NPS is expressed only in few neurons in the peri-
locus coeruleus region. On the contrary, NPSR is widely
expressed in several brain regions (i.e, hypothalamus,

© XXXX The Authors. Published by
American Chemical Society

N 4 ACS Publications

endopiriform nucleus, amygdala, subiculum, cortex, and nuclei
of the thalamic midline).” In vivo, NPS has been shown to
control several biological functions in rodents including stress,
anxiety, social behavior, locomotor activity, wakefulness, food
intake and gastrointestinal functions, memory processes, pain,
and drug abuse.”” As far as the therapeutic potential of
selective NPSR ligands is concerned, NPSR agonists may be
useful as innovative anxiolytics devoid of sedative effects,
analgesics, and nootropics. On the other hand, NPSR
antagonists may be useful to treat substance abuse disorders
against which there is an urgent need for the exploration of
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novel potential drug targets and for developing innovative
therapeutic approaches.”

NPSR antagonists with potent in vitro activity have been
developed in the last few years and a few compounds are
currently in use as pharmacological tools.” Among these,
oxazolo[3,4-a]pyrazine derivatives have been first reported in
2005 by Takeda Pharmaceuticals,” and SHA-68 (1, Figure 1)

Ph Q Ph
Isanes' Gl
o]

RTI-118 (2)

R4 R’l

3-21
R4 = 1,1-diaryl, 1,1-di(cyclo)alkyl or cyclic spiro moieties .
Rs = (aryl)alkyl or phenyl substitutions.
R; = thiourea, carboxamido or guanidine functions.

Figure 1. SAR extension performed in this work around the
oxazolo[3,4-a]pyrazine nucleus of known NPSR antagonists 1 and 2.

is the most representative member of this class.'” Compound 1
was shown to display nanomolar antagonist potency values
(pA,/pK;) ranging from 7.28 to 8.16 toward the hNPSR-
Asn'” variant and from 7.55 to 8.03 toward the hNPSR-Ile'””
variant. Also, compound 1 exhibited high affinity for the
hNPSR in radioligand-binding experiments (pK; = 7.32) and
high selectivity over several unrelated GPCRs.”

The in vivo pharmacological profile of 1 has been explored in
various animal models in which considerably variable
effectiveness was observed according to different assays,

which has been interpreted as due to suboptimal pharmaco-
kinetic properties of the molecule.'””"> As a first attempt to
overcome these limits, Hassler et al. developed the piperidine
derivative RTI-118 (2, Figure 1) that exhibited lower potency
(hNPSR-Asn'” pA, = 6.31; hNPSR-Ile'”” Ca** pA, = 6.96) in
vitro'® but a slightly improved in vivo effectiveness in reducing
cocaine self-administration and seeking behavior in rats; these
results were ascribed to the higher water solubility of the
molecule.'” Nonetheless, there is a generally recognized need
for further optimizing the pharmacological profile and, above
all, the drug-likeness properties of oxazolo[3,4-a]pyrazine
ligands to obtain even more potent NPSR antagonist tools
to be employed in vivo in preclinical studies. These ligands
could be extremely useful for understanding the real
therapeutic potential of the NPSergic system. This prompted
us to extend the structure—activity relationship studies in this
field investigating new and unexplored modifications of the
bicyclic piperazine nucleus of compounds 1 and 2. Thus, in
this work, we describe the synthesis and the in vitro and in vivo
biological evaluation of oxazolo[3,4-a]pyrazine derivatives
resulting from a series of substitutions at the 1-, 5-, and 7-
positions, as summarized in Figure 1. Moreover, molecular
modeling studies were performed to gain new insights into the
structure—activity relationships observed for the newly
discovered NPSR ligands and provide an updated atomistic
model of ligand/NPSR interactions.

B RESULTS AND DISCUSSION

Chemistry. As depicted in Scheme 1, N-Fmoc-oxazolo-
piperazines with a general structure 26 were employed as
synthetic precursors to obtain the final compounds 3—12 in
analogy with the approach previously applied for the synthesis
of 1 by Okamura et al.'’ Specifically, intermediates 26 were
obtained starting from unsubstituted piperazine that was first
monoalkylated with benzyl-bromide and next Boc-protected
on the second piperazine nitrogen to give compound 23.
Subsequently, the desired N-benzyl-protected oxazolo[3,4-

Scheme 1. Synthesis of Final Compounds 3—12“
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“Reagents and conditions: (i) BnBr, EtOH, 75 °C, S h; (ii) Boc,0, DMAP, tetraethylammonium, CH,Cl,, rt, 0.5 h; (iii) sec-BuLi, TMEDA, THF,
—78 °C, 6 h; (iv) FmocCl, MeCN, 90 °C, 5 h; (v) DBU, THF, rt, 2 h.

B

https://doi.org/10.1021/acs.jmedchem.0c02223
J. Med. Chem. XXXX, XXX, XXX—XXX



Journal of Medicinal Chemistry

pubs.acs.org/jmc

Scheme 2. Synthesis of Final Compounds 13—16“
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“Reagents and conditions: (i) DBU, THF, rt, 2 h; (ii) CH,Cl,—DMF (2:1), 50 °C, 4 h; (iii) HgCl,, CH;CN, 90 °C, 24 h; (iv) BrCN,CH,Cl,
NaHCOs3, H,0, 30 min at 0 °C, 24 h rt; (v) benzyl amine or 4-fluoro benzylamine, p-TsOH, DMSO, 60 °C, 18 h; (vi) K,CO;, CH;CN, 90 °C, 4 h.

Scheme 3. Synthesis of Final Compounds 17—21
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“Reagents and conditions: (i) NaHCOj, chloroacetyl chloride, toluene, 0 °C to rt, overnight; (ii) Et;N, benzylamine, dioxane, reflux, 20 h; (iii)
LiAlH,, THF, reflux, 3 h; (iv) Boc,O, THF, 0 °C to rt, 1 h; (v) benzophenone, sec-BuLi, TMEDA, THF, —78 °C, 3 h; (vi) FmocCl, MeCN, 90 °C,

S h and then rt, 18 h; (vii) 4-fluorobenzyl isocyanate, DBU, THF, rt, 2 h.

a]pyrazines 25a—j were obtained through an ortho-lithiation
reaction, in the presence of sec-butyllithium (sec-BuLi) as the
base and various symmetric aromatic/aliphatic ketones (24a—
j) as electrophiles. The benzyl function was next replaced with
an Fmoc-group by treatment with FmocCl and finally, in order
to achieve compounds 3—11, 26a—i were reacted with 4-F-
benzyl-isocyanate, while compound 12 was obtained from 26j
by treatment with benzyl isothiocyanate.

The amide derivatives 13—14 and the guanidine analogues
15—16 were synthesized according to Scheme 2 starting from
26j that was first deprotected by treatment with 1,8-

diazabicyclo[5.4.0]Jundec-7-ene (DBU). The N-alkylation of
28 with 2-chloro-N-(4-fluorophenyl)acetamide or 2-chloro-N-
(4-fluorobenzyl)acetamide produced the final compounds 13
and 14, respectively. In order to obtain the guanidine
derivatives 15 and 16, we explored two different synthetic
strategies. The first approach, developed in the liquid phase,
involved the reaction of 28 with cyanogen bromide, giving the
key intermediate 29. Then, the addition of benzylamine or 4-
fluorobenzylamine in the presence of p-toluenesulfonic acid (p-
TsOH) provided the desired final products.

https://doi.org/10.1021/acs.jmedchem.0c02223
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Figure 2. Calcium mobilization assay performed on HEK293, \psr cells. Concentration—response curve to NPS [panel (A)] and inhibition—
response curves to 1 against the stimulatory effect of 10 nM NPS [panel (B)]. Data are mean + SEM of at least five separate experiments made in

duplicate.

Table 1. In Vitro Pharmacological Activity of Compounds 1, 3—21 as NPSR Antagonists”

R
~——\ HN o /\
OYN N_< YN N-R o > AN
NN N—(
o © o ~— %
Ph 07\{
R Ph
R F Ph Ph F
3-11 12-16 17-21
pKs pKs
R (CLos%) R (CLos%)
1 Ph 8.06 12 S 7.35
(7.79 - 8.32) 12;’\“\—'—® (6.85—-17.85)
3 4-F-Ph 7.58 13 HNOF Inactive up
(6.71 - 8.45) ( to 10 uM
0
4 4-CI-Ph 6.61 14 ¢} 6.33
(6.41 - 6.81) JNH_@F (5.76 — 6.90)
5 4-CHs-Ph 6.51 15 HN 7.21
(6.15—6.87) f“&@ (6.40 - 8.02)
6 4-N(CH3)2-Ph Inactive up to 16 HN 7.38
10 1M Q\*NH_@_F (6.94—7.82)
7 2-CHs-Ph 6.49 17 CH3 6.96
(5.88 —7.10) (6.53—7.39)
8 2-OCHs-Ph Inactive up to 18 Isopropyl 7.03
10 uM (6.53—7.53)
9 “ Inactiveup to | 19 Isobutyl 6.74
M 10 uM (6.05 - 7.42)
10 Cyclohexyl 6.33 20 Bn 6.62
(6.17 - 6.49) (5.96 —7.28)
11 CH2CH2CH3 Inactive up to 21 Ph 7.82
10 uM (7.21 - 8.43)

“Calcium mobilization assay performed in HEK293, \psr cells. Data are the mean of five separate experiments made in duplicate.

The second pathway resulted from the optimization of a
known solid-phase approach.18 In this case, a bromomethyl
polymeric resin was functionalized with 1-(4-fluorobenzyl)-
thiourea or 1-(benzyl)thiourea affording 30a—b. Subsequently,
the loaded resin was reacted with 28 in the presence of HgCl,
to produce the desired guanidine derivatives in good yields.

Finally, compounds 17—21 were prepared as depicted in
Scheme 3 starting from five different commercially available L-
amino acid methyl esters (32a—e). Specifically, the piperazine-

diones 34a—e were obtained in two simple steps involving a
first amino acid acylation with chloroacetyl chloride, followed
by cyclization with benzylamine.'"” The subsequent reduction
with LiAIH, gave 35a—e that were then protected with di-tert-
butyl dicarbonate (Boc,0).”° The resulting orthogonally
protected piperazines 36a—e were employed in the ortho-
lithiation reaction to give the benzyl derivatives 37a—e,
followed by treatment with FmocCl and the final addition
reaction with 4-fluorobenzyl isocyanate as described above.

https://doi.org/10.1021/acs.jmedchem.0c02223
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The ortho-lithiation step is of key importance for the
stereochemical course of the synthetic approach leading to the
final compounds 17—21. This reaction takes advantage of the
defined stereochemistry at C-2 of intermediates 36 that is
imposed by the choice of the starting amino acid as
demonstrated in the literature for analogous piperazine systems
obtained through the same strategy.”’ The spatial orientation
of the substituents around the asymmetric C-84, generated in
the bicyclic derivatives 37 during the ortho-lithiation reaction,
was driven by the absolute configuration previously introduced
at C-2. A single diastereoisomer was isolated in all cases in
which an antirelative stereochemistry between the substituent
at the C-5 and the oxazole rin? fused at C-8a was expected
according to previous studies’ and as confirmed by NOE
spectroscopy performed on the reference compound 17
(Figures S1 and S2). In this experiment, the irradiation of
the methyl protons at the S-position produced an important
enhancement of the signal of the proton at the C-8a position
which is in accordance with a syn relationship. Thus, the
absolute (5S,8aR)-configuration was assigned to 17 and to the
final compounds 18—21, the latter obtained from a-amino acid
with even more hindered side chains. The maintenance of a
significant in vitro activity of these derivatives would indirectly
confirm that C-8a would assume the absolute configuration of
the eutomer of 1 that has been previously identified following
the separation of its enantiomers.”” According to this study,
the interaction of 1 with the human NPSR would be markedly
enantioselective with the R-isomer showing a pKj value of 8.28
(hNPSR-N'?) in calcium mobilization experiments, while the
S-enantiomer would display a considerably reduced potency
(pKg < 6).

In Vitro Structure—Activity Relationships. In the
calcium mobilization assay, NPS increased intracellular calcium
levels in a concentration-dependent manner with pECs, and
E, . values of 8.95 and 287 + 26% over the basal values,
respectively. Inhibition response curves to 1 (0.1 nM to 10
uM), used as an internal reference, were performed against the
stimulatory effect of 10 nM NPS, approximately corresponding
to NPS ECg,. As shown in Figure 2, compound 1
concentration-dependently inhibited 10 nM NPS stimulatory
effects with a pKy value of 8.12. These results agree with
previously reported data.'' The pharmacological activity of
compounds 3—21 was evaluated under the same experimental
conditions, and the corresponding results are reported in Table
1.

None of the novel compounds stimulated calcium
mobilization up to 10 M. On the other hand, the substitution
or the replacement of the 1,1-diphenyl moiety of 1, such as in
compounds 3—11, significantly affected the antagonist potency
although to a different extent. In particular, the para-
substitution of both the aromatic rings at the 1-position was
slightly tolerated only in the case of the 4-fluoro derivative 3
which was only 3-fold less potent than 1, while a progressive
reduction of potency was observed by increasing the steric
hindrance of the para-substituents. For example, the bulky
dimethylamino groups of compound 6 resulted in a complete
loss of activity (Kg > 10 uM). These data suggest that the
phenyl rings at the 1-position could occupy the NPSR binding
pocket in a region with highly stringent steric requirements.

Our results indicated that also a proper spatial orientation of
the geminal phenyl groups relative to the oxazolidinone ring
seems to be of particular importance to promote activity.
Indeed, the ortho-substitution of the 1,1-diaryl moiety such as

in compounds 7 and 8 should induce a conformational
distortion with respect to the nonsubstituted 1, determining a
marked or total loss of potency. This observation was further
confirmed by the inactivity of compound 9 in which the 1,1-
phenyl rings were forced into a coplanar arrangement due to
their inclusion in the spiro-fluorene fusion.

The aromaticity of 1,1-substituents seems to be important as
well since the 1,1-dicyclohexyl derivative 10 was more than 50-
fold less potent than 1. Even more unfavorable was the
replacement of the diaryl template with linear propyl chains
(compound 11, K > 10 uM).

In compounds 12—16, we explored the effect of a few
modifications at the 7-position of the oxazolo[3,4-a]pyrazine
core that has not been explored before.”” In particular, we
introduced side chains containing thiourea (12), N-substituted
acetamide (13, 14) and guanidine (15, 16) functions. In this
subset of molecules, compounds 13—16 have been specifically
designed to modulate the hydrophilic/lipophilic balance of 1,
which might be important for its in vivo effectiveness as
suggested in different studies.'”'" In particular, it has been
demonstrated that 1, at the high dose of 50 mg/kg, can only
partially counteract NPS effects, with different levels of
efficacy, depending on the assay used.'”"> These findings
have been hypothetically attributed to suboptimal physico-
chemical properties of the compound, in particular, its high
lipophilicity.” Thus, in a first attempt to overcome these limits,
the acetamide derivatives 13 and 14 have been synthesized as
possible bioisosteres of 1 in which a methylene spacer was
interposed between the piperazine nitrogen and the carbonyl
function of the 7-side chain. The modification was conceived
to increase the basicity of the piperazine nitrogen thus opening
the possibility to obtain hydrochloride salts with improved
water solubility. Nonetheless, the compounds were shown to
display very low (14, pKj = 6.33) or null activity (13, Kz > 10
uM) in the calcium mobilization assay. However, the partial
recovery of activity of compound 14, in which the 4-F phenyl
moiety is not directly linked to the amide nitrogen, suggested
that also the conformational freedom of this pharmacophoric
portion may be important for the interaction with NPSR.

In compounds 15 and 16, we replaced the urea moiety of 1
with a guanidine function as an alternative strategy to obtain
NPSR antagonists with improved hydrophilicity. The fluori-
nated derivative 16 was conceived as a close analogue of 1
bearing an NH-group in place of the urea oxygen atom. This
modification does not interfere with the ability of the ligand to
establish polar interactions with the receptor. Of note,
compounds incorporating a guanidine moiety have aroused
an increasing interest for their potential in the development of
novel drugs due to the ability of the guanidinium group to
form strong noncovalent interactions and to provide obvious
advantages in terms of hydrophilicity.”*">* Compound 16
displayed low nanomolar potency in antagonizing the
stimulatory activity of NPS with a pKy value of 7.38. The
nonfluorinated guanidine derivative 15 was slightly less potent
(pKg = 7.21) indicating some importance of the fluorine atom
at the para position of the terminal benzyl moiety.

Finally, we introduced different substitutions at the 5-
position of the oxazolo[3,4-a]pyrazine core whose effect on
NPSR modulation has not been explored before. To this aim,
we developed a highly accessible diastereoselective synthesis
that provided compounds 17—21 in which the S-position was
functionalized with the side chains of a series of L-amino acids
employed as the starting material. The introduction of a —CHj

https://doi.org/10.1021/acs.jmedchem.0c02223
J. Med. Chem. XXXX, XXX, XXX—XXX



Journal of Medicinal Chemistry

pubs.acs.org/jmc

(compound 17) or an isopropyl chain (compound 18)
determined about a 10-fold reduction of potency if compared
to 1. Even more detrimental was the introduction of a bulkier
branched alkyl moiety (19) or a benzyl group (20). In
contrast, the L-phenylglycine derivative 21 showed a recovery
in activity becoming the most active compound of the newly
reported series.

These data indicated that the S-position tolerates sub-
stitutions with hydrophobic chemical groups of different size
generating derivatives with 2 (21) to 30 (compound 20)—fold
reduction of potency. Intriguingly, in the latter compounds, a
subtle chemical modification such as the introduction of a
methylene spacer between CS and the phenyl ring promoted a
consistent reduction of bioactivity. Given these data, we cannot
exclude that the CS phenyl ring of 21 might be recognized by a
previously unexplored region of the NPSR binding pocket.

To confirm and better define the antagonist properties of
compounds 16 and 21, the concentration—response curve of
NPS has been reassessed in the absence and presence of 100
nM of 1, 16, and 21 (Figure 3). 1, 16, and 21 shifted the

_ 400+
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Figure 3. Calcium mobilization assay performed on HEK293, \psg
cells. Concentration—response curve to NPS in the absence and in the
presence of 100 nM of 1, 16, and 21. Data are mean + SEM of at least
five separate experiments made in duplicate.

concentration—response curve of NPS to the right without
changing its maximal effects. The following pA, values have
been derived from these experiments: 7.82 (7.40—8.24) for 1;
7.10 (6.65—7.55) for compound 16; and 7.59 (7.08—8.10) for
compound 21. Thus, the rank order of potency of these NPSR
antagonists is 1 > 21 > 16. These results are superimposable to
those obtained in inhibition experiments.

Molecular Modeling Studies. To gain major insights into
the reasons for the structure—activity relationships (SARs)
observed for the newly discovered NPSR ligands, molecular
modeling studies were attempted. So far, the three-dimensional
(3D) structure of the target receptor has not been determined
so that homology-modeling techniques had to be employed to
first construct a viable model of NPSR in its inactive state. The
available SAR data were obtained from human HEK293 cells
expressing the mouse NPSR (mNPSR). On the other hand,
the sequence alignment between the human (hNPSR) and
mNPSR revealed that the two proteins share 89.22% sequence
identity with all the differences residing in the N-terminal
region distant from the putative ligand-binding site. Thus,
considering the high structural homology of NPSR across the
two species, we decided to model the pharmacologically
relevant hNPSR in its 1107 variant in the present work. In
2010, Dal Ben et al?’ published the first model of the two
NPSR variants, namely, NPSR-N107 and -I1107. In this seminal
work, the authors modeled the NPSR receptors starting from
the X-ray crystal structure of bovine rhodopsin.”® The choice
of using this latter structure as a template was dictated by
preliminary modeling studies indicating that the NPSR
extracellular loop 2 (ECL2) had a propensity to adopt a f-
sheet conformation which was partially present in the bovine
rhodopsin structure rather than in the structures of the human
P1, P2 adrenergic and adenosine A,, receptors that were
available at that time. Since then, more than 340 structures of
GPCR have been deposited in the protein data bank (PDB)
thereby allowing for a re-evaluation of the optimal template to
employ in the in silico construction of the NPSR receptor
variants. Thus, the hNPSR sequence (Uniprot entry code
Q6WSP4) was used to interrogate the PDB and select the
solved X-ray structures sharing the highest homology with the
target structures. In this analysis, we decided to retain all the
structures that shared with NPSR a sequence identity higher
than 20%, a sequence coverage higher than 70%, and that were
crystallized in their inactive states (i.e., bound to an antagonist
ligand). These criteria allowed selecting 7 human GPCR
structures in which, interestingly, 6 of them turned out to be
receptors for endogenous peptides and S of these feature a
twisted f-hairpin in the ECL2 region (Table S1). Indeed, the
P-hairpin motif is usually found in the ECL2 of peptide-
activated GPCRs such as Neuropeptide Y Y1 receptor, 7 orexin
receptor type 1 (OX1R),* chemokine receptor type 4

g
TM4 “"TM5\ TM3

Figure 4. Energy-minimized docked poses of compound 1 in BM1 and BM2 (panels A and B, respectively) in the model of NPSR constructed
starting from the human neuropeptide Y Y1 receptor (hNPY1R, PDB code SZBH).* 1 and the protein are represented as violet sticks and

multicolored ribbons, respectively.
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Figure S. Energy-minimized docked poses of compound 1 [panel (A) for BM1 and (D) for BM2], 16 [panel (B) for BM1 and (E) for BM2], and
21 [panel (C) for BMI and (F) for BM2] in the model of NPSR constructed starting from the human neuropeptide Y Y1 receptor (\ANPY1R, PDB
code SZBH).” 1, 16, and 21 are represented as violet, orange, and red sticks, respectively. The protein is represented as cyan ribbons and sticks. H-

bonds are represented as dashed yellow lines.

(CXCR4),”" delta,”” and kappa® opioid receptors, protease-
activated receptor 1 (PAR1),** neurotensin receptor 1
(NTSR1),> endothelin ETB receptor,36 and angiotensin
receptors AT1%” and AT2.>® Unfortunately, for one of the
selected 7 templates (Table S1), the human CC chemokine
receptor type 9 (CCR9), ECL2 was unresolved; thus, this
template structure was not considered further. Subsequently,
the primary sequences of the remaining six GPCRs were all
pairwise aligned to the one of the hNPSR-1107 variant, and the
phylogenetic tree was calculated (see Figures S3—S9). Then,
these templates were all used to construct six models of
hNPSR, one for each template, using the Prime software within
the Schrodinger’s Maestro suite. The constructed models were
all used to perform docking calculations of all the newly
identified analogues employing the Glide program. The results
of these simulations were then analyzed in light of the available
SAR data. In this step, we first verified whether Glide was able
to find a viable binding pose for each active compound
reported in Table 1 (namely, 1, 3-S5, 7, 10, 12, and 14—21) in
each of the NPSR models constructed employing the
aforementioned 6 template structures. This first analysis was
instrumental for the selection of the best model structure that
was able to host all the newly discovered NPSR ligands. In
particular, the NPSR model constructed starting from the
human neuropeptide Y Y1 receptor (hNPYIR, PDB code

SZBH)* was the only one able to fulfill the above-mentioned
selection criteria. Subsequently, we decided to analyze the
docking results achieved for the most potent antagonists 16
and 21 as well as the control compound 1. Interestingly, for all
three ligands, Glide was able to suggest two possible binding
poses (ie. featuring comparable docking scores) in which the
ligand pendant benzyl substituent is alternatively pointing
downward [inside the transmembrane (TM) bundle] or
upward (toward the NPSR extracellular region). In this
work, the two alternative docked positions will be referred to
as binding mode 1 (BM1) and 2 (BM2), respectively (Figure
4).

In BM1, the 1,1-diphenyl moiety of 1 is pointing toward
TM7 and TM2 and establishes several 7—7 interactions with
aromatic residues present in the outer region of NPSR (W108,
W198, F273, and F289) (Figures 4A and SA). The limited
extension of the cleft lodging this moiety should explain why
incrementing its steric hindrance has a detrimental effect on
the antagonist potency of its analogues (compounds 3—8).
Moreover, the nature of the established ligand—protein
interactions (charge transfer contacts) as well as the relative
position of the two phenyl rings (not coplanar) explains why
compounds 9—11 are less active or devoid of an evident
antagonist potency. The 1 bicyclic piperazine core orients its
pendant benzylamide chain inside the TM bundle between

https://doi.org/10.1021/acs.jmedchem.0c02223
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Figure 6. Effects of NPS, 1, 16, and 21 on mouse locomotor activity. The cumulative effects exerted on distance traveled are shown in panel (A),
while the total time immobile and number of rearings over the 30 min observation period are shown in panels (B,C), respectively. Data are mean +
SEM of four separate experiments (vehicle + saline, 12 mice; 1 + saline, 8 mice; 16 + saline, 8 mice; 21 + saline, 7 mice; vehicle + NPS, 11 mice, 1
+ NPS, 8 mice; 16 + NPS, 7 mice; and 21 + NPS, 7 mice). The two-way ANOVA NPS X antagonist revealed for the total distance traveled, an
effect of NPS F(1,59) = 6.63 and of the interaction NPS X antagonist F(3,59) = 4.48; for the immobility time, an effect of NPS F(1,59) = 8.09 and
of the interaction NPS X antagonist F(3,59) = 4.26; for the number of rearings, an effect of NPS F(1,59) = 7.3, of antagonist F(3,59) = 10.65, and
of the interaction NPS X antagonist F(3,59) = 4.32. *p < 0.05 vs saline, #p < 0.05 vs vehicle according to Bonferroni’s test for multiple

comparisons.

TM3 and TM6 where its NH forms a charged-reinforced H-
bond with D274 and the terminal fluorophenyl ring is lodged
in a well-defined lipophilic gorge establishing 7— interactions,
reinforced by the electron-withdrawing effect of the fluorine
atom, with W267, Y270, F271, and van der Waal contacts with
L132 (Figure SA). The tight interactions established by the
benzylamide chain in this receptor region would explain why
modifications in this position result in a reduction (compound
14) or abrogation (compound 13) of the antagonist potency
thereby indicating a limited tolerance for 7-position sub-
stituents.”

Almost the same binding orientation was also found for 16
with all the aforementioned interactions being maintained

(Figure SB). Here, the protonated guanidine group is now
engaged in an ionic interaction with the D274 side chain. 21 is
also predicted to adopt BM1 where the presence of the
additional phenyl ring on the core structure allows to form
supplementary charge-transfer and lipophilic interactions with
F18S, W198, A199, and W207 (Figure SC). These contacts
should explain why the substitution of the phenyl ring with
alkyl or benzyl chains (compounds 17—20) still allows
observing an antagonist activity at NPSR, although resulting
in less potent antagonists if compared to 21.

In BM2, the 1,1-diphenyl moiety of 1 is predicted to point
toward the inner part of NPSR making contact with TM2,
TM6, and TM7 (Figure 4B). In this position, this moiety

https://doi.org/10.1021/acs.jmedchem.0c02223
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established 7—x and cation—7 contacts with W108 and R109,
respectively (Figure SD). The carbonyl oxygen of the bicyclic
piperazine scaffold accepts an H-bond from the A199
backbone NH while the pendant fluorobenzylamide chain
laced beneath ECL3 (Figure 4B) in a cleft lined by D284,
T285, R288, F289, and S292. Almost the same interaction
pattern is also predicted for 16 in BM2 (Figure SE), and the
presence of the protonated guanidine group allows the ligands
to establish charge-reinforced H-bonds with N280 and P283
backbone COs as well as a cation—7 interaction with W198. 21
recapitulates the same interactions established by 1 in BM2
(Figure SF) and takes advantage of its additional phenyl ring in
position 7 of the core scaffold to establish a z—7 interaction
with F185. Also in this case, BM2 would match the SAR data
acquired in this manuscript as well as the ones already present
in the literature.”’

The binary complexes calculated using the docking program
for 1, 16, and 21 in both BM1 and BM2 were then subjected
to 100 ns molecular dynamics (MD) simulations with
Desmond™ to refine the predicted binding geometries. Most
importantly, given the dichotomy of binding modes predicted
for these ligands, results of MD simulations could suggest a
preferential binding orientation for each ligand. Analysis of the
6 MD simulations was attained through the Desmond SID tool
which allowed us to analyze the ligand—receptor interactions
during the MD trajectory. Attention was given to the ligand
root-mean-square fluctuation (RMSF) (Figures S10—S15) and
the stability of the ligand—residue interactions (Figures S16—
$27).

The ligand RMSF was useful for characterizing changes in
the ligand atom positions during the MD. Analysis of this
parameter demonstrated that in BM1 and BM2, the three
ligands display a different degree of flexibility. In particular,
regardless of the adopted binding mode, the pendant
fluorobenzylamide chain is the most flexible part of the
molecule with BM1 being more stable than BM2 (see Figures
§$10—S15). In the latter binding position, the fluorobenzyla-
mide moiety rapidly loses its interactions with the residues
belonging to ECL3 to point toward the external part of the
receptor without taking stable contacts with any NPSR residue.
This is further outlined by plotting the most frequent (>30%)
ligand—protein contacts (Figures S16—S27) showing that for
the three ligands in BM2, the benzyl chain is always solvent
exposed. On the contrary, in BMI, the same portion remains
anchored to the receptor although experiencing a partial
relocation during the MD. All in all, MD results would suggest
that only in BMI, the fluorobenzylamide chain would play a
role in the ligand—receptor recognition as underscored by the
experimental SAR data® available for this ligand moiety,
thereby suggesting that 1, 16, and 21 should adopt this binding
orientation. Plotting of the ligand—receptor interactions also
shows that while binding of 1 is mainly governed by
hydrophobic and charge-transfer contacts with the receptor,
16 is stably anchored to NPSR also through the polar
interaction with D274 while 21 finds additional contacts with
W207 and F18S.

In Vivo Characterization in the Mouse Locomotor
Activity Test. Among the synthesized molecules, 16 and 21
have been selected to be tested in vivo in the mouse locomotor
activity assay. As shown in Figure 6 and in line with previous
findings,""*°~** NPS injected by the i.c.v. route at 0.1 nmol
concentration was able to stimulate mouse locomotor activity
by increasing the distance traveled (panel A) and the number

of rearings (panel C) and reducing the immobility time (panel
B) with statistically significant effects. 1 (50 mg/kg) did not
significantly modify mice locomotor activity and only partially
counteracted NPS-induced stimulant effects, confirming
previous studies.'”!! All mice treated with 50 mg/kg of 16
displayed an important reduction of locomotor activity (data
not shown); thus, in the present study, the 10 mg/kg dose was
used for this compound. The doses of 10 mg/kg for 16 and SO
mg/kg for 21 did not elicit by themselves statistically
significant effects on mouse locomotor activity (Figure 6).
This result is in line with previous studies performed with
different NPSR antagonists'®'"*" and with the lack of
locomotor phenotype of NPSR knockout mice,**™* collec-
tively suggesting that the endogenous NPS does not control
mouse locomotor activity in the open field. When administered
30 min before NPS, both 16 and 21 were able to completely
block the stimulant effects of the peptide. Compound 21 was
in vivo slightly more effective than 1 when injected intra-
peritoneally (ip) at the same dose (50 mg/kg). Compound 16,
despite its lower potency in vitro, was at least S-fold more
potent than 1 in vivo. It must be remarked that compound 2
(see the Introduction section) was shown to exert a significant
blockade of NPS-induced locomotor activity at an i.p. dose of
50 mg/kg, thus being equipotent to the parental compound
1.'° Of note, the ability of both 16 and 21 to completely block
the stimulant NPS effects confirms previous studies demon-
strating that the stimulant NPS effects are selectively due to the
activation of the NPSR receptor (see Tables 1 and 2 of the
recent review by Ruzza et al.).” It is worth noting that at the
higher doses tested, compound 1 was able to only partially
block NPS effects. This may somewhat limit the usefulness of
compound 1 as a research tool to explore the biological actions
modulated by the endogenous NPS. Both compounds 16 and
21 seem to overcome this limitation; in fact, at doses
statistically inactive, they were able to fully block NPS
stimulant effects. This feature, that is, complete NPSR
occupation and blockage, makes these compounds essential
pharmacological tools for investigating those conditions in
which the endogenous NPS/NPSR signaling is activated, for
example, cocaine/alcohol seeking and relapse.”™* On the
other hand, in proposing compound 16 as an innovative
research tool, we should also underline that selectivity
concerns must be taken into account. In fact, at the high
dose of 50 mg/kg, 16 strongly reduces mouse locomotor
activity. This is most probably an off-target effect since NPSR
selective peptide antagonists did not modify mouse locomo-
tion at doses able to completely block NPS stimulatory
effects,”’ and NPSR(—/—) mice did not display a locomotor
phenotype in this assay.”’ Thus, the high potency and
antagonist effectiveness of compound 16 is associated with
somewhat limited selectivity of action. Further studies, for
example, CEREP receptogram, are needed to eventually
identify the mechanisms involved in the putative off-target
effects of compound 16 at high doses. Based on these
considerations, we certainly recommend the use of compound
16 but with special caution in selecting the range of doses to be
used for NPSR physiopathological investigations. The in vivo
action of 21 reflects the in vitro potency of the compound that
was very similar to that of the reference tool 1. On the other
hand, the improved in vivo antagonist effectiveness of 16,
deriving from the bioisosteric replacement of the urea function
of 1 with a guanidine moiety, may be attributed to its relatively
higher hydrophilic properties that could compensate for the
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slight loss of in vitro potency. Lipophilicity is indeed
considered one of the most important physicochemical
properties to be addressed for drug design purposes. Typically,
highly hydrophilic compounds suffer from poor membrane
permeability and faster renal clearance. On the other hand,
water solubility and metabolism are more likely to be
compromised at high lipophilicity values.*” Noteworthily, the
optimum region of lipophilicity for candidate drug molecules
has been generally suggested to lie within a narrow range of log
D, , that has been approximately determined between 1 and
3." Thus, the improved in vivo potency of 16 (Clog P = 3.43
+ 0.89, ACDLabs; Clog D;, = 1.87, ChemAxon predictor)
with respect to the known NPSR antagonist 1 (Clog P = 4.32
+ 0.86, ACDLabs; Clog D, = 4.05, ChemAxon predictor) can
be reasonably justified in light of the optimization of
lipophilicity parameters that are closer to the recommended
values. This could also account for the lower in vivo potency of
compound 21 (Clog P = 6.18 + 0.87, ACDLabs; Clog D,, =
5.83, ChemAxon predictor) despite its higher in vitro activity.
However, we would like to underline the fact that these
hypotheses are only supported by theoretical calculations; firm
conclusions on this issue can be drawn only after performing
experiments investigating the pharmacokinetic profile of
compound 16 eventually in comparison with compounds 1
and 21.

B CONCLUSIONS

The therapeutic potential of selective NPSR ligands in
psychiatric disorders is supported by a series of preclinical
studies.” In particular, NPSR antagonists were shown to reduce
cocaine/alcohol seeking and relapse in animal models, and this
makes them potentially useful for treating drug addiction.
Patients suffering from such a condition typically show
resistance to the very few treatments currently available.
Thus, the identification of innovative drugs able to ameliorate
these conditions, which are essentially untreated, is still urgent.
Additionally, it can be speculated that NPSR antagonists may
be useful also for the treatment of other types of drug abuse,
although no preclinical data are currently available. NPSR
antagonists may open new perspectives for addressing this
unmet clinical need. Moreover, NPSR antagonists still
represent important research tools to investigate the neuro-
biology of the NPS/NPSR system and to study those
biological functions for which the NPSergic tone is important.
However, even though in vitro potent NPSR antagonists have
been reported, NPSR antagonists with a good in vivo
pharmacological profile are still missing. This is probably due
to pharmacokinetic issues and represents an undeniable limit
for preclinical studies on the NPSergic system aimed at
translating results from basic pharmacology into clinical utility.
In the present study, the in vitro pharmacological activity of a
new series of oxazolo[3,4-a]pyrazines as NPSR antagonists was
investigated and a molecular-modeling study helped to
rationalize the resulting SARs. The most promising com-
pounds (16 and 21) in terms of in vitro potency and/or drug-
likeness properties have been also evaluated in vivo for their
capability to counteract NPS-induced stimulant effects on
mouse locomotor activity. Our findings demonstrated that
these compounds behave in vitro as pure NPSR antagonists
with nanomolar potency in inhibiting the NPS stimulatory
effects in the calcium mobilization assay (pKjy values of 7.38
and 7.82 for 16 and 21, respectively). Importantly, the
guanidine derivative 16 exhibited a significantly (S-fold)

improved potency and increased antagonist effectiveness in
vivo when compared to the reference compound 1, although
this is associated with somewhat reduced selectivity of action.
Collectively, our efforts can be considered an important
advancement in this research field culminating in the
identification of a new pharmacological tool that combines in
vitro and in vivo potency in blocking NPSR. This could be
useful to investigate possible pharmacological treatments in all
the pathological conditions in which the endogenous NPSergic
system is activated.

B EXPERIMENTAL SECTION

Chemistry. Materials and Methods. The chemicals, including the
2-(4-bromomethyl-phenoxy)ethyl polystyrene HL resin for solid-
phase synthesis, were purchased from Fluorochem, Novabiochem Iris
Biotech GmbH, or Sigma-Aldrich. Reaction progress and product
mixtures were monitored by thin-layer chromatography (TLC) on
silica gel (precoated F254 Macherey-Nagel plates) and visualized with
a UV lamp (254 nm light source). Compounds were purified through
silica gel flash chromatography (silica gel 60, 40—63 um) using
appropriate eluent mixtures or on a reverse-phase Waters Prep 600
HPLC system equipped with a Jupiter column C18 (250 X 30 mm,
300 A, 15 um spherical particle size). Reverse-phase purification of
crude compounds was carried out using a gradient of CH;CN/H,O
[with 0.1% trifluoroacetyl (TFA)] programed time by time, with a
flow rate of 20 mL/min and a UV detector with a wavelength of 220
nm. Analytical HPLC analyses were performed on a Beckman 116
liquid chromatograph equipped with a Beckman 166 diode array
detector. Analytical purity of the final compounds were assessed using
a XBridge C18 column (4.6 X 150 mm, § um particle size) at a flow
rate of 0.7 mL/min with a linear gradient from 100% of solvent A
(H,0 + 0.1% TFA) to 100% of solvent B (CH;CN + 0.1% TFA) over
25 min. Analytical determinations were reported as column retention
time (Tg) in minutes, and the purity of final compounds was >95% as
determined by HPLC analysis carried out at a wavelength of 220 nm.
Mass spectra were recorded with a Waters ESI Micromass ZQ
dissolving the samples in a solution of H,0/CH;CN/TFA
(40:60:0.1). Melting points for purified products 3—21 were
determined using glass capillaries on a Stuart Scientific electrothermal
apparatus SMP3 and are uncorrected. NMR analyses were performed
in CDCI; or DMSO-dy at ambient temperature using a Varian 200 or
400 MHz spectrometer. Chemical shifts () are reported in parts per
million (ppm) using the peak of tetramethylsilane as an internal
standard in deuterated solvents, and coupling constants (J) are
reported in Hertz. Splitting patterns are designed as s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; and b, broad. Optical
rotations were measured on a Jasco P-2000 polarimeter dissolving the
samples in methanol, with a path length of 1 dm, using sodium D line,
589 nm.

General Procedure for the Synthesis of 25a—j. Tetramethylethy-
lenediamine (TMEDA, 2.7 mmol) was added under an argon
atmosphere at room temperature to a stirring solution of 23" (1
mmol) in freshly distilled tetrahydrofuran (THF) (S mL). After
cooling at —78 °C, sec-BuLi (2.7 mmol) was added and the reaction
was allowed to reach —30 °C over 2 h. A solution of appropriate
benzophenone 24a—j (2 mmol) in THF (S mL) was added and the
reaction solution was left stirring at —30 °C for 30 min, then it was
slowly warmed to rt and stirred for 16 h. The reaction was quenched
with a saturated solution of NH,CI (15 mL), and the solvents were
concentrated under vacuum to half volume and the aqueous phase
was extracted with EtOAc (3 X 15 mL). The organic layers were
combined, dried over Na,SO,, and the solvent was removed under
vacuum. The resulting crude product was purified by flash column
chromatography on silica gel using a mixture of EtOAc/PEt 1:2 as the
eluent.

7-Benzyl-1,1-bis(4-fluorophenyl)tetrahydro-1H-oxazolo[3,4-a]-
pyrazin-3(5H)-one (25a). White solid (227 mg, 54% yield). '"H NMR
(200 MHz, CDCL): § (ppm) 7.70—7.59 (m, 2H); 7.40—7.16 (m,
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11H); 4.66 (dd, ] = 8.0, 4.0 Hz, 1H); 3.62—3.49 (m, 2H); 3.38—3.21
(m, 1H); 3.16—2.98 (m, 1H); 2.63—2.58 (m, 2H); 1.88—1.69 (m,
1H); 1.52—1.38 (m, 1H). MS (ESI): m/z calcd for C,H,;F,N,0, [M
+ H]*, 421.47; found, 421.03.

7-Benzyl-1,1-bis(4-chlorophenyl)tetrahydro-1H-oxazolo[3,4-a]-
pyrazin-3(5H)-one (25b). White solid (200 mg, 44% yield). '"H NMR
(200 MHz, CDCLy): § (ppm) 7.44—7.18 (m, 13H); 4.63—4.20 (m,
1H); 3.82 (dd, J = 8.0, 4.0 Hz, 1H); 3.44—3.04 (m, 2H); 2.76 (d, ] =
10.6 Hz, 1H); 2.53 (d, J = 11.1 Hz, 1H); 2.01—1.88 (m, 1H); 1.60 (t,
] = 7.4 Hz, 2H). MS (ESI): m/z calcd for C,3H,;CLN,0, [M + H]Y,
454.37; found, 454.26.

7-Benzyl-1,1-di-p-tolyltetrahydro-1 H—oxazolo[3,4—a]Pyrazin—
3(5H)-one (25c). Pale yellow solid (260 mg, 63% yield). 'H NMR
(200 MHz, CDCL): § (ppm) 7.44 (d, ] = 8.4 Hz, 2H); 7.31-7.12 (m,
11H); 4.60 (dd, J = 11.1, 3.7 Hz, 1H); 3.61-3.46 (m, 2H); 3.34 (s,
1H); 3.16—2.96 (m, 1H); 2.68—2.52 (m, 2H); 2.26 (d, ] = 3.4 Hz,
6H); 1.84—1.65 (m, 1H); 1.58—1.39 (m, 1H). MS (ESI): m/z calcd
for C,,H,oN,0, [M + H]*, 413.54; found, 413.46.

7-Benzyl-1,1-bis(4-(dimethylamino)phenyl)tetrahydro-1H-
oxazolo[3,4-a]pyrazin-3(5H)-one (25d). Dark blue solid (169 mg,
36% yield). "H NMR (200 MHz, DMSO-d;): § (ppm) 7.31—7.20 (m,
7H); 6.99 (d, ] = 8.6 Hz, 2H); 6.66 (t, ] = 8.2 Hz, 4H); 445 (d,] = 8
Hz, 1H); 3.53 (t, ] = 4 Hz, 2H); 3.42-3.31 (m, 1H); 3.01 (d,] = 12
Hz, 1H); 2.87 (s, 12H); 2.63—2.41 (m, 2H); 1.78 (t, ] = 12 Hz, 1H);
1.48 (t, J = 12 Hz, 1H). MS (ESI): m/z calcd for C,0H;N,O, [M +
H]*, 471.63; found, 471.44.

7-Benzyl-1,1-di-o-tolyltetrahydro-1H-oxazolo[3,4-a]pyrazin-
3(5H)-one (25e). White solid (82 mg, 28% yield). 'H NMR (200
MHz, CDCLy): 6 (ppm) 7.89—7.79 (m, 1H); 7.67—7.55 (m, 1H);
7.40—6.96 (m, 11H); 4.88 (d, J = 10.5 Hz, 1H); 3.86 (d, J = 11.2 Hg,
2H); 3.52 (d, J = 12.1 Hz, 1H); 3.32—3.10 (m, 2H); 2.79—2.58 (m,
1H); 2.11-1.95 (m, 2H); 1.79 (d, J = 9.8 Hz, 6H). MS (ESI): m/z
caled for Cp;H,N,0, [M + HJ*, 413.54; found, 413.44.

7-Benzyl-1,1-bis(2-methoxyphenyl)tetrahydro-1H-oxazolo[3,4-
alpyrazin-3(5H)-one (25f). White solid (169 mg, 38% yield). 'H
NMR (200 MHz, CDCL;): & (ppm) 7.49—7.21 (m, 8H); 6.96—6.75
(m, SH); 4.54 (d, ] = 8 Hz, 1H); 3.90 (dd, J = 8.0, 4.0 Hz, 1H); 3.51
(s, 6H); 3.40—3.05 (m, 2H); 2.81—2.52 (m, 2H); 2.20—2.01 (m,
1H); 1.75—1.56 (m, 2H). MS (ESI): m/z calcd for C,,H,4N,0, [M +
H], 445.54; found, 445.30.

7'-Benzyl-6',7',8,8a’-tetrahydrospiro[fluorene-9,1'-oxazolo[3,4-
alpyrazin]-3'(5'H)-one (25g). Yellow solid (279 mg, 73% yield). 'H
NMR (200 MHz, CDCL;): § (ppm) 7.85—7.79 (m, 4H); 7.61—7.09
(m, 9H); 4.20 (dd, ] = 10.6, 3.2 Hz, 1H); 3.72 (d, ] = 11.1 Hz, 1H);
3.43-3.36 (m, 2H); 3.20—3.05 (m, 1H); 2.80 (d, J = 8.2 Hz, 1H);
2.31—1.85 (m, 3H). MS (ESI): m/z calcd for C,3H,3N,0, [M + H]',
383.47; found, 383.29.

7-Benzyl-1,1-dicyclohexyltetrahydro-1H-oxazolo[3,4-a]pyrazin-
3(5H)-one (25h). White solid (162 mg, 41% yield). '"H NMR (200
MHz, CDCL,): § (ppm) 7.40—7.22 (m, 4H); 7.02 (s, 1H); 3.78—3.64
(m, 2H); 3.58—3.42 (m, 2H); 3.34 (s, 1H); 2.90—2.61 (m, 3H) 2.24
(t, J = 12 Hz, 1H); 1.97—1.41 (m, 13H); 1.28—0.98 (m, 9H). MS
(ESI): m/z calcd for C,sHy,N,O, [M + HJY, 397.58; found, 397.31.

7-Benzyl-1,1-dipropyltetrahydro-1H-oxazolo[3,4-alpyrazin-
3(5H)-one (25i). White solid (136 mg, 43% yield). "H NMR (200
MHz, CDCLy): 6 (ppm) 7.76 (d, ] = 6.8 Hz, 1H); 7.44—7.25 (m,
4H); 4.80—4.44 (m, 2H); 4.30—4.00 (m, 2H); 3.67 (d, J = 12.0 Hz,
1H); 3.29-3.15 (m, 1H); 3.00—2.56 (m, 3H); 1.61—1.00 (m, 8H);
0.94—0.84 (m, 6H). MS (ESI): m/z calcd for C,gH,N,O, [M + HJ",
317.45; found, 317.46.

7-Benzyl-1,1-diphenyltetrahydro-1H-oxazolo[3,4-alpyrazin-
3(5H)-one (25j). White solid (277 mg, 72% yield). '"H NMR (200
MHz, CDCLy): 8 (ppm): 7.60—7.49 (m, 1H); 7.38—7.16 (m, 14H);
4.52 (dd, J = 8.0, 4.0 Hz, 1H); 3.72—3.59 (m, 2H); 3.48—3.21 (m,
1H); 3.16—2.98 (m, 1H); 2.63—2.58 (m, 2H); 1.88—1.69 (m, 1H);
1.52—1.38 (m, 1H). MS (ESI): m/z calcd for C,5H,N,0, [M + H],
385.49; found, 385.28.

General Procedure for the Synthesis of 26a—j. 9-Fluorenylme-
thoxycarbonyl chloride (FmocCl, 1.1 mmol) was added to a solution
of 25a—j (1 mmol) in CH;CN (5 mL). The reaction solution was
heated at 90 °C for 5 h and then stirred at room temperature for 18 h.

The solvent was evaporated giving a residue that was dissolved in
EtOAc (30 mL), and the resulting organic phase was washed with
water (3 X 15 mL), dried over anhydrous Na,SO,, and concentrated
to dryness. All crude residues were finally purified via flash column
chromatography on a silica gel using the appropriate mixture of
petroleum ether and EtOAc as an eluent (see below).

(9H-Fluoren-9-yl)methyl 1,1-Bis(4-fluorophenyl)-3-oxotetrahy-
dro-3H-oxazolo[3,4-alpyrazine-7(1H)-carboxylate (26a). White
solid (448 mg, 81% yield). Eluent for chromatography purification:
EtOAc/PEt 1:1; '"H NMR (200 MHz, DMSO-d): 6 (ppm) 7.94—
7.84 (m, 2H); 7.62—7.18 (m, 14H); 4.65—4.39 (m, 3H); 425 (t, ] =
5.4 Hz, 1H); 3.82 (d, J = 10.5 Hz, 1H); 3.56 (dd, ] = 10.6, 2.2 Hz,
1H); 3.05—2.85 (m, 1H); 2.83—2.64 (m, 2H); 2.31-2.16 (m, 1H).
MS (ESI): m/z caled for C43H,,F,N,0, [M + H]*, §53.59; found,
553.57.

(9H-Fluoren-9-yl)methyl 1,1-Bis(4-chlorophenyl)-3-oxotetrahy-
dro-3H-oxazolo[3,4-alpyrazine-7(1H)-carboxylate (26b). White
solid (298 mg, 51% yield). Eluent for chromatography purification:
EtOAc/PEt 1:2; '"H NMR (200 MHz, DMSO-d;): & (ppm) 7.90 (t, ]
= 6.8 Hz, 2H); 7.59—7.28 (m, 14H); 4.43—4.39 (m, 2H); 4.24 (t, ] =
5.6 Hz, 2H); 3.82 (d, J = 11.2 Hz, 1H); 3.56 (d, J = 10.6 Hz, 1H);
3.19 (s, 1H); 3.07—2.64 (m, 2H); 224 (t, ] = 12.4 Hz, 1H). MS
(ESI): m/z caled for C;3H,,CLN,0, [M + HJY, 586.49; found,
586.63.

(9H-Fluoren-9-yl)methyl 3-Oxo-1,1-di-p-tolyltetrahydro-3H-
oxazolo[3,4-alpyrazine-7(1H)-carboxylate (26c). White solid (327
mg, 60% yield). Eluent for chromatography purification: EtOAc/PEt
1:4; 'H NMR (200 MHz, DMSO-dy): § (ppm) 7.90 (t, ] = 7.4 Hg,
2H); 7.59 (d, ] = 7.0 Hz, 2H); 7.44—7.16 (m, 10H); 6.99 (s, 2H);
4.77—4.59 (m, 1H); 4.50—4.35 (m, 1H); 4.26 (s, 1H); 4.16—4.09 (m,
1H); 3.80 (d, J = 10.6 Hz, 1H); 3.53 (dd, J = 11.2, 1.8 Hz, 1H);
3.22-3.05 (m, 1H); 2.95-2.58 (m, 2H); 2.30 (d, J = 4.6 Hz, 6H);
2.20—2.08 (m, 1H). MS (ESI): m/z calcd for C3;3Hy3N,O, [M + HJY,
545.66; found, 545.59.

(9H-Fluoren-9-yl)methyl 1,1-Bis(4-(dimethylamino)phenyl)-3-ox-
otetrahydro-3H-oxazolo[3,4-alpyrazine-7(1H)-carboxylate (26d).
Pink solid (380 mg, 63% yield). Eluent for chromatography
purification: EtOAc/PEt 1:4; '"H NMR (200 MHz, DMSO-dg):
(ppm) 7.88 (t, ] = 6.6 Hz, 2H); 7.59 (d, ] = 7.2 Hz, 2H); 7.44—7.32
(m, SH); 7.11 (s, 2H); 6.75—6.63 (m, SH); 4.79—4.61 (m, 1H);
4.52—4.33 (m, 1H); 4.26 (t, ] = 5.6 Hz, 1H); 4.01-3.90 (m, 1H);
3.82—3.60 (m, 1H); 3.53 (d, J = 10.6 Hz, 1H); 3.22—3.05 (m, 1H);
3.11-2.98 (m, 1H); 2.90 (d, J = 4.8 Hz, 12H); 2.83—2.77 (m, 1H);
2.22-2.06 (m, 1H). MS (ESI): m/z calcd for C5,H3N,O, [M + HJ",
603.74; found, 603.51.

(9H-Fluoren-9-yl)methyl 3-Oxo-1,1-di-o-tolyltetrahydro-3H-
oxazolo[3,4-ajpyrazine-7(1H)-carboxylate (26e). White solid (408
mg, 75% yield). Eluent for chromatography purification: EtOAc/PEt
3:7; 'H NMR (200 MHz, DMSO-dy): § (ppm) 7.89—7.79 (m, 2H);
7.67—7.55 (m, 2H); 7.40—6.96 (m, 12H); 2.51—4.07 (m, 1H); 4.88
(d, J = 10.5 Hz, 1H); 3.86 (d, J = 11.2 Hz, 2H); 3.52 (d, J = 12.1 Hz,
1H); 3.32—3.10 (m, 2H); 2.79-2.58 (m, 1H); 2.11-1.95 (m, 2H);
1.79 (d, J = 9.8 Hz, 6H). MS (ESI): m/z calcd for C;sHy3N,O, [M +
HJ*, 545.66; found, 545.25.

(9H-Fluoren-9-yl)methyl 1,1-Bis(2-methoxyphenyl)-3-oxotetra-
hydro-3H-oxazolo[3,4-a]pyrazine-7(1H)-carboxylate (26f). White
solid (363 mg, 63% yield). Eluent for chromatography purification:
EtOAc/PEt 1:1; '"H NMR (200 MHz, CDCl,): § (ppm): 7.72 (d, ] =
7.2 Hz, 2H); 7.48—7.29 (m, 10H); 7.01—6.88 (m, 4H); 4.58—4.35 (s,
2H); 4.24—4.06 (m, 4H); 4.01-3.36 (m, 7H); 2.89—-2.69 (m, 2H);
2.64—2.42 (m, 1H). MS (ESI): m/z calcd for C33H33N,O [M + HJY,
§77.66; found, 577.65.

(9H-Fluoren-9-yl)methyl 3'-Oxo-5',6',8',8a’-tetrahydro-3'H,7'H-
spiro[fluorene-9,1'-oxazolo[3,4-alpyrazine]-7'-carboxylate (26g).
White solid (283 mg, 55% yield). Eluent for chromatography
purification: EtOAc/PEt 1:4; '"H NMR (200 MHz, DMSO-dg): &
(ppm) 7.95 (s, 2H); 7.90—7.02 (m, 14H); 4.56—4.25 (m, 2H); 4.19—
4.05 (s, 1H); 3.86 (d, ] = 12.40 Hz, 2H); 3.69 (d, ] = 12.90 Hz, 2H);
2.98—2.64 (m, 3H). MS (ESI): m/z calcd for C53H,,N,O, [M + HJ',
515.59; found, 515.50.
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(9H-Fluoren-9-yl)methyl 1,1-Dicyclohexyl-3-oxotetrahydro-3H-
oxazolo[3,4-alpyrazine-7(1H)-carboxylate (26h). White solid (434
mg, 82% yield). Eluent for chromatography purification: EtOAc/PEt
1:4; '"H NMR (200 MHz, DMSO-d): § (ppm) 7.88 (d, ] = 7.5 Hg,
2H); 7.65 (t, ] = 7.0 Hz, 2H); 7.42 (t, ] = 7.4 Hz, 2H); 7.33 (dd, ] =
13.8, 7.1 Hz, 2H); 4.63—4.42 (m, 2H); 4.28 (t, J = 5.6 Hz, 1H);
3.94-3.58 (m, 2H); 3.50—3.18 (m, 3H); 2.98—2.63 (m, 2H); 1.78—
1.03 (m, 22H). MS (ESI): m/z caled for C,;H,N,O, [M + H],
529.70; found, 529.66.

(9H-Fluoren-9-yl)methyl 3-Oxo-1,1-dipropyltetrahydro-3H-
oxazolo[3,4-a]pyrazine-7(1H)-carboxylate (26i). White solid (166
mg, 37% yield). Eluent for chromatography purification: EtOAc/PEt
3:7; "H NMR (200 MHz, CDCL,): § (ppm) 7.76 (d, ] = 6.8 Hz, 2H);
7.55 (d, ] = 7.2 Hz, 2H); 7.44—7.25 (m, 4H); 4.80—4.44 (m, 2H);
4.30—4.00 (m, 3H); 3.67 (d, J = 12.0 Hz, 1H); 3.29-3.15 (m, 1H);
3.00—2.56 (m, 3H); 1.61—1.00 (m, 8H); 0.94—0.84 (m, 6H). MS
(ESI): m/z calcd for C,;H33N,0, [M + HJ, 449.57; found, 449.55.

(9H-Fluoren-9-yl)methyl 3-Oxo-1,1-diphenyltetrahydro-3H-
oxazolo[3,4-alpyrazine-7(1H)-carboxylate (26j). White solid (305
mg, 59% yield). Eluent for chromatography purification: EtOAc/PEt
1:1; 'H NMR (200 MHz, DMSO-dy): & (ppm) 7.89 (t, ] = 7.4 Hg,
2H); 7.59 (d, ] = 7.4 Hz, 2H); 7.54—7.03 (m, 14H); 4.71—4.38 (m,
2H); 4.26 (t, ] = 5.4 Hz, 2H); 3.79 (d, ] = 10.6 Hz, 1H); 3.56 (dd, J =
114, 1.8 Hz, 2H); 3.00-2.84 (m, 2H); 2.28—2.09 (m, 1H). MS
(ESI): m/z calcd for C33HoN,0, [M + HJY, 517.61; found, 517.29.

General Procedure for the Synthesis of Final Compounds 3—12.
The appropriate iso(thio)cyanate 27a—b (2 mmol) and DBU (1.2
mmol) were sequentially added at room temperature to a stirring
solution of 26a—j (1 mmol) in anhydrous THF (S mL). The reaction
solution was continued stirring for 2 h after which it was quenched
with a saturated solution of NH,Cl (10 mL). The mixture was
concentrated under vacuum to half volume, and the aqueous phase
was extracted with EtOAc (3 X 15 mL). The organic layers were
combined, dried over Na,SO,, and concentrated under vacuum. The
crude products were purified by preparative RP-HPLC.

N-(4-Fluorobenzyl)-1,1-bis(4-fluorophenyl)-3-oxotetrahydro-1H-
oxazolo[3,4-alpyrazine-7(3H)-carboxamide (3). White solid (289
mg, 60% yield); mp 104—107 °C; 'H NMR (400 MHz, DMSO-dy): &
(ppm) 7.65—7.54 (m, 2H); 7.40—7.19 (m, 9H); 7.18—7.05 (m, 2H);
4.51 (dd, J = 112, 3.6 Hz, 1H); 421 (d, ] = 5.5 Hz, 2H); 3.93 (d, ] =
10.5 Hz, 1H); 3.82 (dd, ] = 13.1, 2.9 Hz, 1H); 3.59 (dd, ] = 13.2, 2.6
Hz, 1H); 3.05 (td, J = 12.8, 3.6 Hz, 1H); 2.68 (td, J = 12.9, 3.4 Hz,
1H); 2.17-2.00 (m, 1H). 3C NMR (DMSO-d,): & 162.94, 162.70,
162.12, 160.49, 160.27, 159.71, 157.05, 154.80, 138.44, 136.75,
134.48, 128.89, 128.09, 127.78, 115.45, 115.24, 114.70, 84.07, 59.51,
45.51, 42.79, 42.52, 41.09. MS (ESI): m/z caled for C,qH,;F3N;04
[M + HJ]*, 482.48; found, 482.21. Ty = 24.77 min.

1,1-Bis(4-chlorophenyl)-N-(4-fluorobenzyl)-3-oxotetrahydro-1H-
oxazolo[3,4-alpyrazine-7(3H)-carboxamide (4). White solid (412
mg, 80% yield); mp 77—79 °C; 'H NMR (400 MHz, DMSO-dy): &
(ppm) 7.63—7.55 (m, 2H); 7.53—7.44 (m, 4H); 7.37—7.22 (m, SH);
7.15—7.07 (m, 2H); 4.52 (dd, J = 11.2, 3.6 Hz, 1H); 421 (d, ] = 5.2
Hz, 2H); 3.93 (d, ] = 11.6 Hz, 1H); 3.83 (dd, ] = 12.9, 2.9 Hz, 1H);
3.59 (dd, J = 13.1, 2.7 Hz, 1H); 3.05 (td, ] = 12.7, 3.6 Hz, 1H); 2.68
(td, J = 13.0, 3.4 Hz, 1H); 2.11 (dd, J = 12.8, 11.4 Hz, 1H). *C NMR
(DMSO-dg): & 162.14, 159.73, 157.07, 154.68, 140.92, 136.96,
136.73, 133.18, 132.84, 128.92, 128.55, 127.77, 127.47, 114.71, 83.94,
59.33, 45.45, 42.81, 42.50, 41.14. MS (ESI): m/z calcd for
C,¢H,;CLFN,0; [M + HJ*, 515.39; found, 515.45. Ty = 22.16 min.

N-(4-Fluorobenzyl)-3-oxo-1,1-di-p-tolyltetrahydro-1H-oxazolo-
[3,4-a]pyrazine-7(3H)-carboxamide (5). White solid (312 mg, 66%
yield); mp 89—90 °C; 'H NMR (400 MHz, DMSO-dy): § (ppm):
7.41-7.39 (m, 3H); 7.30—7.25 (m, 3H); 7.21-7.09 (m, 7H); 4.43
(dd, J = 11.1, 3.7 Hz, 1H); 4.20 (d, J = 5.3 Hz, 2H); 3.92 (d, ] = 11.6
Hz, 1H); 3.84 (dd, J = 12.9, 2.9 Hz, 1H); 3.59 (dd, J = 13.3, 2.9 Hz,
1H); 3.02 (td, J = 12.7, 3.6 Hz, 1H); 2.64 (td, ] = 12.9, 3.4 Hz, 1H);
2.29 (s, 3H); 2.27 (s, 3H), 2.08—2.02 (m, 1H). *C NMR (DMSO-
dy): 6 162.66, 160.26, 157.63, 155.68, 140.15, 138.08, 137.59, 137.33,
136.28, 129.46, 129.38, 126.18, 125.93, 115.36, 115.15, 85.31, 60.08,

46.32, 43.33, 43.12, 41.52, 21.01. MS (ESI): m/z caled for
C,sH,0FN;0; [M + H]*, 474.56; found, 474.43. Ty = 18.53 min.
1,1-Bis(4-(dimethylamino)phenyl)-N-(4-fluorobenzyl)-3-oxote-
trahydro-1H-oxazolo[3,4-alpyrazine-7(3H)-carboxamide (6). White
solid (500 mg, 94% yield); mp 110—113 °C; 'H NMR (400 MHz,
DMSO-dg): 6 (ppm) 7.33—7.19 (m, SH); 7.17—7.06 (m, 2H); 7.01—
6.98 (m, 2H); 6.70—6.67 (m, 4H); 4.29 (dd, J = 11.2, 3.5 Hz, 1H);
4.22-4.17 (m, 2H); 3.93 (d, ] = 11.2 Hz, 1H); 3.79 (dd, J = 13.0, 2.7
Hz, 1H); 3.59 (dd, J = 12.9, 2.7 Hz, 1H); 3.01 (td, J = 12.8, 3.4 Hz,
1H); 2.90—2.86 (m, 12H); 2.63 (td, ] = 13.2, 3.5 Hz, 1H); 2.06 (dd, J
= 13.0, 11.4 Hz, 1H). BC NMR (DMSO-dq): 6 162.11, 157.10,
155.50, 149.86, 149.44, 136.81, 129.87, 128.93, 128.85, 126.74,
126.41, 114.82, 114.61, 111.65, 111.54, 85.23, 59.63, 46.00, 42.77,
42.65, 40.84. MS (ESI): m/z caled for C;H;FN;O; [M + H]%,
532.64; found, 532.41. Ty = 11.44 min.
N-(4-Fluorobenzyl)-3-oxo-1,1-di-o-tolyltetrahydro-1H-oxazolo-
[3,4-a]pyrazine-7(3H)-carboxamide (7). White solid (260 mg,55%
yield); mp 217—219 °C; 'H NMR (400 MHz, DMSO-di): & (ppm)
7.92—7.81 (m, 1H); 7.68 (d, ] = 7.5 Hz, 1H); 7.35—7.19 (m, 7H);
7.18—7.05 (m, 4H); 4.95 (dd, J = 11.1, 3.7 Hz, 1H); 424 (dd, ] =
15.3, 5.7 Hz, 1H); 4.13 (dd, J = 15.1, 5.3 Hz, 1H); 3.88 (d, ] = 11.4
Hz, 1H); 3.61 (dd, J = 13.3, 2.9 Hz, 1H); 3.38—3.22 (m, 2H); 2.81
(td, J = 13.3, 3.4 Hz, 1H); 2.19 (dd, J = 12.9, 11.2 Hz, 1H); 1.76 (s,
3H); 1.74 (s, 3H). 3C NMR (DMSO-dy): § 162.12, 159.73, 157.08,
154.97, 137.30, 137.00, 136.80, 136.21, 133.44, 132.71, 131.69,
128.98, 128.90, 128.69, 128.14, 126.74, 126.55, 125.54, 114.80,
114.60, 85.57, 56.28, 45.03, 43.11, 42.81, 41.26, 21.01, 20.45. MS
(ESI): m/z caled for CogH,0FN;0; [M + H]*, 474.56; found, 474.34.
Tr = 19.20 min.
N-(4-Fluorobenzyl)-1,1-bis(2-methoxyphenyl)-3-oxotetrahydro-
1H-oxazolo[3,4-a]pyrazine-7(3H)-carboxamide (8). White solid
(435 mg, 86% yield); mp 172—173 °C; 'H NMR (400 MHyg,
DMSO-dg): 6 (ppm) 7.45—7.42 (m, 1H); 7.39—7.22 (m, 4H); 7.20—
7.15 (m, 1H); 7.14—6.89 (m, 7H); 4.37 (d, J = 8.1 Hz, 1H); 4.27—
4.22 (m, 1H); 4.16—4.10 (m, 1H); 3.99—3.86 (m, 2H); 3.64 (s, 3H);
3.62 (s, 4H); 3.06 (td, J = 12.9, 3.6 Hz, 1H); 2.73 (td, J = 13.2, 3.6
Hz, 1H); 2.36—2.27 (m, 1H). *C NMR (DMSO-ds): § 162.09,
159.68, 156.90, 156.78, 155.95, 154.76, 136.84, 129.64, 129.56,
128.90, 128.82, 128.20, 127.00, 125.98, 120.18, 119.93, 114.76,
114.55, 112.54, 111.90, 83.94, 59.04, 55.35, 55.29, 44.76, 42.78, 42.62,
40.57. MS (ESI): m/z calcd for C,gH,FN3O5 [M + H]*, 506.55;
found, 506.52. Ty = 18.71 min.
N-(4-Fluorobenzyl)-3'-oxo-5',6',8',8a’-tetrahydrospiro[fluorene-
9,1'-oxazolo[3,4-ajpyrazine]-7' (3'H)-carboxamide (9). White solid
(421 mg, 95% yield); mp 120—123 °C; 'H NMR (400 MHyg,
DMSO): § (ppm) 7.91-7.78 (m, 3H); 7.67 (d, ] = 7.5 Hz, 1H);
7.56—7.47 (m, 2H); 7.42—7.36 (m, 2H); 7.20—7.15 (m, 3H); 7.11—
6.95 (m, 2H); 4.19—4.00 (m, 4H); 3.74 (dd, ] = 12.4, 2.4 Hz, 1H);
3.52 (dd, ] = 13.0, 2.6 Hz, 1H); 3.08 (td, J = 12.3, 3.5 Hz, 1H); 2.88
(td, J = 13.1, 3.4 Hz, 1H); 2.70 (dd, J = 12.8, 11.4 Hz, 1H). *C NMR
(DMSO-dg): 6 162.08, 156.81, 156.01, 142.93, 140.31, 139.82,
139.63, 136.66, 130.62, 130.52, 128.84, 128.77, 128.61, 128.00,
125.84, 124.86, 120.94, 120.45, 114.77, 114.56, 86.35, 58.93, 44.40,
42.66, 42.21, 41.00. MS (ESI): m/z calcd for C,H,;FN;0; [M +
H]*, 444.49; found, 444.26. Ty = 18.91 min.
1,1-Dicyclohexyl-N-(4-fluorobenzyl)-3-oxotetrahydro-1H-
oxazolo[3,4-ajpyrazine-7(3H)-carboxamide (10). White solid (105
mg, 23% yield); mp 94—95 °C; '"H NMR (400 MHz, DMSO-d;): §
(ppm) 7.37—7.24 (m, 3H); 7.18—7.05 (m, 2H); 4.31—4.16 (m, 2H);
4.06—3.93 (m, 2H); 3.55—3.42 (m, 2H); 2.98—2.72 (m, 3H); 2.00—
140 (m, 12H); 1.38—0.85 (m, 10H). *C NMR (DMSO-di): 6
162.14, 159.74, 157.13, 155.32, 136.82, 128.96, 128.89, 114.82,
114.61, 85.71, 55.26, 43.74, 42.82, 42.18, 40.90, 27.61, 26.54, 26.20,
25.84,25.77,25.53,25.38. MS (ESI): m/z calcd for C,sH;,FN,;0; [M
+ HJ*, 458.60; found, 458.47. Ty = 21.11 min.
N-(4-Fluorobenzyl)-3-oxo-1,1-dipropyltetrahydro-1H-oxazolo-
[3,4-a]pyrazine-7(3H)-carboxamide (11). White solid (189 mg, 50%
yield); mp 74—77 °C; 'H NMR (400 MHz, DMSO-dy): § (ppm)
7.34—7.21 (m, 3H); 7.15—7.10 (m, 2H); 423 (d, J = 5.5 Hz, 2H);
4.00 (t, J = 14.1 Hz, 2H); 3.52 (dd, J = 12.7, 2.6 Hz, 1H); 3.42—3.30
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(m, 1H); 2.95-2.63 (m, 3H); 1.72—1.43 (m, 4H); 1.42—1.15 (m,
4H); 0.92—0.88 (m, 6H). *C NMR (DMSO-d;): & 162.14, 159.73,
156.99, 155.22, 136.86, 128.92, 128.84, 114.84, 114.63, 83.14, 59.10,
44.12, 42.77, 42.58, 33.80, 16.11, 15.88, 14.26, 14.13. MS (ESI): m/z
caled for C,,H,,FN,;0;4 [M + H]*, 378.47; found, 378.38. Ty = 13.08
min.

N-Benzyl-3-oxo-1,1-diphenyltetrahydro-1H-oxazolo[3,4-a]-
pyrazine-7(3H)-carbothioamide (12). White solid (306 mg, 69%
yield); mp 184—186 °C; 'H NMR (400 MHz, DMSO-dq): & (ppm)
8.50 (s, 1H); 7.73—7.00 (m, 15H); 4.85—4.76 (m, 3H); 4.59—4.54
(m, 2H); 3.64 (d, J = 12.6 Hz, 1H); 3.15-2.98 (m, 2H); 2.40 (t, ] =
122 Hz, 1H). BC NMR (DMSO-d¢): 6 182.31, 155.12, 14222,
139.22, 138.34, 128.54, 128.45, 128.36, 128.07, 127.99, 126.99,
126.58, 125.70, 125.42, 84.66, $9.42, 50.63, 48.53, 46.14, 40.82. MS
(BSI): m/z caled for C,qH,gN;O,S [M + H]*, 444.57; found, 444.23.
Tr = 15.84 min.

1,1-Diphenylhexahydro-3H-oxazolo[3,4-alpyrazin-3-one (28).
DBU (1.2 mmol) was added to a stirring solution of 26j (1 mmol)
in anhydrous THF (10 mL). The reaction solution was allowed
stirring at room temperature for 18 h and monitored by TLC. The
solvent was removed under vacuum, and the residue was dissolved in
EtOAc (20 mL) and washed with water (20 mL). The organic phase
was separated, dried over Na,SO,, and the solvent was evaporated to
give a residue that was purified via flash column chromatography on
silica gel using a 1:3 mixture of petroleum ether and EtOAc as the
eluent.

Off-white solid (256 mg, 87% yield). "H NMR (200 MHz, DMSO-
dg): 6 (ppm) 7.52 (d, ] = 7.2 Hz, 2H); 7.41—7.24 (m, 8H); 4.32 (d, ]
= 10.1 Hz, 1H); 4.10—3.71 (m, 2H); 3.16 (t, ] = 5.6 Hz, 1H); 2.97—
2.76 (m, 1H); 2.28 (td, J = 11.6, 3.4 Hz, 1H); 1.83—1.75 (m, 1H),
1.21 (br s, 1H). MS (ESI): m/z caled for C;gH;,N,O, [M + H],
295.36; found, 295.38.

General Procedure for the Synthesis of Final Compounds 13
and 14. 2-Chloro-N-(4-fluorobenzyl)acetamide or 2-chloro-N-(4-
fluorophenyl)acetamide (1 mmol) was added to a mixture of
compound 28 (1 mmol) and K,CO; (1.5 mmol) in CH,CN (15
mL). The reaction mixture was heated at 90 °C for 4 h after which the
solvent was removed under vacuum, and the residue was partitioned
between water (15 mL) and CH,Cl, (15 mL). The aqueous phase
was further extracted with CH,Cl, (2 X 15 mL), and the combined
organic layers were washed with brine (10 mL) and dried over
Na,SO,. After evaporation, the residue was purified by flash column
chromatography on silica gel using a 1:1 mixture of EtOAc/PEt as the
eluent.

N-(4-Fluorophenyl)-2-(3-oxo-1,1-diphenyltetrahydro-3H-
oxazolo[3,4-alpyrazin-7(1H)-yl)acetamide (13). White solid (196
mg, 44% yield); mp 205—208 °C; 'H NMR (400 MHz, DMSO-d): 6
(ppm) 9.76 (s, 1H); 7.62—7.60 (m, 4H); 7.44—7.29 (m, 8H); 7.17—
7.13 (m, 2H); 4.77 (dd, J = 11.2, 3.6 Hz, 1H); 3.59 (dd, J = 13.1, 2.9
Hz, 1H); 3.23—3.13 (m, 3H); 2.74 (d, ] = 10.5 Hz, 1H); 2.61 (dd, ] =
13.2, 2.6 Hz, 1H); 2.19 (td, J = 12.9, 3.4 Hz, 1H); 1.78 (t, ] = 12.2
Hz, 1H). C NMR (DMSO-d,): § 167.92, 159.26, 156.88, 155.21,
142.80, 138.58, 134.74, 128.51, 12836, 128.19, 127.72, 125.53,
125.18, 121.46, 11524, 115.02, 84.54, 60.85, 60.11, 54.19, 50.66,
41.24. MS (ESI): m/z caled for C,sH,FN;0; [M + HJ*, 446.50;
found, 446.69. T = 18.30.

N-(4-Fluorobenzyl)-2-(3-oxo-1,1-diphenyltetrahydro-3H-
oxazolo[3,4-alpyrazin-7(1H)-yl)acetamide (14). White solid (170
mg, 37% yield); mp 137—140 °C; 'H NMR (400 MHz, DMSO-d;): §
(ppm) 8.41—8.37 (m, 1H); 7.56—7.54 (m, 2H); 7.43—7.39 (m, 2H);
7.37=7.25 (m, 8H); 7.17—7.13 (m, 2H); 4.76 (dd, ] = 10.9, 3.4 Hz,
1H); 4.30—4.22 (m, 2H); 3.62—3.56 (m, 1H); 3.21-3.08 (m, 1H);
3.04 (d, ] = 13.2 Hz, 1H); 2.88 (d, ] = 12.9 Hz, 1H); 2.67—2.63 (m,
1H); 2.49—2.44 (m, 1H); 2.29—-2.05 (m, 1H); 1.60 (t, J = 12.2 Hg,
1H). C NMR (DMSO-dy): & 168.94, 162.24, 155.12, 142.77,
138.49, 135.83, 129.10, 128.51, 128.28, 12822, 127.72, 125.46,
125.10, 115.38, 101.57, 84.43, 60.51, $9.96, 54.32, 50.97, 41.14. MS
(BSI): m/z caled for Cp;H,,FN;0, [M + H]*, 460.53; found, 460.20.
Ty = 18.16.

Method A for the Synthesis of Guanidine Derivatives 15 and 16.
A solution of NaHCOj; (1.7 mmol) in H,O (1 mL) was added at 0 °C
to a stirring solution of 28 (1 mmol) in CH,Cl, (S mL). At the same
temperature, a solution of cyanogen bromide (1.2 mmol) in CH,Cl,
(5 mL) was added. The heterogeneous mixture was vigorously stirred
at 0 °C for 30 min, then warmed to room temperature, and stirred for
further 24 h. After this time, the layers were separated and the organic
phase was washed with a saturated solution of NaHCO5 (2 X 10 mL),
dried with anhydrous Na,SO,, and concentrated under vacuum to
give a residue from which compound 29 was purified via flash column
chromatography on silica gel using a 1:1 mixture of petroleum ether
and EtOAc as an eluent.

White solid (160 mg, 50% yield). "H NMR (200 MHz, DMSO-d):
5 (ppm) 7.52—7.25 (m, 10H), 4.60 (dd, J = 11.2, 3.6 Hz, 1H), 3.98—
3.88 (m, 1H), 3.37-3.22 (m, 2H), 3.10—3.02 (m, 2H), 1.27-1.18
(m, 1H); MS (ESI): m/z caled for C;oH gN;0, [M + H]*, 320.37;
found, 320.40.

Benzylamine or 4-fluorobenzylamine (3 mmol) was added to a
stirring solution of 29 (1 mmol) in DMSO (3 mL) in the presence of
a catalytic amount of p-toluenesulfonic acid. After 18 h of stirring at
60 °C, the reaction solution was diluted with water (10 mL) and
extracted with EtOAc (3 X 15 mL). The organic layers were dried
over Na,SO, and concentrated in vacuum after which crude products
were purified by flash column chromatography on silica gel using a 4:1
mixture of CH,Cl, and MeOH.

Method B for the Synthesis of Guanidine Derivatives 15 and 16.
Compounds 15 and 16 were alternatively synthetized according to a
manual solid-phase synthesis approach described previously.'® Briefly,
compounds 31a or 31b (0.62 mmol) was added to a suspension of 2-
(4-bromomethyl-phenoxy)ethyl polystyrene HL resin (substitution:
1.23 mmol/g, 0.62 mmol) in a 2:1 mixture of CH,Cl,/DMF (3 mL).
The mixture was heated at S0 °C until starting material consumption
was observed (4 h). After that, each of the two differently
functionalized resins was filtered, washed with DMF (2 X § mL)
and CH,Cl, (2 X S mL), and dried. Subsequently, the respective
functionalized resin (0.62 mmol) was suspended in CH;CN (2 mL)
before adding compound 28 (1.55 mmol) and HgCl, (0.93 mmol).
After heating at 90 °C for 24 h, a simple filtration was performed and
the filtrates were purified by flash column chromatography on silica
gel using a 4:1 mixture of CH,Cl, and MeOH.

N-Benzyl-3-oxo-1,1-diphenyltetrahydro-3H-oxazolo[3,4-a]-
pyrazine-7(1H)-carboximidamide (15). White solid (method A: 56
mg, 21% yield; method B: 103 mg, 39% yield); mp 68—69 °C; 'H
NMR (400 MHz, DMSO-d,): & (ppm) 8.38 (m, 1H), 7.90 (s, 2H),
7.61—7.54 (m, 2H), 7.46—7.25 (m, 14H), 477 (dd, ] = 11.3, 3.5 Hz,
1H), 443 (d, ] = 5.7 Hz, 2H), 3.78—3.58 (m, 2H), 3.23—3.17 (m,
1H), 3.08—3.03 (m, 1H), 2.64—2.57 (m, 1H). *C NMR (DMSO-
dg): 6 156.79, 155.36, 142.90, 138.39, 137.37, 129.02, 128.56, 128.00,
127.57, 126.10, 85.18, 59.76, 49.02, 45.63, 45.56, 41.20. MS (ESI):
m/z caled for C,eH,,N,O, [M + HJ*, 427.53; found, 427.44. Ty =
17.68.

N-(4-Fluorobenzyl)-3-oxo-1,1-diphenyltetrahydro-1H-oxazolo-
[3,4-alpyrazine-7(3H)-carboximidamide (16). White solid (method
A: 28 mg, 10% yield; method B: 85 mg, 31% yield); mp 82—8S °C;
'"H NMR (400 MHz, DMSO-dg): 6 (ppm) 8.43 (br s, 1H), 7.95 (s,
2H), 7.60 (d, ] = 7.4 Hz, 2H), 7.52—7.30 (m, 9H), 7.29—7.09 (m,
3H), 4.84—4.74 (m, 1H), 442 (d, ] = 5.5 Hz, 2H), 3.85-3.53 (m,
3H), 3.23-3.12 (m, 1H), 2.71-2.57 (m, 1H). *C NMR (DMSO-
dg): 5 162.69, 156.14, 154.85, 142.41, 137.86, 133.08, 129.26, 129.18,
12848, 128.03, 125.54, 11524, 84.65, 59.26, 54.27, 48.49, 45.03,
44.37, 40.66. MS (ESI): m/z caled for C,H,cFN,O, [M + H]*,
445.52; found, 445.39. Ty = 18.09.

General Procedure for the Synthesis of 36a—e. Enantiomerically
pure monosubstituted piperazines 35a—e were prepared starting from
commercial chiral amino-esters following previously reported
procedures, and the analytical data for intermediates 33—35a—e are
in agreement with data from the literature.'”*® A solution of di-tert-
butyl dicarbonate (1.1 mmol) in anhydrous THF was added at 0 °C
to a solution of compounds 35a—e (1 mmol) in dry THF (10 mL).
The reaction mixture was warmed at room temperature and further
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stirred for 1 h. The solvent was removed in vacuo, and the residue was
dissolved in CH,Cl, (15 mL) and washed with water (3 X 10 mL)
and brine (1 X 10 mL). The organic phase was dried over anhydrous
Na,SO, and concentrated to dryness. Flash column chromatography
on silica gel using a 0.5:9.5 mixture of EtOAc/PEt as the eluent
provided the desired compounds with good yields.

(S)-tert-Butyl 4-Benzyl-2-methylpiperazine-1-carboxylate (36a).
Colorless oil (192 mg, 66% yield). '"H NMR (200 MHz, CDCly-d): §
(ppm) 7.41—7.20 (m, SH), 4.28—4.10 (m, 1H), 3.89—3.73 (m, 1H),
3.63—3.33 (m, 2H), 3.23—3.00 (m, 1H), 2.87—2.67 (m, 1H), 2.67—
2.50 (m, 1H), 2.23—1.90 (m, 2H), 1.45 (s, 9H), 1.24 (d, ] = 6.6 Hz,
3H). MS (ESI): m/z caled for C;,H,,N,0, [M + H]*, 291.42; found,
291.04.

(S)-tert-Butyl 4-Benzyl-2-isopropylpiperazine-1-carboxylate
(36b). Colorless oil (223 mg, 70% yield). 'H NMR (200 MHyg,
DMSO-dy): 6 (ppm) 7.37—7.17 (m, SH), 3.88—3.73 (m, 1H), 3.60—
3.43 (m, 2H), 3.28 (s, 1H), 3.00—2.70 (m, 3H), 2.40—2.20 (m, 1H),
2.00—1.77 (m, 2H), 1.37 (s, 9H), 0.77—0.70 (m, 6H). MS (ESI): m/z
caled for CoHyN,0, [M + HJ%, 319.47; found, 319.46.

(S)-tert-Butyl 4-Benzyl-2-isobutylpiperazine-1-carboxylate (36c).
Colorless oil (239 mg, 72% yield). "H NMR (200 MHz, DMSO-d,):
§ (ppm) 7.39—7.17 (m, SH), 4.00 (br s, 1H), 3.83—3.70 (m, 1H),
3.60—3.47 (m, 1H), 3.31 (s, 1H), 3.03—2.85 (m, 1H), 2.80—2.70 (m,
1H), 2.60—2.50 (m, 1H), 2.00—1.82 (m, 2H), 1.60—1.47 (m, 2H),
1.38 (s, 9H), 1.30—1.20 (m, 1H), 0.88—0.80 (m, 6H). MS (ESI): m/z
caled for CyH33N,0, [M + HJ*, 333.50; found, 333.07.

(S)-tert-Butyl 2,4-Dibenzylpiperazine-1-carboxylate (36d). Color-
less oil (136 mg, 37% yield). '"H NMR (200 MHz, DMSO-dy): &
(ppm) 7.42—7.22, (m, SH), 7.22—7.10 (m, 3H), 7.03—6.95 (m, 2H),
4.13—4.00 (m, 1H), 3.87—3.72 (m, 1H), 3.63—3.52 (m, 1H), 3.27—
3.16 (m, 1H), 3.00—2.73 (m, 4H), 2.60 (m, 1H), 2.10—1.83 (m, 2H),
1.26 (s, 9H). MS (ESI): m/z caled for Cp3H;N,O,: [M + HJ,
367.51; found, 367.02.

(S)-tert-Butyl 4-Benzyl-2-phenylpiperazine-1-carboxylate (36e).
Colorless oil (229 mg, 65% yield). "H NMR (200 MHz, DMSO-d,):
5 (ppm) 7.34—7.18 (m, 10 H), 5.17—5.06 (m, 1H), 3.90—3.73 (m,
1H), 3.60—3.44 (m, 2H), 3.30—3.20 (m, 1H), 3.00-2.83 (m, 1H),
2.83—2.70 (m, 1H), 2.37—2.25 (m, 1H), 2.13—1.93 (m, 1H), 1.39 (s,
9H). MS (ESI): m/z calcd for Cp,H,oN,0, [M + HJ*, 353.49; found,
353.48S.

General Procedure for the Synthesis of 37a—e. TMEDA (2.7
mmol) was added under an argon atmosphere at room temperature to
a stirring solution of 36a-e (1 mmol) in freshly distilled THF (S mL).
After cooling at —78 °C, sec-BuLi (2.7 mmol) was added, and the
reaction solution was allowed to reach —30 °C over 2 h. A solution of
benzophenone (2 mmol) in THF (5 mL) was added, and the reaction
mixture was left stirring at —30 °C for 30 min, then slowly warmed to
room temperature, and stirred for 18 h. The reaction was quenched
with a saturated solution of NH,Cl (15 mL), and the solvents were
concentrated under vacuum to half volume giving a residue, which
was extracted with EtOAc (3 X 15 mL). The organic layers were
combined, dried over Na,SO,, and the solvent was removed under
vacuum. The resulting crude product was purified by flash column
chromatography on silica gel using a 1:9 mixture of EtOAc/PEt as the
eluent.

(55,8aR)-7-Benzyl-5-methyl-1,1-diphenylhexahydro-3H-oxazolo-
[3,4-alpyrazin-3-one (37a). Yellow oil (100 mg, 25% yield). 'H
NMR (200 MHz, CDCly): 6 (ppm) 7.56—7.44 (m, 2H), 7.44—7.20
(m, 13H), 4.70 (d, ] = 9.1 Hz, 1H), 4.15—4.01 (m, 1H), 3.60—3.45
(m, 1H), 3.33—3.22 (m, 1H), 2.63—2.47 (m, 2H), 2.11-1.97 (m,
1H), 1.62—1.50 (m, 2H), 1.39—1.29 (m, 2H). MS (ESI): m/z calcd
for CoeH,,N,0, [M + HJ, 399.51; found, 399.44.

(5S,8aR)-7-Benzyl-5-isopropyl-1,1-diphenylhexahydro-3H-
oxazolo[3,4-a]pyrazin-3-one (37b). Colotless oil (77 mg, 18%
yield). 'H NMR (200 MHz, CDCly): § (ppm) 7.70—7.60 (m, 2H),
7.60—7.14 (m, 13H), 4.73—4.40 (m, 1H), 3.70—3.03 (m, 3H), 2.91—
270 (m, 1H), 2.61-2.47 (m, 1H), 2.34—2.18 (m, 1H), 1.94—1.91
(m, 1H), 1.27-1.22 (m, 1H), 0.79 (s, 3H), 0.78 (s, 3H). MS (ESI):
m/z caled for C,3H; N,O, [M + H]*, 427.57; found, 427.48.

(5S,8aR)-7-Benzyl-5-isobutyl-1,1-diphenylhexahydro-3H-
oxazolo[3,4-aJpyrazin-3-one (37c). Yellow oil (79 mg, 18% yield).
'"H NMR (200 MHz, CDCl,): § (ppm) 7.57—7.47 (m, 2H), 7.43—
7.29 (m, 13H), 4.76—4.64 (m, 1H), 4.06—3.86 (m, 1H), 3.56—3.47
(m, 1H), 327-3.16 (m, 1H), 2.69-2.25 (m, 2H), 2.11-1.98 (m,
1H), 1.65—1.63 (m, 2H), 1.03—0.89 (m, 2H), 0.86 (dd, ] = 6.5, 3.7
Hz, 6H). MS (ESI): m/z caled for C,oH;3N,0, [M + HJ, 441.60;
found, 441.46.

(55,8aR)-5,7-Dibenzyl-1,1-diphenylhexahydro-3H-oxazolo[3,4-
alpyrazin-3-one (37d). Yellow oil (247 mg, 52% yield). '"H NMR
(200 MHz, CDCly): § (ppm) 7.46—7.44 (m, 2H), 7.39-7.27 (m,
13H), 7.15—7.08 (m, 3H), 7.01—6.94 (m, 2H), 4.77 (dd, J = 11.1, 3.3
Hz, 1H), 4.19—4.07 (m, 1H), 3.54 (d, ] = 12.9 Hz, 1H), 323 (d,] =
12.9 Hz, 1H), 3.12—2.98 (m, 2H), 2.63 (d, ] = 11.5 Hz, 2H), 1.95
(dd, J = 11.7, 3.9 Hz, 1H), 1.73—1.60 (m, 1H). MS (ESI): m/z calcd
for C3,H;,N,0, [M + HJ*, 475.61; found, 475.35.

(55,8aR)-7-Benzyl-1,1,5-triphenylhexahydro-3H-oxazolo[3,4-a]-
pyrazin-3-one (37e). C;H,N,0, (88 mg, 19% yield); 'H NMR
(400 MHz, CDCly): § (ppm) 7.61—7.58 (m, 2H), 7.37—7.28 (m,
6H), 7.24—6.88 (m, 11H), 3.84—3.75 (m, 1H), 3.55—3.38 (m, 2H),
3.32—3.29 (m, 2H), 2.96—2.80 (m, 1H), 2.64—2.47 (m, 1H), 2.35—
220 (m, 1H), 1.36—1.22 (m, 1H). MS (ESI): m/z caled for
C;HyN,0, [M + HJ*, 461.59; found, 461.49.

General Procedure for the Synthesis of 38a—e. 9-Fluorenylme-
thoxycarbonyl chloride (FmocCl, 1.1 mmol) was added to a solution
of 37a—e (1 mmol) in CH;CN (5 mL). The reaction solution was
heated at 90 °C for 5 h and then stirred at room temperature for 18 h.
The solvent was evaporated giving a residue that was dissolved in
EtOAc (15 mL), and the resulting organic phase was washed with
water (3 X 10 mL), dried over anhydrous Na,SO,, and concentrated
to dryness. All crude residues were finally purified via flash column
chromatography on silica gel using a 1:4 mixture of EtOAc/PEt as the
eluent.

(9H-Fluoren-9-yl)methyl (5S,8aR)-5-Methyl-3-oxo-1,1-diphenyl-
tetrahydro-3H-oxazolo[3,4-a]pyrazine-7(1H)-carboxylate (38a).
White solid (440 mg, 83% yield); '"H NMR (400 MHz, DMSO): §
(ppm) 7.97—7.84 (m, 3H), 7.47—7.22 (m, 13H), 7.06—6.93 (m, 2H),
5.02—4.91 (m, 1H), 4.51—4.33 (m, 2H) 4.33—4.21 (m, 1H), 4.13—
4.05 (m, 1H), 3.11-3.00 (m, 1H), 3.00-2.87 (m, 1H), 2.87-2.75
(m, 1H), 2.33—2.11 (m, 1H), 0.87—0.79 (d, ] = 7.2 Hz, 3H); 13C
NMR (400 MHz, DMSO): § 154.61, 144.05, 141.94, 140.67, 137.74,
128.64, 128.46, 127.86, 127.60, 127.54, 127.07, 127.00, 125.43,
124.95, 120.02, 84.1S, 64.96, 55.01, 47.27, 46.36, 45.96, 45.02, 24.02.
MS (ESI): m/z caled for C3,H;N,O, [M + HJ', 531.63; found,
531.52.

(9H-Fluoren-9-yl)methyl (5S,8aR)-5-Isopropyl-3-oxo-1,1-diphe-
nyltetrahydro-3H-oxazolo[3,4-alpyrazine-7(1H)-carboxylate (38b).
White solid (318 mg, 57% yield); "H NMR (400 MHz, CDCLy): §
(ppm): 7.87—7.73 (m, 2H), 7.64—7.16 (m, 14H), 7.07—6.96 (m,
2H), 5.29-5.20 (dd, 1H), 4.56—4.40 (m, 1H), 4.24—4.11 (m, 2H),
3.40—3.16 (m, 1H), 2.80—2.64 (m, 1H), 2.26—2.01 (m, 1H), 1.81—
1.56 (m, 2H), 1.16—1.04 (m, 1H), 0.94 (d, ] = 6.4 Hz, 3H), 0.62 (d, J
= 6.8 Hz, 3H); *C NMR (400 MHz, CDCl;): § 155.96, 144.29,
143.23, 142.11, 141.41, 138.79, 138.02, 128.61, 127.96, 127.85,
127.18, 125.64, 125.34, 124.56, 120.00, 119.63, 84.87, 64.89, 57.60,
56.77, 48.27, 46.09, 43.89, 25.64, 19.98, 19.47. MS (ESI): m/z calcd
for C3H,;N,0, [M + HJ*, 559.69; found, 559.57.

(9H-Fluoren-9-yl)methyl (5S,8aR)-5-Isobutyl-3-oxo-1,1-diphenyl-
tetrahydro-3H-oxazolo[3,4-a]pyrazine-7(1H)-carboxylate (38c).
White solid (309 mg, 54% yield). '"H NMR (400 MHz, CDCLy): &
(ppm): 7.78—=7.75 (m, 2H), 7.64—7.16 (m, 14H), 7.07—6.96 (m,
2H), 5.29-5.20 (m, 1H), 4.56—4.40 (m, 1H), 4.24—4.11 (m, 2H),
3.40-3.16 (m, 1H), 2.80—2.64 (m, 1H), 2.26—2.01 (m, 1H), 1.81—
1.56 (m, 2H), 1.40—1.23 (m, 2H), 1.16—1.04 (m, 1H), 0.98—0.91 (d,
J = 6.4 Hz, 3H), 0.67—0.60 (d, ] = 6.8 Hz, 3H). MS (ESI): m/z calcd
for C3,H;,N,0, [M + HJ*, §73.71; found, 573.73.

(9H-Fluoren-9-yl)methyl (5S,8aR)-5-Benzyl-3-oxo-1,1-diphenyl-
tetrahydro-3H-oxazolo[3,4-a]pyrazine-7(1H)-carboxylate (38d).
White solid (376 mg, 62% yield). '"H NMR (400 MHz, CDCLy): &
(ppm) 7.84—7.71 (m, 2H), 7.71-7.01 (m, 21H), 5.22—5.11 (m, 1H),
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4.63—4.47 (m, 2H), 4.26—4.15 (m, 1H), 4.13—3.89 (m, 2H), 3.42—
3.31 (m, 1H), 2.89-2.82 (m, 1H), 2.82—2.61 (m, 1H), 2.61—-2.44
(m, 1H), 2.27—2.00 (m, 1H). MS (ESI): m/z calcd for C,oH;sN,0,
[M + H]*, 607.73; found, 607.49.

(9H-Fluoren-9-yl)methyl (5S,8aR)-3-Oxo-1,1,5-triphenyltetrahy-
dro-3H-oxazolo[3,4-alpyrazine-7(1H)-carboxylate (38e). White
solid (350 mg, 59% yield); 'H NMR (400 MHz, CDCL,): & (ppm)
7.95—6.88 (m, 23H), 5.10—4.98 (m, 1H), 4.68—4.52 (m, 1H), 4.40—
4.30 (m, 1H), 4.30—4.18 (m, 1H), 4.18—4.09 (m, 1H), 3.83—3.78
(m, 1H), 3.78—3.67 (m, 1H), 2.93—2.73 (m, 2H). MS (ESI): m/z
caled for C3,Hy3N,0, [M + HJ*, 593.70; found, 593.50.

General Procedure for the Synthesis of Final Compounds 17—
21. 4-Fluorobenzyl isocyanate (2 mmol) and DBU (1.2 mmol) were
sequentially added at room temperature to a stirring solution of 38a—
e (1 mmol) in anhydrous THF (S mL). The reaction solution was
stirred for 2 h and then it was quenched with a saturated solution of
NH,CI (10 mL). The mixture was concentrated under vacuum to half
volume and the aqueous phase was extracted with EtOAc (3 X 1S
mL). The organic layers were combined, dried over Na,SO,, and
concentrated in vacuum. The desired products were purified by
preparative RP-HPLC.

(55,8aR)-N-(4-Fluorobenzyl)-5-methyl-3-oxo-1, 1-diphenyltetra-
hydro-1H-oxazolo[3,4-a]pyrazine-7(3H)-carboxamide (17). White
solid (225 mg, 49% yield); mp 153—156 °C; '"H NMR (400 MHz,
DMSO-dg): 6 (ppm) 7.57—7.55 (m, 2H), 7.44—7.25 (m, 11H),
7.14—7.09 (m, 2H), 4.70 (dd, J = 11.3, 3.8 Hz, 1H), 4.28—4.14 (m,
2H), 3.98—3.84 (m, 2H), 3.79 (d, J = 13.7 Hz, 1H), 2.87 (dd, ] =
13.7, 3.9 Hz, 1H), 2.15-2.01 (m, 1H), 1.15 (d, ] = 6.9 Hz, 3H). °C
NMR (DMSO-dy): § 162.12, 157.39, 154.69, 142.36, 138.46, 136.92,
128.83, 128.75, 128.55, 128.40, 12824, 127.84, 125.61, 125.35,
114.83, 114.62, 84.82, 55.76, 46.83, 46.11, 45.45, 42.80, 15.33. MS
(BSI): m/z caled for CosH,,FN;0; [M + H]*, 460.53; found, 460.49.
Ty = 23.10. [a]¥ = +1059.13 (c 0.023).

(55,8aR)-N-(4-Fluorobenzyl)-5-isopropyl-3-oxo-1,1-diphenylte-
trahydro-1H-oxazolo[3,4-a]pyrazine-7(3H)-carboxamide (18).
White solid (229 mg, 47% yield); mp 186—187 °C; 'H NMR (400
MHz, DMSO-dg): § (ppm) 7.65 (d, ] = 7.5 Hz, 2H); 7.43—7.38 (m,
6H); 7.35—7.28 (m, 2H); 7.28—7.20 (m, 3H); 7.13=7.08 (m, 2H);
4.67 (dd, J = 11.2, 3.9 Hz, 1H); 4.19 (dd, ] = 15.1, 5.4 Hz, 2H); 4.01
(d, J = 14.2 Hz, 1H); 3.71 (dd, J = 12.8, 3.6 Hz, 1H); 3.26 (dd, ] =
12.3, 3.8 Hz, 1H); 2.88 (dd, J = 13.8, 3.9 Hz, 1H); 2.36—2.21 (m,
1H); 1.93—1.76 (m, 1H); 0.92 (d, ] = 6.6 Hz, 3H); 0.60 (d, ] = 6.6
Hz, 3H). *C NMR (DMSO-d,): § 162.11, 159.71, 157.18, 155.27,
142.90, 13834, 136.94, 128.82, 128.75, 128.50, 128.43, 128.15,
127.79, 12525, 125.17, 114.80, 114.59, 84.77, 57.01, 56.58, 45.15,
43.05, 42.82, 26.10, 19.47, 18.98. MS (ESI): m/z calcd for
CyoH; FN;0; [M + HJ*, 488.58; found, 488.54. Ty = 26.07. [a]¥
= +1058.5 (¢ 0.012).

(5S5,8aR)-N-(4-Fluorobenzyl)-5-isobutyl-3-oxo-1,1-diphenyltetra-
hydro-1H-oxazolo[3,4-a]pyrazine-7(3H)-carboxamide (19). White
solid (100 mg, 20% yield); mp 216—219 °C; 'H NMR (400 MHz,
DMSO-dy): 6 (ppm) 7.61-7.55 (m, 2H), 7.42—7.07 (m, 13H), 4.69
(dd, J = 11.1, 3.6 Hz, 1H), 4.29—4.13 (m, 3H), 3.85—3.75 (m, 2H),
2.91 (dd, J = 13.6, 3.9, 1H), 2.17 (m, 1H), 1.63—1.52 (m, 1H), 1.40—
1.23 (m, 2H), 0.80 (d, J = 6.4, 3H), 0.76 (d, J = 6.8, 3H). '*C NMR
(DMSO-dy): 6 162.12, 157.29, 155.77, 155.01, 142.58, 138.36,
136.94, 128.96, 128.85, 128.78, 128.44, 128.19, 127.79, 125.42,
125.28, 115.13, 114.96, 114.75, 114.57, 84.79, 55.89, 48.69, 45.99,
45.16, 42.75, 37.37, 24.13, 22.64, 21.65. MS (ESI): m/z calcd for
C3oH33FN;0; [M + H]*, 502.61; found, 502.40. Ty = 26.28. [a]F = +
794.29 (¢ 0.022).

(55,8aR)-N-(4-Fluorobenzyl)-5-benzyl-3-oxo-1,1-diphenyltetra-
hydro-1H-oxazolo[3,4-a]pyrazine-7(3H)-carboxamide (20). White
solid (134 mg, 25% yield); mp 9598 °C; 'H NMR (400 MHz,
DMSO-dg): § (ppm) 7.51-7.48 (m, 2H); 7.43—7.25 (m, 11H);
7.16—7.04 (m, 7H); 4.87 (dd, ] = 11.2, 3.7 Hz, 1H); 4.29—4.18 (m,
2H); 4.03—3.99 (m, 1H); 3.94—3.88 (m, 1H); 3.82 (dd, J = 13.1, 3.2
Hz, 1H); 2.99-2.79 (m, 3H); 2.26—2.14 (m, 1H). *C NMR
(DMSO-dy): 6 162.12, 159.73, 157.43, 154.95, 142.44, 13822,
137.71, 136.86, 128.96, 128.85, 128.37, 128.29, 128.05, 127.93,

127.79, 126.0S, 125.57, 125.33, 114.82, 114.61, 84.76, 56.42, 52.19,
45.66, 45.35, 42.87, 34.85. MS (ESI): m/z calcd for Cy3Hy FN;04 [M
+ HJ*, §36.63; found, 536.38. T = 26.10. [a]¥ = +539.8 (c 0.024).

(55,8aR)-N-(4-Fluorobenzyl)-3-oxo-1,1,5-triphenyltetrahydro-
1H-oxazolo[3,4-a]pyrazine-7(3H)-carboxamide (21). White solid
(83 mg, 16% yield); mp 105—107 °C; 'H NMR (400 MHyg,
DMSO-dy): § (ppm) 7.63 (d, ] = 7.9 Hz, 2H); 7.50 (t, ] = 7.7 Hz,
2H); 7.39 (t, ] = 7.1 Hz, 1H); 7.24 (t, ] = 6.9 Hz, 2H); 7.15—6.99 (m,
11H); 6.97—6.88 (m, 2H); 5.03 (d, ] = 13.9 Hz, 1H); 4.17—4.06 (m,
2H); 3.75-3.62 (m, 2H); 2.85-2.80 (m, 1H), 2.71-2.55 (m, 2H).
BC NMR (DMSO-dg): & 162.04, 159.64, 155.95, 139.25, 138.42,
13673, 134.11, 128.60, 128.01, 127.42, 12592, 125.61, 114.69,
114.47, 87.97, 71.18, 47.37, 42.64, 42.11. MS (ESL): m/z caled for
C3,H,0FN;0; [M + H]*, 522.60; found, 522.46. Ty = 26.72. [} =
+8.8 (c 0.025).

Pharmacology. Calcium Mobilization Assay. HEK293,\psr cells
were generated as previously described® and maintained in DMEM
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and
hygromycin B (100 mg/L) and cultured at 37 °C in 5% CO,
humidified air. HEK293 \psr cells were seeded at a density of
50,000 cells/well into poly-D-lysine coated 96-well black, clear-bottom
plates. The following day, the cells were incubated with medium
supplemented with 2.5 mM probenecid, 3 uM of the calcium sensitive
fluorescent dye Fluo-4 AM, and 0.01% pluronic acid, for 30 min at 37
°C. After that time, the loading solution was aspirated and 100 L/
well of assay buffer (Hanks' balanced salt solution; HBSS)
supplemented with 20 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), 2.5 mM probenecid, and SO0 yM Brilliant
Black (Sigma-Aldrich) was added. Concentrated solution (1 mM) of
NPS was made in bidistilled water and kept at —20 °C. Concentrated
solutions (10 mM) of NPSR antagonists were made in DMSO and
kept at —20 °C. Serial dilutions were carried out in HBSS/HEPES
(20 mM) buffer (containing 0.02% bovine serum albumin fraction V).
After placing both plates (cell culture and master plate) into the
fluorometric imaging plate reader FlexStation II (Molecular Devices,
Sunnyvale, CA), fluorescence changes were measured. On-line
additions were carried out in a volume of 50 uL/well. To facilitate
drug diffusion into the wells in antagonist type experiments, the
present studies were performed at 37 °C, and three cycles of mixing
(25 uL from each well moved up and down 3 times) were performed
immediately after antagonist injection to the wells. Inhibition
response curves were determined against the stimulatory effect of
10 nM NPS. Additionally, the concentration—response curve to NPS
has been tested in the absence and in the presence of 100 nM of 1,
compound 16, and compound 21 (Figure 3). NPSR antagonists were
injected into the wells 24 min before adding NPS.

Mouse Locomotor Activity Test. All animal care and experimental
procedures conformed with the European Communities Council
Directives (2010/63/EU) and national regulations (D.L. 26/2014).
Studies involving animals are reported in accordance with the
ARRIVE guidelines.’' This study was approved by the Italian Ministry
of Health (authorization number 120/2014-PR). The experiments
were performed with CD-1 mice (2—4 month old, from the
Laboratory for Preclinical Research (LARP) of the University of
Ferrara, Italy). Mice were housed under standard conditions (22 °C,
55% humidity, 12 h light/dark cycle, light on at 7:00 am), with free
access to food and water. Appropriate environmental enrichment was
present in each cage. Mice were killed with CO, overdose. Each
animal was used only once. Experiments were performed during the
light cycle (between 09.00 and 13.00) according to Guerrini et al.
(2009).** For in vivo studies, 1, 16, and 21 were solubilized in water
containing 1% DMSO and 10% Cremophor EL (Sigma-Aldrich). NPS
was solubilized in saline solution. Vehicle, 1, 16, and 21 were injected
by the ip route 30 min before saline or NPS injection. NPS or saline
were given by the i.c.v. route 15 min before the beginning of the test
and the locomotor activity was recorded for 30 min. The ic.v.
injections (2 pL/mouse) were given under light (just enough to
produce loss of the righting reflex) isofluorane anesthesia into the left
ventricle according to the procedure described by Laursen and
Belknap (1986)°* and routinely adopted in our laboratory. For these
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experiments, the ANY-maze video tracking system was used (Ugo
Basile, application version 4.52c Beta). Mice were positioned in a
square plastic cage (40 X 40 cm), one mouse per cage. Four mice
were monitored in parallel. Mouse horizontal activity was monitored
by a camera while vertical activity was measured by an infrared beam
array. The parameters measured were cumulative distance traveled
(total distance in m that the animal traveled during the test),
immobility time (the animal is considered immobile when 90% of it
remains in the same place for a minimum of 2.5 s), and the number of
rearings (the number of beam breaks due to the vertical movements;
this input is triggered only when the beam is interrupted for at least
200 ms). Previous studies performed under the present experimental
conditions demonstrated that NPS stimulated locomotor activity in a
dose-dependent way;** from these studies, the dose of 0.1 nmol was
selected as the lower dose inducing statistically significant effects.

Data Analysis and Terminology. Data are expressed as means =+
standard error of the mean (SEM) of n experiments. Nonlinear
regression analysis using GraphPad Prism software (v.4.0) allowed
logistic iterative fitting of the resultant responses and the calculation
of agonist potencies and maximal effects. Agonist potency was
expressed as pECy, which is the negative logarithm to base 10 of the
agonist molar concentration that produces 50% of the maximal
possible effect of that agonist. In inhibition response experiments (i.e.,
increasing concentrations of antagonist vs a fixed concentration of
agonist), the antagonist potency was expressed as pKg, derived from
the following equation

Ky = ICy,/([2 + ([Al/ECy)" " — 1)

where ICy, is the concentration of antagonist that produces 50%
inhibition of the agonist response, [A] is the concentration of agonist,
ECy, is the concentration of agonist producing a 50% maximal
response, and # is the Hill coefficient of the concentration—response
curve to the agonist. When the concentration—response curve to NPS
has been tested in the absence and in the presence of antagonists, the
antagonist potency was expressed as pA,, derived from the following
equation

pA, = —log[(CR — 1)/[A]]

where CR means the ratio between agonist potency in the presence
and absence of antagonist and [A] the molar concentration of the
antagonist.

In vivo data are expressed as mean + SEM of n animals. Data were
analyzed using two-way ANOVA, followed by Bonferroni’s post-hoc
test. Differences were considered statistically significant when p <
0.0S.

Molecular Modeling. hNPSR Model Construction. The query
sequence of the hANPSR in its [107 variant (Q6WSP4, FASTA format)
was downloaded from the Universal Protein Resource.”> BLAST
(Basic Local Alignment Search Tool) was used to search the
homologous sequences to be used as template structures. The
sequences of templates were obtained from the Uniprot web server.
The human CSa anaphylatoxin chemotactic receptor 1 (P21730, PDB
6C1R),** the human & opioid receptor (P4114S, PDB 4DJH),> the
human M2 muscarinic receptor (P08172, PDB SZKC),55 the human
neuropeptide Y Y1 Receptor (Q15761, PDB SZBH),” the human
orexin-1 receptor (043613, PDB 6TOD),*® and the human type-2
angiotensin receptor (P50052, PDB 4ZUD)38 were chosen as the
templates. The sequence identity and coverage between hNPSR and
the six templates are reported in Table S1 along with the phylogenetic
tree (Figure S3) and pairwise sequence alignments (Figures S4-S9).
The choice of templates was dictated by the resolution and sufficient
similarity sequence coverage with the target. The alignments reported
in Figures S4—S9 were used to build six hNPSR models using the
Prime module within Schrodinger (Prime; Schrodinger, LLC, version
2020-1). The X-ray structures of the templates were obtained from
the Protein Data Bank. Homology built models were obtained using
the knowledge-based method. Validation of the model was carried by
generating the Ramachandran plots for each model. This analysis

allowed supporting the viability of the constructed models that all had
>90% of the residues in the allowed regions of the plot.

Docking Calculations. Docking calculations were attained employ-
ing the Glide tool implemented in Maestro 12.4.°” The 3D structures
of 1, 3=5, 7, 10, 12, and 14—21 were generated with the Maestro
fragment Build tool and then energetically minimized with Macro-
model.’®* The 6 models were all prepared through the Protein
Preparation Wizard of the Maestro 12.4 graphical user interface,
which assigns bond orders, adds hydrogen atoms, and generates
appropriate protonation states.

The docking grid box was centered on the residues lining the
putative binding orthosteric binding, with a grid box dimension equal
to 31 A X 31 A x 31 A. Finally, docking runs were carried out using
the standard precision method. Pictures were rendered employing
UCSF Chimera software.*’

MD Simulation System Setup. The complexes obtained from
docking experiments of 1, 16, and 21 in both BM1 and BM2
employing the hNPSR model built using the human neuropeptide Y
Y1 receptor ((NPY1R, PDB code SZBH) structure as a template were
used to build an MD simulation system. The complex was embedded
in a membrane of phosphatidylcholine lipids®® using Maestro’s system
builder and was located in the membrane using the default
parameters. Next, the system was solvated in an orthorhombic
water box with a buffer distance of 10 A.°" The system was neutralized
with 9 CI” ions for the complexes with 1 and 21 while 10 CI™ ions
were included in the 16/hNPSR complexes. The salt concentration
was set to 0.15 M NaCl. The OPLS3 force field was used for the
constructed receptor/ligand/membrane system.62

MD Simulation Protocols. The Desmond module within the
Schrédinger suite was used for MD simulations.”>”° First, the system
was relaxed using the following relaxation protocol for membrane
proteins:

1. minimization with restraints on all solute-heavy atoms;
2 unrestrained minimization;

3 Brownian Dynamics in NVT ensemble (constant number of
particles, constant volume, constant temperature of 300 K)
using small timesteps and restraints on solute heavy atoms (50
keal/mol) at 10 K for SO ps;

4 NPT ensemble simulation (constant number of particles,
constant pressure of 1 bar, and constant temperature of 100 K)
Gaussian barrier potential on water molecules, membrane
restrained in z, protein restrained (20 kcal/mol) for 20 ps;

S NPyT ensemble simulation (constant number of particles,
constant pressure of 1 bar, constant temperature of 100 K, and
lateral surface tension of membranes) Gaussian Barrier
potential on water molecules, membrane restrained in z,
protein restrained (10 kcal/mol) for 100 ps;

6 NPyT ensemble simulation with increasing temperature from
100 to 300 K, Gaussian Barrier potential on water molecules,
and gradual release of restraints for 150 ps.

7 NVT production run (constant number of particles, constant
volume, and constant temperature of 300 K) without any
restraint for 100 ps.

After the relaxation, 100 ns production runs were conducted under
the NPyT ensemble for each of the six systems using the default
protocol. In detail, the temperature was controlled using the Nosé—
Hoover thermostat®®®’ with a coupling constant of 1.0 ps. The
pressure was controlled using the Martyna—Tuckerman—Klein
barostat®®” with a coupling constant of 2.0 ps. The cutoff distance
for short-range nonbonded interactions was 9 A, and the long-range
van der Waals interactions were based on a uniform density
approximation. To minimize the computation time, nonbonded
forces were calculated using an r-RESPA integrator’® where the short-
range forces were updated every two steps and the long-range forces
were updated every six steps. The trajectories were saved at 100.0 ps.
The Desmond SID tool was used to analyze the receptor—ligand
interactions during the MD trajectory. Particular attention was given
to ligand—residue interactions and ligand RMSF.
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ABSTRACT: The nociceptin/orphanin FQ (N/OFQ)/N/OFQ_receptor (NOP) system controls different biological functions
including pain and cough reflex. Mixed NOP/opioid receptor agonists elicit similar effects to strong opioids but with reduced side
effects. In this work, 31 peptides with the general sequence [Tyr/Dmt'Xaa’]N/OFQ(1-13)-NH, were synthesized and
pharmacologically characterized for their action at human recombinant NOP/opioid receptors. The best results in terms of NOP
versus mu opioid receptor potency were obtained by substituting both Tyr' and Thr® at the N-terminal portion of N/OFQ(1-13)-
NH, with the noncanonical amino acid Dmt. [Dmt"*]N/OFQ(1-13)-NH, has been identified as the most potent dual NOP/mu
receptor peptide agonist so far described. Experimental data have been complemented by in silico studies to shed light on the
molecular mechanisms by which the peptide binds the active form of the mu receptor. Finally, the compound exerted antitussive
effects in an in vivo model of cough.

H INTRODUCTION consistently demonstrated that these drugs elicit similar

Nociceptin/orphanin FQ (N/OFQ; FGGFTGARKSAR- analgesic effects to strong opioids but with substantially reduced
KLANQ) is the endogenous ligand of the N/OFQ peptide side effects including respiratory depression, tolerance, and
(NOP) receptor.l’2 N/OFQ and the NOP receptor display high abuse liability (see the recent review by Kiguchi et al.13).

structural homology with peptides and receptors of the opioid Other ligands targeting multiple opioid receptors have been
family but distinct pharmacology.” The N/OFQ-NOP receptor studied."* For example, dual-acting mu agonist/delta antagonist
system controls several biological functions at both central and peptidomimetics demonstrated to produce antinociception in
peripheral levels including pain transmission, mood and anxiety, vivo with reduced tolerance liability compared with mor-
food intake, learning and memory, locomotion, cough and phine."'® Moreover, mixed kappa agonist/mu partial agonist
micturition reflexes, cardiovascular homeostasis, intestinal ligands have been investigated as potential treatment agents for

motility, and immune responses.*

The effects of N/OFQ and selective NOP agonists in
analgesiometric assays are complex depending on the dose,
administration route, type of pain, and animal species.s’6 On the
contrary, strong and consistent experimental evidence suggests
that the simultaneous activation of NOP and opioid receptors
elicits synergistic analgesic effects.”” On these bases, mixed
NOP/opioid receptor agonists (cebranopadol,”” AT-121,"
BU10038,"" and BPRIM97'?) have been developed and
investigated for their antinociceptive properties. It was

cocaine and other psychostimulant abuses.'” Finally, mixed
kappa agonist/delta antagonist ligands have been developed as
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Figure 1. SAR investigation leading to a series of [Tyr/Dmt',Xaa’]N/OFQ(1-13)-NH, peptide derivatives as possible mixed NOP/opioid receptor

ligands.

Table 1. Effects of Standard Agonists and a First Series of [Tyr',Xaa’]N/OFQ(1-13)-NH, Derivatives at NOP and mu Opioid
Receptors in Calcium Mobilization Studies

NOP mu NOP/mu
PECso (CLggy) E. .+ SEM. PECso (CLggy) E, £t SEM CR
1 N/OFQ(1-13)NH, 9.29 (9.12—9.46) 368 + 11 inactive <0.001
2 dermorphin inactive 7.71 (7.35—8.07) 380 + 15 >50
3 [Tyr']N/OFQ(1-13)-NH, 9.23 (9.07-9.39) 380 + 11 crc incomplete; 10 uM: 197 + 69 0.001
4 [Tyr',Asn®]N/OFQ(1-13)-NH, 8.70 (8.26—9.11) 327 £ 15 crc incomplete; 10 yM: 209 =+ 29 0.002
S [Tyr',Val’ ]N/OFQ(1-13)-NH, 8.70 (8.53—8.87) 334+ 19 crc incomplete; 10 uM: 254 + 19 0.002
6 [Tyr',Lys(Ac)*IN/OFQ(1-13)-NH, 8.55 (7.88—9.22) 370 + 16 crc incomplete; 10 uM: 161 + 31 0.003
7 [Tyr', Abu®]N/OFQ(1-13)-NH, 8.15 (7.61—8.69) 366 + 20 crc incomplete; 10 uM: 213 + 37 0.007
8 [Tyr',Lys’]N/OFQ(1-13)-NH, 7.26 (6.74—7.78) 366 + 6 crc incomplete; 10 M: 113 + 35 0.05
9 [Tyr',Dap’]N/OFQ(1-13)-NH, 7.20 (6.95—7.45) 367 +9 crc incomplete; 10 uM: 144 + 44 0.06
10 [Tyr',Dab*]N/OFQ(1-13)-NH, 6.43 (6.28—6.58) 340 + 22 crc incomplete; 10 uM: 41 + 4 0.37
11 [Tyr',Leu’]N/OFQ(1-13)-NH, 8.03 (7.46—8.60) 339 + 24 6.08 (5.95-6.21) 339 +25 0.01
12 [Tyr' Nle*]N/OFQ(1-13)-NH, 8.77 (8.45—9.09) 375+9 6.74 (6.15—7.33) 323+4 0.01
13 [Tyr' Nva®]N/OFQ(1-13)-NH, 8.43 (7.55-9.31) 358 + 14 6.25 (5.59—6.91) 313+ 19 0.007
14 [Tyr"*IN/OFQ(1-13)-NH, 7.07 (6.68—7.46) 332+ 19 6.76 (6.34—7.18) 357 +21 0.49
tools for the characterization of delta and kappa-opioid receptor Thr® in N/OFQ(1-13)-NH, can be replaced with several

phenotypes.'®

With the aim of generating a peptide acting as a nonselective
NOP/opioid agonist, we investigated different approaches. On
one hand, the peptide [Dmt']N/OFQ(1-13)-NH, has been
identified as a nonselective agonist for NOP and opioid
receptors'” and its tetrabranched derivative, generated using
the peptide welding technology (PWT),”” was demonstrated to
produce a robust analgesic effect after spinal administration in
nonhuman primates. However, this action was sensitive to NOP
but not opioid receptor antagonists.”’ On the other hand, N/
OFQ and dermorphin-related peptides were linked together to
generate the hetero-tetrabranched derivative H-PWT1-N/
OFQ-[Dmt']dermorphin®* or the dimeric compound
DeNo.” Despite its promising in vitro pharmacological profile
as a mixed NOP/opioid agonist, DeNo was not effective as a
spinal analgesic.” In the present study, we further investigate the
possibility of generating a mixed NOP/opioid agonist based on
the following evidence: (i) mixed NOP/kappa ligands can be
obtained combining the C-terminal sequence of N/OFQ with
the N-terminal of dynorphin A, where amino acids in positions 5
and 6 were particularly important for receptor selectivity;** (ii)
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different residues without loss of peptide efficacy and potency at
the NOP receptor;™> (iii) the substitution of Phe! in N/OFQ
with Tyr*® and particularly with Dmt'**”?® increases affinity/
potency at classical opioid receptors. Thus, in the present study,
31 peptide derivatives with the general sequence [Tyr/
Dmt',Xaa’]N/OFQ(1-13)-NH, were generated and tested for
their action at NOP and opioid receptors (Figure 1).
Experimental data have been complemented by an in silico
study of the binding of [Dmt"*]N/OFQ(1-9)-NH, to the mu
receptor. This non-natural peptide has been compared with the
agonist peptide DAMGO ([D-Ala?, N-MePhe*, Gly-ol]-
enkephalin) and the N-terminal fragment of N/OFQ (N/
OFQ(1-9)-NH,). The starting point of the computational study
was the structure of the activated mu receptor in complex with
the agonist peptide DAMGO that has been previously reported
by X-ray diffraction and cryo-electron microscopy.”””° The last
structure of the complex DAMGO-mu receptor was used as a
model, allowing the setup of the two unknown complexes with
the selected peptides by molecular docking. Specifically, docking
of a flexible ligand to multiple receptor conformations as already
applied to the study of NOP agonists and antagonists’"*> was

https://doi.org/10.1021/acs.jmedchem.0c02062
J. Med. Chem. 2021, 64, 6656—6669



Journal of Medicinal Chemistry

pubs.acs.org/jmc

Table 2. Effects of Standard Agonists and [ Tyr',Xaa*]N/OFQ(1-13)-NH, Derivatives with Different Aromatic Residues as Xaa® at
NOP and mu Opioid Receptors in Calcium Mobilization Studies

NOP mu NOP/mu
PECso (CLgsy) E .+ SEM. PECso (CLgsy) E .. £ SEM. CR
N/OFQ(1-13)-NH, 9.40 (9.19-9.61) 288 + 15 inactive <0.001
dermorphin inactive 7.83 (7.56—8.11) 306 + 23 >50
3 [Tyr']N/OFQ(1-13)-NH, 9.13 (8.83—9.43) 266 + 14 crc incomplete; 10 uM: 217 + 29 0.001
15 [Tyr',Phe’]N/OFQ(1-13)-NH, 7.72 (7.56—7.87) 242 + 11 6.41 (5.85-6.97) 315 +32 0.05
16 [Tyr!, His*]N/OFQ(1-13)-NH, 7.39 (7.16—7.62) 249 +23 crc incomplete; 10 pM: 230 + 37 0.05
17 [Tyr!, Trp°]N/OFQ(1-13)-NH, 7.27 (7.19-7.35) 288 + 28 crc incomplete; 10 uM: 193 + 31 0.07
18 [Tyr',hPhe’]N/OFQ(1-13)-NH, 8.70 (8.24—9.16) 301 +26 crc incomplete; 10 uM: 228 + 29 0.003
19 [Tyr',Phg’]N/OFQ(1-13)-NH, 7.57 (7.12—-8.02) 293 + 31 681 (6.33-7.29) 287 + 48 0.17
20 [Tyr',p(OCH;)Phe’]N/OFQ(1-13)-NH, 7.88 (7.81-7.95) 246 + 18 crc incomplete; 10 gM: 221 + 49 0.02
21 [Tyr',(pF)Phe’]N/OFQ(1-13)-NH, 7.31 (6.81-7.81) 311 £22 crc incomplete; 10 uM: 256 + 5§ 0.06
22 [Tyr!,(pNO,)Phe’]N/OFQ(1-13)-NH, 7.31 (6.90—7.72) 305 +22 crc incomplete; 10 uM: 192 + 64 0.06
23 [Tyr!,Dip*]N/OFQ(1-13)-NH, 6.61 (6.13—7.09) 240 + 26 6.78 (6.28-7.27) 331 + 32 1.48
24 [Tyr',Bip*]N/OFQ(1-13)-NH, 6.93 (6.63—7.22) 272 +29 crc incomplete; 10 pM: 151 + 66 0.15
25 [Tyr!,INal*]N/OFQ(1-13)-NH, 7.17 (6.827.52) 245 + 16 6.08 (5.67-6.49) 319 + 31 0.08
26 [Tyr!,2Nal’]N/OFQ(1-13)-NH, 6.82 (6.60—7.04) 266 + 15 crc incomplete; 10 uM: 244 + 10 0.19
27 [Tyr",(pNH,)Phe$]N/OFQ(1-13)-NH, 752 (7.11-7.93) 274 + 15 643 (5.80-7.05) 329 + 37 0.08
28 [Tyr',Dmt*]N/OFQ(1-13)-NH, 7.75 (7.22—8.27) 251 +£22 6.71 (6.36—7.07) 301 + 35 0.09

Table 3. Effects of Standard Agonists and [Dmt',Xaa’]N/OFQ(1-13)-NH, Derivatives at NOP and mu Opioid Receptors in
Calcium Mobilization Studies

NOP mu NOP/mu

PECs (CLgsy) Epu £ SEM. PECso (CLgsy) Epw+ SEM. CR
1 N/OFQ(1-13)-NH, 9.59 (9.30—-9.88) 289 + 34 inactive <0.001
2 dermorphin inactive 8.15 (7.97-8.33) 359 + 18 >100
3 [Tyr']N/OFQ(1-13)-NH, 9.15 (8.48—9.82) 236 +13 5.80 (5.22—6.38) 251 + 34 <0.001
29 [Dmt']N/OFQ(1-13)-NH, 8.57 (8.26—8.87) 294 +22 7.37 (7.12—7.51) 311 +20 0.06
30 [Dmt!, Tyr’]N/OFQ(1-13)-NH, 691 (6.81-7.01) 304 + 21 7.81 (7.47-8.15) 410 +25 7.94
31 [Dmt',Phe’]N/OFQ(1-13)-NH, 7.25 (6.69—7.81) 277 + 28 8.19 (7.71-8.66) 335+22 8.71
32 [Dmt',Phg*]N/OFQ(1-13)-NH, 6.95 (6.78—7.12) 282 + 12 8.54 (8.13—8.96) 339 +28 39
33 [Dmt!,1Nal°]N/OFQ(1-13)-NH, 7.22 (6.91-7.54) 286 + 19 7.80 (7.51-8.09) 349 +20 3.80
34 [Dmt',(pNH,)Phe’]N/OFQ(1-13)-NH, 7.58 (7.37-7.79) 258 + 20 7.82 (7.35—8.29) 358 + 15 1.73
35 [Dmt"S]N/OFQ(1-13)-NH, 8.39 (8.05-8.72) 270 + 25 8.08 (7.74—8.42) 354 = 16 0.49

Table 4. Effects of Standard Agonists and [Dmt"*]N/OFQ(1-13)-NH, at NOP and mu Opioid Receptors in DMR Studies

NOP mu mu/NOP
PECsp (CLosy,) Epex £ SEM. PECso (CLosy) Epex £ SEM. CR
36 N/OFQ 9.37 (8.96-9.79) 209 + 14 inactive <0.001
2 dermorphin inactive 8.92 (8.74—9.10) 151 + 16 >500
35 [Dmt"$]N/OFQ(1-13)-NH, 7.71 (6.65—8.76) 223+ 11 8.64 (8.28-9.01) 202 + 20 8.51

carried out to provide the best binding pose of the two peptides
[Dmt"*]N/OFQ(1-9)-NH, and N/OFQ(1-9)-NH,. This
docking procedure was further challenged by long-lasting
molecular dynamics (MD) simulations and compared with an
MD simulation of the DAMGO-mu receptor-G; protein
complex to identify the key interactions necessary for a
successful nonselective NOP/opioid agonist. Finally, consider-
ing that NOP receptor agonists have demonstrated antitussive
effects in vivo™ ™" and that opioids are effective drugs currently
in use to treat cough,’® the most potent mixed NOP/opioid
agonist has been evaluated in vivo for its antitussive effects in
guinea pigs.

B RESULTS

Chemistry. The peptide derivatives reported in Tables 1—4
were prepared through automated Fmoc/tBu-based solid-phase

peptide synthesis (SPPS) on a Rink amide MBHA resin.
Commercially available protected amino acids were employed as
synthetic precursors of the target peptides except for Fmoc-
2/,6’-dimethyl-tyrosine (Fmoc-Dmt-OH) that was instead
synthesized in analogy to an approach previously published by
Wang et al.’® (Scheme S1 of the Supporting Information).
Specifically, H-Tyr-OH was first esterified to H-Tyr-OMe under
standard conditions, and then, the phenolic hydroxyl was
protected with a tert-butyldimethylsilyl ether moiety before the
following coupling with picolinic acid. The latter function
worked as a directing group for the subsequent Pd(OAc),-
catalyzed C—H alkylation with CH;I and K,COj; allowing the
simultaneous and regioselective introduction of two methyl
groups at the ortho-positions of the aromatic ring. Then, full
deprotection under strongly acidic conditions, followed by
treatment with Fmoc-Cl, led to the desired 2',6'-dimethyl
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tyrosine scaffold (detailed procedures and analytical character-
izations of Fmoc-Dmt-OH and its precursors have been
reported in the Supporting Information). The structures of
other nonproteinogenic amino acids employed in this work have
been depicted in Table SI.

In Vitro Structure—Activity Relationship. N/OFQ(1-
13)-NH, stimulated calcium mobilization with high potency
and maximal effects in cells coexpressing NOP receptors and
chimeric G proteins, while being inactive in cells expressing the
mu opioid receptor. On the contrary, dermorphin stimulated
calcium mobilization with high potency and maximal effects in
mu expressing cells, while it was inactive in NOP cells (Table 1).
The substitution of Phe' with Tyr as in [Tyr']N/OFQ(1-13)-
NH, did not affect NOP potency while promoting a minor
increase in mu potency. Thr® in [Tyr!]N/OFQ(1-13)-NH, was
replaced with a series of both proteinogenic and non-
proteinogenic amino acids with different polar/nonpolar,
aliphatic/aromatic, linear/branched side chains with the aim
to explore the effect of several structural parameters on the
biological activity. The substitution of Thr® with Asn, Val,
Lys(Ac) caused a slight (<10-fold) reduction in NOP potency
and no modification of mu potency. The same substitution with
Abu, Lys, Dap, and Dab induced a larger loss (>10-fold) of NOP
potency. The introduction in position 5 of Leu, Nle, and Nva
promoted a moderate decrease in NOP potency associated with
a significant increase in mu potency. A similar increase in mu
potency was achieved with [Tyr"® ]N/OFQ(1-13)-NH,, which
however displayed a larger decrease in NOP potency; thus, the
NOP/mu concentration ratio for this peptide was near 1 (Table
1). None of the amino acid substitutions evaluated in Table 1
modified ligand efficacy at both NOP and mu receptors. Based
on these results, aromatic residues were selected for further
modifications of position 5 of [Tyr'IN/OFQ(1-13)-NH,.

As shown in Table 2, 14 compounds with an aromatic residue
substituting Thr® in [Tyr']N/OFQ(1-13)-NH, were assayed in
NOP and mu receptor expressing cells. The different amino
acids did not modify ligand efficacy but produced different
effects on NOP and mu potency. In particular, the NOP potency
of these derivatives was in the range of 8.70—6.61, while the mu
potency of these compounds was <6 with the exceptions of
peptides substituted with Phe, Phg, 1Nal, (pNH,)Phe, and Dmt
(range 6.08—6.81). Then, for further investigation, we selected
those sequences showing pECs, values >7 for the NOP receptor
and >6 for the mu receptor associated with an NOP/mu
concentration ratio >0.05. These criteria were matched by
[Tyr']N/OFQ(1-13)-NH, derivatives substituted in position 5
with Tyr, Phe, Phg, 1Nal, (pNH,)Phe, and Dmt.

The third series of peptides was generated by substituting
Tyr' with Dmt that is known to increase opioid receptor
potency.” In fact, as shown in Table 3, [Dmt']N/OFQ(1-13)-
NH, displayed a moderate (10-fold) decrease in NOP potency
compared to [Tyr']N/OFQ(1-13)-NH, associated to a more
pronounced increase (approx. 40-fold) in mu potency. The
substitution of Thr® of [Dmt']N/OFQ(1-13)-NH, with the
above-mentioned amino acids generated results similar to those
obtained with [Tyr']N/OFQ(1-13)-NH,, that is, a slight to
moderate decrease in NOP potency associated to a large
increase in mu potency. The most exciting result has been
obtained with [Dmt"*]N/OFQ(1-13)-NH, that displayed
similar and high potency at both NOP and mu receptors.

[Dmt"*]N/OFQ(1-13)-NH, was further evaluated in
dynamic mass redistribution (DMR) experiments performed
on CHO cells expressing the human NOP and mu receptors. As
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summarized in Table 4, N/OFQ_ elicited a concentration-
dependent positive DMR signal in cells expressing the NOP
receptor being inactive in mu expressing cells. Opposite results
were obtained with dermorphin that behaves as a mu-selective
agonist. [Dmt"*].N/OFQ(1-13)-NH, elicited a robust DMR
response in both cell lines with similar maximal effects to
standard agonists. [Dmt"*].N/OFQ(1-13)-NH, displayed
nanomolar potency at both NOP and the mu receptor with a
mu/NOP potency ratio of 8.51 (Table 4).

Finally, the agonist properties of [Dmt"*]N/OFQ(1-13)-
NH, were evaluated at delta and kappa opioid receptors in
calcium mobilization experiments. As shown in Figure 2,

1.251
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8 = noP
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- © kappa
3
- iF delta
X 0.50
£
w
0.251
0.00
-0.251— T r r . . .
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-log[[Dmt"*IN/OFQ(1-13)NH,]

Figure 2. Effects of [Dmt"*]N/OFQ(1-13)-NH, at NOP and classical
opioid receptors in calcium mobilization studies.

[Dmt"*]N/OFQ(1-13)-NH, displayed low potency and
efficacy at the delta receptor. On the contrary, the peptide
showed at the kappa opioid receptor high potency (pECs, =
8.49) similar to that displayed at NOP (pECs, = 8.39) and mu
(pECy, = 8.08) receptors. Thus, [Dmt"*]N/OFQ(1-13)-NH,
should be classified as a mixed NOP/mu/kappa full agonist.

Molecular Dynamics. As explained in the Experimental
Section, MD simulations have been performed setting up nine-
residue long peptides (i.e., [Phe/Dmt', Thr/Dmt’]N/OFQ(1-
9)-NH,) due to the fact that longer peptides lack reliable starting
conformations by molecular docking. Moreover, in the
following, we will focus on the first five residues of the peptides,
those entering the mu opioid receptor orthosteric site, as
residues 6—9 represent the more flexible part of the peptides
along the MD simulation. The results obtained for [Dmt"°]N/
OFQ(1-9)-NH, were compared with those obtained by similar
simulations performed on the mu agonist peptide DAMGO and
also on N/OFQ(1-9)-NH, as a sort of negative control since this
peptide lacks mu receptor affinity.*®

In Figure 3A, the 3D conformation obtained after docking and
MD for [Dmt"*]N/OFQ(1-9)-NH, (colored purple) is super-
imposed to the known one reported for DAMGO (colored
yellow, PDB code 6DDF).** Subsequent panels (Figure 3B—E)
show the main interactions relating to each of the three aromatic
residues, that is, Dmt!, Phe* and Dmt®. Furthermore, a general
comparison between the results of MD simulations performed
on DAMGO (blue), [Dmt"*]N/OFQ(1-9)-NH, (green), and
N/OFQ(1-9)-NH, (red) is shown in Figure 4. In this figure,
patterns of the main receptor-peptide interactions provided are

https://doi.org/10.1021/acs.jmedchem.0c02062
J. Med. Chem. 2021, 64, 6656—6669
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Figure 3. (A) Orthosteric site of [Dmt"*]N/OFQ(1-9)-NH, (colored purple) in the active mu receptor, according to “in silico” docking and MD
(starting receptor structure from PDB code 6DDF). Only the first five residues are shown. The reported DAMGO conformation (the same PDB code)
is superimposed (yellow). (B) Hydrophobic contacts between Dmt', Phe*, and Dmt® with their neighboring residues. (C—E) Interaction histograms of
residues Dmt', Phe*, and Dmt?, respectively, including hydrophobic, polar, H-bonds, water bridges of first and second order, salt bridges, and 7—cation

and 77— stacking as derived from long-lasting MD.

displayed and superimposed, that is, hydrophobic and polar
average number of contacts (Figure 4A,B), percentage of
formation of hydrogen bonds, and average “strength” of 7—x
stacking and 7—cation interaction (Figure 4C—E, respectively).
Accordingly, the representative conformation of [Dmt"*]N/
OFQ(1-9)-NH, in the orthosteric site largely overlaps with that
of DAMGO (Figure 3A). The N-terminus of Dmt' forms salt
bridge/hydrogen bond contacts with D'*” (a residue conserved
all along the opioid family) similar to both DAMGO and the
morphinan agonist BU72 (PDB code 5CIM).”” MD
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simulations show that this important interaction is strongly
stabilized by the presence of another conserved residue, Q'**
(TM2), whose nitrogen and oxygen side-chain atoms reinforce
the hydrogen bond network by contacts with both the carboxyl
oxygen of D'*” and the N-terminus of Dmt'. Moreover, water
bridges fill the small remaining volume between the D'*’ and
Q'** side chains and the backbone donor/acceptors of Dmt',
Gly®, and Gly?, with the latter being in direct H-bond with W*'8
of TM7.

https://doi.org/10.1021/acs.jmedchem.0c02062
J. Med. Chem. 2021, 64, 6656—6669
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Figure 4. Maps of hydrophobic (A), polar (B), H-bond (C), 7—7 stacking (D), and 7—cation (E) interactions between the mu receptor and the
studied ligands along MD trajectories. Only residues 1—S5 are considered for [Dmt"*]N/OFQ(1-9)-NH, and N/OFQ(1-9)-NH,.

Dmt' is also in direct hydrophobic contact with TM6 residues
(W?3, H?, and especially I*, Figure 3B,C). Along the MD
trajectories, its aromatic head moves alternating first- and
second-order water bridges with H*” of TM6 (Figure 3C).
Partial 7—7 stacking between the Dmt' and H297 rings is also
observed during the simulations. Hydrophobic, 7-stacking, and
water bridge contacts between Dmt' and Y'** (TM3), H*” and
W?% (TM6) frequently occur (Figure 3C). The latter residue, in
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the so-called receptor polar cavity, is thought to be very
important for the activation mechanism in many class A GPCRs,
and these interactions, although not fully stable, could
contribute to stabilize the receptor active state.

The formation of alternating second-order water bridges
(along 78% of the trajectory) shows that the N-terminus of
Dmt!, together with D', is also in contact with N**° (Figure
3C), an important conserved residue that in the reported high-

https://doi.org/10.1021/acs.jmedchem.0c02062
J. Med. Chem. 2021, 64, 6656—6669



Journal of Medicinal Chemistry

pubs.acs.org/jmc

Recording of cough events

A

=’ e s

0 5 15 3
\_Y_A A
[ [
Acclimation Nebulization Recovery Nebulization

vehicle/[DmtY5]N/OFQ(1-13)-NH,

vehicle

)

Recovery
Citric Acid

®  [Dmt'SIN/OFQ(1-13)-NH, (1 mM)

40-
Citric Acid (0.4 M)
304
= —_
£
ﬁ *
2 201 | Lo °
5 °
o
(&)
104
N
0 PP

Figure 5. Effect of [Dmt"*]N/OFQ(1-13)-NH, on citric acid-induced cough in conscious guinea pigs. Schematic representation of the experimental
procedure for the cough measurement in conscious guinea pigs and pooled data of cough number after [Dmt"*]N/OFQ(1-13)-NH, (1 mM) or
vehicle (0.9% NaCl) nebulization, 30 min before the nebulization of the tussive agent, citric acid (0.4 M). Values are the mean & SEM of the numbers
of coughs/15 min, with data points overlaid (n = 6 guinea pigs for each condition). *p < 0.0 vs vehicle, Student’s t-test.

resolution structure of the inactive delta receptor’" is shown to
connect the orthosteric site to the sodium pocket in the central
part of the receptor.

While Dmt’ interacts with both TM3 (more than 40 contacts
with residues Y'** and M'*!) and TM6 (about 80 contacts with
residues W?3, 1, and H?”’), Phe* is immersed in the same
hydrophobic pocket as the phenyl group of DAMGO between
TM2 (residues F'** and Q'**) and TM3 (residues V'** and I'**)
(Figure 3B,D), still participating with its amidic nitrogen and
water bridges to the main hydrogen bond network linking the
peptide to D'* and Q'** (Figure 3D).

The Dmt’ peptide residue mainly interacts with residues not
conserved within the opiate family, that is, E*** and K*** of TMS,
V3% and K3% of TM6, and W38 of TM7. Movements of this ring
allow an alternation of nonpolar interactions with the aliphatic
chains of K*® (TM6) and K** (TMS) (Figure 3B) and of
possible 7—cation interactions with the positively charged amine
of both the same K residues (Figure 3E). Similarly, the amidic
oxygens of Gly’, Dmt®, and Gly® alternate in H-bond or water
bridge contacts with R*' (ECL2) and E*** (TMS) on two
opposite sides of the receptor.

Details on the MD simulations of DAMGO and [Dmt"*]N/
OFQ(1-9)-NH, in complex with the mu receptor are given in
Figures SI and S2, reporting the root-mean-square deviation
(RMSD) analyses and clustering outcomes for each of the
investigated peptides. Moreover, the RMSD analysis (Figure S3)
and the representative conformation of residues 1-5 of N/
OFQ(1-9)-NH, (purple) are shown, compared to DAMGO
(yellow). MD shows that the interactions of N/OFQ(1-9)-NH,
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with TM6 are strongly diminished; in addition to the absence of
polar contacts and the water density between residues 15 of
the peptide and TM6, there are only about 20 nonpolar contacts
(between Phe! and W and between Phe' and F?*¢), while both
polar and nonpolar interactions with TM3 increase.

In Figure 4, the maps of hydrophobic, polar, hydrogen bond,
m—n stacking, and 7—cation interactions for the peptides under
study are superimposed for an overall immediate comparison.
The hydrophobic and polar interaction maps are widely
superimposable on all peptides (Figure 4A,B), attesting the
similarity of their conformation inside the orthosteric site, with
an increase of nonpolar contacts between [Dmt"*]N/OFQ(1-
9)-NH, and TM6 (I*%%, V3%, and K3%) essentially due to the
aromatic ring of Dmt’. The N-terminus of all three peptides
forms hydrogen bonds with D'*” and Q'** (Figure 4C). More
interestingly, according to our simulation, the H-bond contact
reported in the crystal structure between the amidic oxygen of
Gly’ of DAMGO and the indole nitrogen of W*'® is not fully
stable; in the same time, the phenolic head of Tyr! tends to
extend toward the so-called “polar cavity” between Y**¢ and W**
in the intracellular side (Figure S1C), with the possibility to
form z-stacking with W*** (Figure 4D) and a H-bond besides a
m—cation contact between its N-terminus and the phenol group
of Y**. On the other hand, the H-bond between Gly* of
[Dmt"*]N/OFQ(1-9)-NH, and W*'® remains quite stable, as
reinforced by partial z-stacking between W*'® and Dmt’
(Figures 3E and 4D), while the Dmt' phenolic head, sterically
hindered by the two methyl groups, does not extend toward the
polar cavity. Concerning N/OFQ (1-9)-NH,, Phe' has

https://doi.org/10.1021/acs.jmedchem.0c02062
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negligible hydrogen and water bond contacts with the inner side
of the receptor, and the contacts between Phe*, Thr® of the
peptide and T*'¥, L*® of extracellular loop 2 (ECL2) are
stronger (Figure 4C). The N-terminus of the three peptides can
form m—cation interactions with the aromatic ring of Y32 while
as mentioned above, 7—cation contributions due to interactions
of K*** and K3* are exclusive of [Dmt"*]N/OFQ(1-9)-NH,
(Figure 4E).

In Vivo Experiments: [Dmt"*]N/OFQ(1-13)-NH, Effect
on Citric Acid-Induced Cough in the Conscious Guinea
Pig. To test the antitussive effect of [Dmt"*]N/OFQ(1-13)-
NH,, we used a model of cough induced by citric acid in guinea
pigs. Data showed that the coadministration of [Dmt"]N/
OFQ(1-13)-NH, with citric acid did not affect the tussive
response (coughs/15 min: vehicle = 17.83 + 3.95 vs [Dmt"]N/
OFQ(1-13)-NH, 17.67 + 1.73). However, the nebulization
with [Dmt"*]N/OFQ(1-13)-NH, before (30 min) the
challenge with the tussive agent significantly reduced the
cough number induced by citric acid (Figure S).

Bl DISCUSSION

This structure activity investigation was aimed at the
identification of novel peptides acting as mixed NOP/mu
receptor agonists. To this aim, we substituted Phe' of N/
OFQ(1-13)-NH, with amino acids containing a phenol moiety
and Thr’ with several proteinogenic and nonproteinogenic
residues. Novel peptides were investigated in calcium
mobilization experiments performed in cells expressing the
human recombinant receptors and chimeric G proteins. The
structure activity investigation led to the identification of the
potent mixed agonist [Dmt"*]N/OFQ(1-13)-NH, whose NOP
and mu agonist properties were confirmed in DMR studies.
Moreover, [Dmt"*]N/OFQ(1-13)-NH, was also able to
potently stimulate kappa but not delta opioid receptors. The
capability of this peptide to bind the mu receptor has been also
investigated in MD studies that suggested a similar active
conformation for [Dmt“*JN/OFQ(1-13)-NH, and DAMGO
and crucial interactions with D'* and H*’. Moreover, the
binding of [Dmt"*]N/OFQ(1-13)-NH, is reinforced by
additional polar interactions of Dmt’ with K*** and K3®.
Finally, [Dmt“*]N/OFQ(1-13)-NH, elicited a robust anti-
tussive action in vivo in a model of cough induced by
nebulization of citric acid in conscious guinea pigs.

Previous studies demonstrated that the substitution of Phe' in
N/OFQ with Tyr reduces NOP selectivity over opioid
receptors”®*” and that Thr® of N/OFQ(1-13)-NH, can be
substituted with different amino acids with no changes in
peptide efficacy and relatively little modifications of potency.”
Thus, we selected a series of amino acids to substitute Thr® in
[Tyr']N/OFQ(1-13)-NH, in order to increase the mu receptor
activity of the peptide derivatives. The results obtained with
[Tyr']N/OFQ(1-13)-NH, derivatives were similar to those
previously obtained with N/OFQ(1-13)-NH, derivatives in
terms of NOP receptor activity. As far as the mu receptor is
concerned, an increase in potency has been obtained with Leu,
Nle, Nva, and Tyr. These results are not unexpected since Leu in
position § is found in naturally occurring opioid ligands (Leu-
enkephalin and dynorphin) and Nle (and possibly Nva) may
mimic methionine, which is also present in position 5 of other
endogenous opioid peptides (Met-enkephalin, beta-endorphin).
In addition, the same can be said for Tyr’, which is found in
amphibian opioid peptides such as the mu-selective agonist
dermorphin. Moreover, previous studies demonstrated that
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position S of enkephalin can be replaced with aromatic
residues* or non-natural aliphatic residues** with no major
changes of bioactivity. Interestingly, [Tyr"*]N/OFQ(1-13)-
NH, displayed very similar potency at NOP and the mu opioid
receptor; thus, with the aim to identify potent mixed NOP/mu
agonists, further studies were performed substituting position S
with aromatic amino acids.

Despite the investigation of 14 chemically different aromatic
residues, no clear structure activity information was obtained. In
fact, with the exception of hPhe’, little changes in NOP potency
were measured and the same can be said for mu receptor activity.
Thus, for further studies, we selected compounds matching the
following criteria: pECg, > 7 for the NOP receptor and >6 for
the mu receptor, with NOP/mu ratio > 0.0S. This let us to select
Tyr, Phe, Phg, 1Nal, (pNH,)Phe, and Dmt to be substituted in
position S of [Dmt']N/OFQ(1-13)-NH,.

The opioid receptor binding enhancing properties of Dmt in
position 1'” 27 2% were confirmed by the present results. In fact,
compared to [Tyr']N/OFQ(1-13)-NH,, [Dmt']N/OFQ(l1-
13)-NH, displayed approximately 3-fold reduced potency at
NOP associated with almost 100-fold increased potency at the
mu receptor. The same pattern of effects, that is, no change or
modest reduction of NOP potency associated with a large
increase in mu potency was obtained with [Dmt']N/OFQ(1-
13)-NH, derivatives substituted in position S with Tyr, Phe,
Phg, 1Nal, and (pNH,)Phe. [Dmt"*]N/OFQ(1-13)-NH, is
however the exception to this rule; in fact, this peptide displayed,
compared to [Tyr',Dmt’]N/OFQ(1-13)-NH,, increased po-
tency at both NOP and mu receptors. This led to an NOP/mu
ratio of potency of [Dmt"*]N/OFQ(1-13)-NH, near 1.
Interestingly, a very similar NOP/mu ratio was displayed by
[Tyr'*IN/OFQ(1-13)-NH,, which was however approximately
30-fold less potent at both receptors.

The calcium mobilization assay used in the present study has
been previously set up*>*° in our laboratories and then validated
by investigating a large number of NOP and opioid receptor
ligands."”***" However, this assay is based on the aberrant
signaling generated by the expression of chimeric G proteins;
therefore, we reassessed the pharmacological effects of
[Dmt"*]N/OFQ(1-13)-NH, with the DMR assay. This test
measures the physiological G;-dependent signaling of NOP and
opioid receptors as demonstrated by its sensitivity to pertussis
toxin treatment.***’ DMR studies confirmed the mixed mu/
NOP full agonist properties of [Dmt"*]N/OFQ(1-13)-NH,.

Finally, the effects of [Dmt"*]N/OFQ(1-13)-NH, at kappa
and delta opioid receptors were investigated. At delta receptors,
[Dmt"*]N/OFQ(1-13)-NH, displayed low potency and
efficacy, while it behaved as a potent full agonist at the kappa
receptor. Of note, the kappa potency of [Dmt"*]N/OFQ(1-
13)-NH, was similar to that shown at NOP and mu receptors.
These results were not unexpected. In fact, binding experiments
performed in guinea-pig brain membranes demonstrated the
following rank order of affinity for [Tyr']N/OFQ(1-13)-NH,:
NOP > mu = kappa > delta.”® Moreover, similar results have
been previously obtained in functional studies performed with
human recombinant receptors with [Dmt' ]N/OFQ(1-13)-NH,
that displayed the following rank order of potency: NOP = mu >
kappa > delta.'” Collectively, these findings indicate that
modifications of position 1 of N/OFQ such as Tyr and Dmt
are sufficient for increasing mu and kappa but not delta receptor
binding. Most probably, this is due to the fact that the C-
terminal portion of N/OFQ_is enriched in positively charged

https://doi.org/10.1021/acs.jmedchem.0c02062
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residues that may favor mu and kapspa interactions but are
detrimental for delta receptor binding.”’

To get insights into the mechanisms by which [Dmt"*]N/
OFQ(1-13)-NH, binds the mu receptor, MD studies were
performed using the recently solved DAMGO-mu receptor-G;
complex.”® The results obtained with [Dmt"*]N/OFQ(1-9)-
NH, were compared with those of DAMGO and N/OFQ(1-9)-
NH, used as the positive and negative control, respectively.
These studies show that beyond the pivotal and expected
interaction between the [Dmt"*]N/OFQ(1-9)-NH, N-termi-
nus and D'¥, the phenol oxygen of Dmt' can make first- or
second-order water bridges with H**” (Gln in NOP) of TM6 of
the mu receptor. This is in good agreement with the observation
of a water bridge between the agonist BU72 and H*” in the
active mu receptor and other small molecules or peptide
mimetic agonists of kappa and delta receptors®® and can account
for the reduction of NOP selectivity and the increase of mu
potency as simply induced by the presence of the phenol groups
of Tyr' or Dmt' in N/OFQ instead of the phenyl group of Phe'.
Partial 7—7 stacking between Dmt' (or Tyr') and H297 could
further contribute to peptide stabilization in the orthosteric site,
thus enhancing these effects. Analogous contacts have been
reported for cocrystallized mu’' and delta®® but not NOP*?
antagonists. Importantly, Phe' of the N/OFQ sequence cannot
form water bridges with H*”, and this is most probably the
reason for the lack of mu affinity of the peptide.

Interestingly, as stated above, Dmt® mainly interacts with
residues that differ within the opiate family, that is, E*** (G in
NOP, D in kappa and delta) and K*** (A in NOP) of TMS, V3%
(I in kappa), and K** (W, E, and Q in delta, kappa, and NOP
receptor, respectively) of TM6, and W*'® (L in NOP) of TM7.
While the carbonyl oxygen of Dmt® is in water bridge contact
with E*?’, its aromatic bulky head is stacked between the
aliphatic chains of K** and K**, making possible z7—cation
interactions with the positively charged amine of both lysines
(Figure 3B,E). In the reported crystal structure of mu-
DAMGO™ (PDB code 6DDF), the K3*® positive charge is
found at a 3.3 A distance of the carbonyl oxygen of N(Me)-Phe
of DAMGO, compatible with a weak H-bond, whereas K*** does
not appear to contribute to the stabilization of the mu active
state induced by both DAMGO and BU72;*” the K*** amine
group is found covalently linked to the antagonist S-funaltrex-
amine in the crystal structure of the inactive mu receptor.”’ As
K% and K** are present in the mu but not the NOP receptor,
the above-mentioned interactions between Dmt® and the two
lysine residues could contribute to explain the mu-selective
increase of affinity of [Dmt"“*]N/OFQ(1-13)-NH, compared to
[Dmt']N/OFQ(1-13)-NH,, thus making [Dmt"*]N/OFQ(1-
13)-NH, a mixed mu/NOP agonist. Last, as observed along the
MD runs, the indole nitrogen of W*'® in TM7 does not interact
with N/OFQ_ but can form H-bond contact with Gly* of
[Dmt"*]N/OFQ(1-9)-NH, as well as with DAMGO (49 and
63% of the trajectory, respectively). Thus, beyond differences in
steric hindrance of Tyr' and Dmt' that may generically
contribute to a larger hydrophobic core for the last one, the
entity of the interaction between W*'® and Gly* could also
contribute to explain the enhanced potency of [Dmt"*] N/
OFQ(1-13)-NH,. Data obtained from this molecular modeling
investigation are in agreement with those reported by recent
studies performed on a series of cyclic opioid peptides.”*

The role of the N/OFQ-NOP receptor system has been
widely reported in several biological functions at the central and
peripheral levels, including the cough reflex.* Previous studies
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showed that NOP receptor agonists given centrally or
peripherally suppress cagsaicin and acid inhalation-induced
cough in guinea pigs.”>~>’ Moreover, opioid drugs are widely
used as antitussive agents,”® and inhalation of encephalin was
shown to be effective in reducing cough reflex in vivo.”> The
novel mixed NOP/opioid agonist [Dmt"*]N/OFQ(1-13)-NH,
showed an inhibitory activity against citric acid-induced cough
in guinea pigs, thus demonstrating the in vivo activity of the
compound. However, further studies are needed to investigate
the receptor mechanism involved in the antitussive action of the
molecule.

Bl CONCLUSIONS

In this study, starting from the NOP-selective sequence of N/
OFQ(1-13)-NH,, we developed a structure activity inves-
tigation focused on positions 1 and S. Regarding position 1, a
phenol moiety is required to increase mu receptor binding, and
regarding position 5, aromatic residues generated the best results
in terms of similar potency at NOP and mu receptors. This study
led to the identification of [Dmt"*]N/OFQ(1-13)-NH, as the
most potent mixed peptide agonist for NOP and mu receptors
so far described in the literature. MD studies shed light on the
molecular mechanisms adopted by this peptide to bind the
active form of the mu receptor: some features of the mode of
binding of [Dmt"*]N/OFQ(1-9)-NH, are superimposable to
those of DAMGO, that is, the ionic bond with D' of TM3 and
the H-bond network with H**” of TM6, while others are peculiar
of [Dmt"*]N/OFQ(1-9)-NH,, that is, polar interactions of
Dmt® with K*** and K*® of TMS and TM6, respectively.

[Dmt"*]N/OFQ(1-13)-NH, is a novel mixed agonist for
NOP and mu receptors that exerted antitussive effects in an in
vivo model of cough. The compound will be evaluated in future
studies for its antinociceptive properties. In fact, mixed NOP/
mu agonists of both peptide and nonpeptide structures have
been consistently demonstrated in preclinical studies to
promote antinociceptive effects similar to those of morphine
being however better tolerated particularly in terms of
respiratory depression, tolerance, and abuse liability."> Im-
portantly, phase II and III clinical studies performed with the
mixed NOP/mu agonist cebranopadol have confirmed this
favorable profile in pain patients.”* Nowadays, the availability
of safer analgesic drugs is particularly needed for facing the
opioid epidemic that leads to a progressive increase of fatal
overdoses over the past 2 decades.”’

B EXPERIMENTAL SECTION

Chemistry. Materials and Methods. All solvents and reagents were
purchased from Sigma-Aldrich and Fisher Scientific. Enantiopure
Fmoc-protected amino acids and the resins for SPPS were purchased
from AAPPTec. Peptides were synthesized using a standard Fmoc/t-
butyl strategy®® with a Syro XP multiple peptide synthesizer
(MultiSynTech GmbH, Witten Germany) on a Rink amide MBHA
resin (4-(2,4’-dimethoxyphenyl-Fmoc-aminomethyl)-phenoxyaceta-
mido-norleucyl- MBHA resin; loading 0.55 mmol/ g). Fmoc-amino
acids were used with a 4-fold excess on a 0.11 mM scale of the resin and
coupled to the growing peptide chain using N,N'-diisopropylcarbodii-
mide and 1-hydroxybenzotriazole (DIC/HOBY, 4-fold excess) for 1 hat
room temperature. Each Fmoc removal step was performed using 40%
piperidine in N,N-dimethylformamide, and all the subsequent
couplings were repeated until the desired peptide-bound resin was
completed. The cleavage cocktail to obtain the peptides from the resin
consisted of 95% trifluoroacetic acid, 2.5% water, and 2.5%
triethylsilane, and cleavages were conducted for 3 h at room
temperature. After filtration of the resin, diethyl ether was added to
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the filtrate to promote precipitation of the peptide products that were
finally isolated by centrifugation. Reverse-phase purification of crude
peptides was carried out on a Waters Prep 600 high-performance liquid
chromatography (HPLC) system with a Jupiter column C18 (250 X 30
mm, 300 A, 15 ym spherical particle size) using a gradient, programmed
time by time, of acetonitrile/water [with 0.1% trifluoroacetic acid
(TFA)] at a flow rate of 20 mL/min. Nonpeptide derivatives were
purified through flash column chromatography using a Biotage System
Isolera One. Analytical HPLC was performed with a Beckman 116
liquid chromatograph furnished of a UV detector. The purity of
peptides in Table 1 was assessed with a Symmetry C18 column (4.6 X
75 mm, 3.5 ym particle size, SYSTEM GOLD) at a flow rate of 0.5 mL/
min using a linear gradient from 100% of A (water + 0.1% TFA) to
100% of B (acetonitrile + 0.1% TFA) over a period of 25 min. The
purity of peptides in Tables 2 and 3 was assessed with an Agilent Zorbax
C18 column (4.6 X 150 mm, 3.5 ym particle size, KARAT32) at a flow
rate of 0.7 mL/min using a linear gradient from 100% of A (water +
0.1% TFA) to 100% of B (acetonitrile + 0.1% TFA) over a period of 25
min. All final compounds were monitored at 220 nm showing >95%
purity, and their molecular weights were confirmed using an ESI
Micromass ZQ, Waters (HPLC chromatograms and ESI mass spectra
of the final peptide derivatives have been reported in the Supporting
Information). 'H and *C NMR spectra were recorded for nonpeptide
derivatives on a Varian 400 MHz instrument, and all experiments were
performed in deuterated DMSO using its residual shifts as reference (s:
singolet, d: doublet, dd: double doublet, t: triplet, m: multiplet).

In Vitro Pharmacological Studies. Drugs and Reagents. [D-
Pen?D-Pen’]enkephalin (DPDPE) and naltrexone were purchased
from Tocris Bioscience (Bristol, UK). Concentrated solutions (1 mM)
were made in bidistilled water and kept at —20 °C until use. The
medium and reagents for cell culture were from Euroclone (Milan,
Italy). Fluo-4 AM and pluronic acid were from Invitrogen/Thermo-
Fisher Scientific (Waltham, USA). N-(2-Hydroxyethyl)piperazine-N'-
ethanesulfonic acid (HEPES), probenecid, brilliant black, and bovine
serum albumin (BSA) fraction V were from Sigma-Aldrich (St. Louis,
USA).

Calcium Mobilization Assay. CHO cells stably coexpressing the
human NOP or kappa or the mu receptor and the C-terminally
modified G,g;s and CHO cells coexpressing the delta receptor and the
Gaqceepis protein were generated and cultured as described
previously.””*® Cells were maintained in Dulbecco’s modified Eagle’s
medium/nutrient mixture F-12 (DEMEM/F-12) supplemented with
10% FBS, 100 U/mL penicillin and 100 pg/mL streptomycin, 100 pg/
mL hygromicin B, and 200 pg/mL G418 and cultured at 37 °C in 5%
CO, humidified air. Cells were seeded at a density of 50,000 cells/well
into 96-well black, clear-bottom plates. The following day, the cells were
incubated with Hanks’ balanced salt solution (HBSS) supplemented
with 2.5 mM probenecid, 3 M of the calcium-sensitive fluorescent dye
Fluo-4 AM, and 0.01% pluronic acid for 30 min at 37 °C. After that
time, the loading solution was aspirated and 100 uL/well of HBSS
supplemented with 20 mM HEPES, 2.5 mM probenecid, and 500 uM
brilliant black was added. Serial dilutions were carried out in HBSS/
HEPES (20 mM) buffer (containing 0.02% BSA fraction V). After
placing both plates (cell culture and master plate) into the fluorometric
imaging plate reader FlexStation II (Molecular Devices, Sunnyvale,
CA), fluorescence changes were measured. On-line additions were
carried out in a volume of 50 puL/well. To facilitate drug diffusion into
the wells, the present studies were performed at 37 °C. Maximum
change in fluorescence, expressed as percent over the baseline
fluorescence, was used to determine agonist response.

DMR Assay. CHO cells stably expressing the human NOP and mu
receptors were kindly provided by D.G. Lambert (University of
Leicester, UK). Cells were cultured in DMEM/F-12 medium
supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 2 mmol/L L-glutamine. The medium was
supplemented with 400 pug/mL G418 to maintain expression. Cells
were cultured at 37 °C in 5% CO, humidified air. For DMR
measurements, the label-free EnSight Multimode Plate Reader (Perkin
Elmer, MA, US) was used. Cells were seeded 15,000 cells/well in a
volume of 30 L onto fibronectin-coated 384-well DMR microplates

6665

and cultured for 20 h to obtain confluent monolayers. Cells were
starved in the assay buffer (HBSS with 20 mM HEPES, 0.01% BSA
fraction V) for 90 min before the test. Serial dilutions were made in the
assay buffer. After reading the baseline, compounds were added in a
volume of 10 uL; then, DMR changes were recorded for 60 min.
Responses were described as picometer (pm) shifts over time (sec)
following subtraction of values from vehicle-treated wells. Maximum
picometer (pm) modification (peak) was used to generate concen-
tration response curves. All the experiments were carried out at 37 °C.

Data Analysis and Terminology. The pharmacological terminolo
adopted in this paper is consistent with [TUPHAR recommendations.”
All data are expressed as the mean = standard error of the mean (SEM)
of atleast three experiments performed in duplicate. For potency values,
95% confidence limits (CLggy,) were indicated. Agonist potencies are
given as pECyy, that is, the negative logarithm to base 10 of the molar
concentration of an agonist that produces 50% of the maximal effect of
that agonist. Concentration-response curves to agonists were fitted to
the classical four-parameter logistic nonlinear regression model:

Effect Baseline + (E .. Baseline)/(1 +
10(LogECso — Loglcompound]) x Hilllope) - Cyyrve fitting was performed using
PRISM 6.0 (GraphPad Software Inc., San Diego).

Molecular Dynamics. The setup of an in silico model of the non-
natural peptides [Dmt"*] N/OFQ(1-9)-NH, and N/OFQ(1-9)-NH,
in complex with the human mu receptor has been described in the
Supporting Information. Classical MD simulations of these two
receptor-peptide complexes were performed and compared with an
MD simulation of the experimental system DAMGO-mu receptor-G;
protein complex as derived by the PDB file SDDF.*° The GROMACS
2018.3 package® was used under the AMBER parm99sb force field®’ at
the full atomistic level using a TIP3P water solvent and an explicit pre-
equilibrated phospholipid bilayer of 128 POPC (1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine) molecules obtained by the Prof. Tiele-
man website (http://moose.bio.ucalgary.ca). All the MD sessions were
performed in a water—membrane system prepared as previously
described.’"*> The receptor-peptide-membrane systems were solvated
in a triclinic water box (having basis vector lengths of 7, 7.4, and 9.3 nm)
under periodic boundary conditions for a total number of about 45,000
atoms (6400 solvent molecules). The total charge of the system was
neutralized by randomly substituting water molecules with Na* ions
and CI” ions to obtain neutrality with a 0.15M salt concentration.
Following a steepest descent minimization algorithm, the system was
equilibrated under canonical ensemble (NVT) conditions for 300 ps
using a V-rescale, modified Berendsen thermostat with position
restrains for both the receptor-peptide complex and the lipids and
thereafter in a isothermal—isobaric ensemble (NPT) for SO0 ps,
applying position restraints to the heavy atoms of the protein-peptide
complex, and using a Nose—Hoover thermostat and a Parrinello-
Rahman barostat at 1 atm with a relaxation time of 2.0 ps. The MD
simulation of the mu receptor-DAMGO-G; protein was carried out on
the whole ternary complex without positional restraints. On the other
hand, in order to reduce the computational time, in the two mu
receptor-peptide complexes, the G; protein was not included in the
system, but all residues within 5 A of the G; protein interface were
restrained to the initial structure of the activated receptor using 5.0 kcal
mol™" A~ harmonic restraints applied to non-hydrogen atoms. Using
such restraints ensures that the receptor maintains an active
conformation throughout the simulation. MD runs were performed
under NPT conditions at 300 K with a T-coupling constant of 1 ps. van
der Waals interactions were modeled using a 6—12 Lennard-Jones
potential with a 1.2 nm cutoff. Long-range electrostatic interactions
were calculated, with a cutoff for the real space term of 1.2 nm. All
covalent bonds were constrained using the LINCS algorithm. The time
step employed was 2 fs, and the coordinates were saved every S ps for
analysis.

The MD analysis of the DAMGO-mu receptor-G; protein complex
(Figure S1) shows an overall stability of the starting configuration
(corresponding to the crystal structure) with some motion of the
phenolic head toward the intracellular side of the receptor, still
conserving the water bridge contact with H*”. A non-negligible
rearrangement is observed (Figures S2 and S3) along the MD sessions,
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starting from the docked conformations of [Dmt"*]N/OFQ(1-9)-NH,
and N/OFQ(1-9)-NH,, probably due to the limitations of the docking
procedures applied to molecules with a large number of torsions, and
confirms the importance of performing long-lasting MD sessions.
Analysis of MD trajectories was performed using state-of-the-art
computational tools, as described in the Supporting Information.

Artwork. 3D images of peptide-receptor structures were obtained by
the Chimera software.®

In Vivo Pharmacological Studies. Animals. Guinea pigs (Dunkin
Hartley, male, 400—450 g, Charles River, Milan, Italy) were used. The
group size of n = 6 animals was determined by sample size estimation
using G*Power (v3.1)® to detect the size effect in a post-hoc test with
type 1 and 2 error rates of S and 20%, respectively. Allocation
concealment to the vehicle(s) or treatment group was performed using
a randomization procedure (http://www.randomizer.org/). The
assessors were blinded to the identity (allocation to the treatment
group) of the animals. Guinea pigs were housed in a temperature- and
humidity-controlled vivarium (12 h dark/light cycle, free access to food
and water) for at least 1 week before the start of the experiments. Cough
experiments were done in a quiet, temperature-controlled (20—22 °C)
room between 9 am and S pm and were performed by an operator
blinded to the treatment. All experiments were carried out according to
the European Union (EU) guidelines for animal care procedures and
the Italian legislation (DLgs 26/2014) application of the EU Directive
2010/63/EU. All animal studies were approved by the Animal Ethics
Committee of the University of Florence and the Italian Ministry of
Health (permit #450/2019-PR) and followed the animal research
reporting in vivo experiment (ARRIVE) guidelines.

Measurement of Cough in Conscious Guinea Pigs. Cough
experiments were performed using a whole-body plethysmography
system (Buxco, Wilmington, NC, USA, upgraded version 2018).%* The
apparatus consists of four plethysmographs (four transparent Perspex
chambers) ventilated with a constant airflow and each provided by a
nebulizing head (Aerogen) and adjustable bias flow rates for
acclimation and nebulization. The particle size presents an aerodynamic
mass median diameter of 6 ym, and the output of the nebulizing heads
can be set in the range between 0 and 0.4 mL per minute. The number
of elicited coughs was automatically counted using the instrument. The
nebulization rate used in the following experiments was 0.15 mL/min,
and the air flows were 1750 mL/min during the acclimation phase and
800 mL/min during nebulization. These rates were previously found in
our lab to elicit a significant number of cough events in the citric acid-
induced cough model.

On the day of experiments, guinea pigs were individually placed into
the chambers and let to acclimate for 10 min. To test the antitussive
effect of [Dmt"]N/OFQ(1-13)-NH,, two different protocols were
used. Protocol 1: after acclimation, a mixture of [Dmt"*]N/OFQ(1-
13)-NH, (1 mM) or its vehicle (0.9% NaCl) and the tussive agent,
citric acid (0.4 M), was nebulized for 10 min. During the 10 min of
nebulization and for S min immediately post challenge (recovery
period), the number of elicited coughs was automatically recorded
using the BUXCO system. Protocol 2: after acclimation, [Dmt"*]N/
OFQ(1-13)-NH, (1 mM) or its vehicle (0.9% NaCl) was nebulized for
10 min. After 20 min of recovery, the tussive agent, citric acid (0.4 M),
was delivered by aerosol via a nebulizer for 10 min. During the 10 min of
the citric acid challenge and S min immediately post challenge
(recovery period), the number of elicited coughs was automatically
recorded using the BUXCO system.

For the in vivo experiment, the statistical significance of differences
between groups was assessed using Student’s t-test.
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Abstract: Plant-derived remedies rich in chalcone-based compounds have been known for centuries
in the treatment of specific diseases, and nowadays, the fascinating chalcone framework is con-
sidered a useful and, above all, abundant natural chemotype. Velutone F, a new chalconoid from
Millettia velutina, exhibits a potent effect as an NLRP3-inflammasome inhibitor; the search for new
natural/non-natural lead compounds as NLRP3 inhibitors is a current topical subject in medicinal
chemistry. The details of our work toward the synthesis of velutone F and the unknown non-natural
regioisomers are herein reported. We used different synthetic strategies both for the construction of
the distinctive benzofuran nucleus (BF) and for the key phenylpropenone system (PhP). Importantly,
we have disclosed a facile entry to the velutone F via synthetic routes that can also be useful for
preparing non-natural analogs, a prerequisite for extensive SAR studies on the new flavonoid class of
NLRP3-inhibitors.

Keywords: flavonoid; chalcone-based compounds; NLRP3-inflammasome inhibitors

1. Introduction

Chalcone-based compounds can act as photoinitiators of polymerization under visible
light with an excellent profile for (i) free radical polymerization, (ii) cationic polymerization,
(iii) synthesis of interpenetrating polymer networks (IPNs), and (iv) thiol-ene reactions [1].
Additionally, fluorescent chalcone derivatives have been used for the development of a
mouse embryonic stem cell probe [2]. On the other hand, in-depth pharmacological studies
concluded that natural extracts containing chalcone-based compounds exhibit an impressive
array of biological activities, including anti-inflammatory/anticancer effects [3-5]. Actually,
chalcones may inhibit specific enzymes such as different kinases [6-8], the aldose reduc-
tase [9,10], cyclooxygenases [11,12], and inducible nitric oxide synthase [13,14]. Moreover,
it has been shown that both synthetic and natural chalconoids play a healthy role in several
diseases by inhibiting the NLRP3-inflammasome formation [15-19]. The NLRP3 inflamma-
some is a large protein complex controlling the production of caspase-1 and ultimately of
pro-inflammatory cytokines (IL-1 and IL-18). In this context, it was reported that velutone
F (1) (Figure 1), a retrochalcone [20-22] recently identified in the ethanolic extract of the
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leguminous plant Millettia velutina [23,24], inhibits the formation of the NLRP3 active com-
plex. Among the eight new flavonoids identified in the lipophilic crude residue derived
from 10 kg of dry vine stems of Millettia velutina, compound 1 exhibited the most potent
inhibitory effect against nigericin-induced IL-1 release in THP-1 cells. Velutone F, featuring
the 1-phenyl-2-propen-1-one moiety (PhP) and a substituted benzofuran core (BF), can be
classified as a hybrid chalcone. The development of hybrid molecules incorporating differ-
ent pharmacophores, each with its own molecular target, is an important area of research
in medicinal chemistry [25]. Actually, both natural and synthetic benzofuran-derived
compounds have potential therapeutic interests ranging from antibacterial, antifungal, anti-
inflammatory, analgesic, antidepressant, anticonvulsant, anticancer, anti-HIV, antidiabetic,
antituberculosis, and antioxidant [26-29].

3 (0]

aryl ring-B/vkaryl ring-A
2

1 Chalcone compounds

MCC950
o) Me
CP-456,773 Velutone F (1)

Figure 1. Natural and non-natural inhibitors of the NLRP3 inflammasome activation.

We are currently involved in a multidisciplinary study aimed at identifying new
anti-inflammatory/anticancer compounds that mimic the MCC950 molecular structure
(Figure 1). It has been demonstrated that the diarylsulfonylurea MCC950 powerfully in-
hibits the NLRP3 activation selectively [30,31]. In detail, MCC950 would seem to reversibly
bind the NLRP3 multi-protein complex making it unable to generate the active complex,
namely the NLRP3-inflammasome [32,33]. Because of the profoundly different chemical
structures of the synthetic MCC950 compared to the one of velutone F (1), it is reasonable
to assume that they can block the activation of the NLRP3-inflammasome by interfering
with different bio-chemical targets. We were intrigued by the possibility of disposing
of multi-milligrams amount of the natural substance 1 for the purpose of undertaking
pharmacochemical investigations and mostly to shed some light on the mechanism by
which compound 1 inhibits the nigericin-induced IL-1 release. Actually, when we started
the search, the chemical identity of 1 was ascertained by spectroscopic means exclusively,
primarily 2D NMR [23]. However, very recently [24], the same research teams got proof of
the chalconoid structure of compound 1 by its semi-synthesis from Khellin.

The reasons mentioned above prompted us to design/develop synthetic routes for prepar-
ing both the natural substance originally extracted from the tropical plant Millettia velutina
and analogs to be studied by the biologist team as promising anti-inflammatory agents.

2. Results and Discussion

A host of synthetic strategies has been developed to create the trans-carbon-carbon
double bond of the 1,3-diaryl-2-propen-1-one moiety featuring chalcone compounds, in-
cluding Claisen-Schmidt’s condensations, Wittig, and Julia-Kocienski olefinations. Instead,
palladium-catalyzed reactions, namely Heck, Sonogashira, and Suzuki-Miyaura cross cou-
plings, have been used to establish the 1,3-diaryl-enone framework through A-ring/C-1
and/or C1/C2 bond formation [34].

Initially, we planned a synthetic strategy to compound 1 based on the introduction of
the required alkene by Wittig olefination of 5-formyl-4,7-dimethoxy benzofuran 7 (5-FBF)
with the 1-phenyl-2-(triphenylphosphoranylidene)ethanone counterpart 8 [35]. To this
end we elaborated two synthetic approaches for the preparation of the key intermediate
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5-FBF differing in the way the benzofuran core (BF) could be formed via annellation of
the carbocyclic ring system onto a preformed furan, synthetic pathway A (Scheme 1), or
alternatively, by creating the furan ring by intramolecular cyclization on a preexistent
carbocyclic, synthetic pathway B (Scheme 2).

HOOC b MeOOC MeOOC
C
| | o MeOOC | o
HOOC O MeOOC O MeO OMe
d
a HOOC
A on
0O MeOOC
A\
0 OMe o
OMe
Ohaes s
O e
1 OMe
OMe OMe
g OHC f MeOOC
A\ A\
PhCOCH=PPhg o} 0
8 OMe OMe
7 6

(5-FBF)

Scheme 1. Synthetic pathway A for target compound 1. Reagents and conditions: (a) i: LDA, THF,
—78 °C, succinic anhydride; ii: dil. HCI; 35%; (b) MeOH, H,5O4, 90%; (c¢) HC(OMe)s, p-TsOH, MeOH
reflux, 36 h, 90%; (d) i: t-BuOK, THF, —78 °C; ii: dil.HCI, 62%; (e) Mel, Cs,CO3, DMF, rt, 16 h, 96%;
(f) i: LiAlHy, Et,0, 12 h; ii: PCC, CH,Cly, rt, 1.5 h, 60% two steps; (g) MeCN, MW, 135 °C, 1.5 h, 70%.

2.1. Synthetic Pathway A for Target Compound 1

The first route starts by treating the 3-furoic acid with excess LDA to produce the
corresponding C-2 lithiated carboxylate lithium salt, which, by reacting with succinic an-
hydride, gave the dicarboxylic acid 2. The desired acyl derivative 3 could be isolated in
a modest yield after esterification of 2 [36,37]. The subsequent carbonyl group protection
as dimethyl ketal 4 opened the way to the creation of the annellated six-membered carbo-
cyclic ring. Thus, the Dieckmann cyclization, performed with potassium tert-butoxide at
—78 °C, occurred with simultaneous elimination of MeOH from the dimethyl ketal group
yielding the aromatic derivative 5, which was taken to the benzofuran derivative 6 by
etherification. Subsequently, the methoxycarbonyl group was converted to the required
formyl group by a two-step process entailing reduction with LiAlH, and oxidation of the
resulting primary alcohol with pyridinium chlorochromate (PCC). The resulting 5-FBF was
eventually reacted with the stabilized phosphorous ylide 8, in turn, prepared according to
the literature [35]. The Wittig olefination under microwave irradiation provided velutone F
(1) in 70% yield after chromatographic purification. As expected, NMR spectroscopic data
for the synthesized velutone F were superimposable to the ones originally reported for the
retrochalcone isolated from Millettia velutina.
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Scheme 2. Synthetic pathway B for target compound 1. Reagents and conditions: (a) i: HpOy,
t-BuOH, cat.SeO;, rt, 12 h; ii: MeOH, K,CO3, 90% two steps; (b) NBS, MeCN, 0 °C, 30 min, 97%;
(c) BrCH,CH(OMe),, KOH, DMA, 140 °C, 1.5 h, 83%; (d) PPA, PhCl, reflux, 30 min, 50%; (e) Pd(OAc),,
Tri(o-tolyl)phosphine, DIPEA:DMF (1:1), 32%,; (f) CH,Cly-formalin, reflux, 12 h, 80%; (g) i: BuLi, THE,
—78 °C; ii: DMF, 50%; (h) DHP, PPTS, CH,Cly, rt, 12 h, 91%; (i) i: BuLi, Et,O, 0 °C, 2 h; ii: DMF, —78
to rt, 2 h; iii: HC1 6M, 80% overall; (1) Br,-AcOH, AcONa, rt, 30 min, 80%; (m) BrCH,COOEt, DMF,
Cs,COs3, rt, 1 h, 85%; (n) i: LiOH, THF-H,O, rt, 12 h; ii: AcONa, Ac,O, 130 °C, 2 h; iii: EtOH, 60 °C,
2 h, 57%.

2.2. Synthetic Pathway B for Target Compound 1

The starting move of the alternative synthetic approach to 7 entailing the creation of the
furan ring by intramolecular cyclization of the bromobenzene derivative 11 (Scheme 2) was
the Dakin-like oxidation of the cheap 2,5-dimethoxybenzaldehyde by using the HyO,/cat.
SeO; system in tert-BuOH [38]. Methanolysis of the resulting arylformate promptly fur-
nished the 2,5-dimethoxyphenol 9, which underwent regioselective bromination with NBS
affording 10. The exclusive C-4 bromination accounted for the marked para orienting effect
of the phenolic hydroxyl group [39].

At this stage, with the aim of creating the annellated 2,3-unsubstituted furan ring, we
needed to introduce an O-tethered functionalized two carbon fragment. Thus, compound
10 was easily converted to the aryl ether 11 by treatment with bromoacetaldehyde dimethyl
acetal and KOH in dimethylacetamide (DMA) [40]. The anticipated intramolecular elec-
trophilic aromatic substitution was carried out with polyphosphoric acid (PPA), providing
the benzofuran derivative 12 in a 50% yield. Transformation of the 5-bromo benzofuran
derivative 12 into 5-formyl-4,7-dimethoxy benzofuran 7 (5-FBF) was achieved through
halogen-metal exchange with BuLi followed by reaction with DMF [41].

In order to make the critical furan ring annellation step more efficient, we turned our
attention to a recently reported protocol for the synthesis of 6-hydroxybenzofuran based
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on an unusual cycloaddition-cycloreversion sequence [42]. To this end, we prepared the
penta-substituted benzene derivative 16 starting from the tri-substituted phenol derivative
9 (Scheme 2), exploiting the well-known ability of the OTHP as an ortho-directing group
for the metalation [43]. Accordingly, compound 9 was promptly transformed into the
corresponding tetrahydropyranyl ether 14 that was at first ortho-lithiated by treatment
with BuLi and later reacted with DMF to give the tetra-substituted phenyl derivative 15.
The subsequent bromination para to the phenol group [44] afforded the desired penta-
substituted benzene 16, to which the O-ethoxycarbonylmethylene fragment was easily
inserted by standard etherification reaction. In previous saponification, compound 17 was
treated with the AcO-AcONa system with heating to give the required 5-bromo benzofuran
derivative 12 in an appreciable 57% yield. The mechanism proposed for the interesting
cyclization reaction entails dehydration of the carboxyl group to give an unstable ketene
intermediate that is trapped intramolecularly by the formyl group. The thermal [2 + 2]
heterocycloaddition reaction is followed by a cycloreversion with the expulsion of CO, and
production of the 2,3-unsubstituted benzofuran derivative 12 [42].

Having the suitably derivatized aryl ring-B moiety in hand, we conceived preparing
compound 1 by exploiting the Mizoroki-Heck cross-coupling reaction between 12 and
1-phenyl-2-propen-1-one 13. The latter reagent was, in turn, easily prepared by react-
ing phosphorous ylide 8 and formaldehyde according to a known Wittig protocol [45]
(Scheme 2). Disappointingly, the Pd(0)-catalyzed reaction provided the retrochalcone 1
with a modest 32% yield [46].

2.3. Synthetic Pathways Providing the Non-Natural Regioisomers of Velutone F

With the aim of learning about stereo-electronic properties of the hybrid benzofuran-
retrochalcone scaffold, we decided to prepare the non-natural compounds 22, 23, and 28
featuring the PhP moiety attached, respectively, at C-2, C-6, and C-3 of the 4,7-dimethoxy
benzofuran core (BF). The non-natural regioisomers of velutone F are previously un-
known compounds.

2.3.1. Synthetic Pathways to the Isomers 22 and 23

The direct formylation of electron-rich arenes can be conveniently accomplished via
the Vilsmeier-Haack (V-H) reaction. Indeed, the benzo[b]furan nucleus is reported to yield
the 2-formyl derivative by reaction with the V-H electrophilic species [47]. We anticipated
that the regioselectivity of the V-H reaction could change if electron-donating groups were
present on the phenyl ring of the benzo-fused system. In line with our hypothesis, we
decided exploring the behavior of 4,7-dimethoxy benzo[b]furan 19 under V-H reaction
conditions (Scheme 3). We planned to build the substituted benzo[b]furan 19 from 9 by
creating the annellated 2,3-unsubstituted furan ring according to our previously sound
synthetic pathway B for target compound 1 (Scheme 2). Thus, once etherified the phenolic
group of 9 with the functionalized two carbon fragment, the resulting compound 18 was
cyclized to 19 under the action of PPA (Sn-f3 zeolite also showed to efficiently promote
this transformation [48]). As expected, we found the subsequent electrophilic aromatic
substitution reaction was poorly regioselective: all but one of the regioisomeric formyl
benzofuran derivatives 2-FBF, 5-FBF, and 6-FBF were formed. In detail, chromatographic
purification of the residue from the V-H reaction led us to isolate compounds 20 (2-FBF)
together with 7 (5-FBF) in 37% yield (*H NMR and HPLC analysis showed the isomers
were in a 3.5:6.5 ratio), and compound 21 (6-FBF) in 30% yield. At this stage, we submitted
the separated fractions to the Wittig olefination with the stabilized phosphorous ylide 8.
We obtained chalcone 23 from 6-FBF, while in the same manner, the inseparable mixture
of 2-FBF and 5-FBF furnished chalcones 22 and 1, which, gratifyingly, could be easily
separated by column chromatography.
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Scheme 3. Synthetic pathways to regioisomers 22 and 23. Reagents and conditions: (a) KOH, DMAC,
BrCH,CH(OMe),, 140 °C, 2 h, 70%; (b) Sn-f3 zeolite, PhCl, 105 °C, 5 h, 62%; (c) POCl3;, DMF, 80 °C,
12 h, (20, 24%), (7, 13%), (21, 30%); (d) 8, toluene, reflux, 12 h 50%.

2.3.2. Synthetic Pathway to the Isomer 28

We envisaged setting up the PhP moiety of 28 by reaction of 3-formyl benzofuran
derivative 27 (3-FBF) with the ylide 8 according to the previously tested protocol entailing
a classical Wittig olefination. About 3-FBF preparation, we selected compound 25 as the
direct precursor having in mind a controlled oxidation of its C-3 methyl substituent in
order to derive the pivotal electrophilic functional group [49,50] (Scheme 4). Thus, we
devised preparing compound 25 in two steps from phenol 9, namely: etherification with
bromoacetone followed by acid-promoted cyclization of the resulting aryloxy acetone
derivative 24. The planned SeO;-oxidation of the C-3 methyl residue of compound 25
furnished a 1:1 mixture of the primary alcohol 26 and the aldehyde 27, which were separable
by chromatography. However, we found it very easy to carry out the oxidation of 26 to
3-FBF by using the Corey-Suggs reagent (PCC). Eventually, the microwave-promoted
Wittig reaction between the aryl aldehyde 27 (3-FBF) and the phosphorous ylide 8 provided
the aimed chalconoid 28 in good yield.

2.3.3. Inhibition of IL-1f Release In Vitro and In Vivo

Among the inflammasomes, NLRP3 is the most studied and characterized due to
its implication in the pathogenesis of different human diseases [51]. The activation of
NLRP3 inflammasomes consists of caspase-1 activation, which in turn induces secretion
of the inflammatory cytokine IL-1p. Hence, IL-1§3 release is the most used read-out for
NLRP3 inflammasome activation. In this study, IL-1§3 release was determined by ELISA
assay to assess the inhibitory effects of synthesized compounds on NLRP3 inflammasome
activation both in mouse bone marrow-derived macrophages (BMDMs) and in human
PMA-differentiated lipopolysaccharide (LPS)-primed THP-1 macrophages (Figure 2). Velu-
tone F (1) and the non-natural compounds 22, 23, and 28 demonstrated a high inhibitory
capacity on the release of IL-1f3.
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Scheme 4. Synthetic pathway to regioisomer 28. Reagents and conditions: (a) BrCH,COCH3s, Cs,CO3,
DME, rt, 12 h, 63%; (b) PPA, PhCl, 110 °C, 20 min, 50%; (c) SeO,, dioxane, 75 °C, 96 h, 80%; (d) PCC,
CH,Cly, rt, 12 h, 95%; (e) 8, MeCN, MW, 135 °C, 2 h, 65%.
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Figure 2. In vitro inhibition of IL-1§3 release. (A) BMDMs were stimulated with LPS (1 pg/mL) for
2 h, then treated with compounds for 30 min, and then activated with nigericin (10 uM) for 1 h.
(B) LPS-primed PMA-differentiated THP-1 cells were stimulated with LPS (1 pug/mL) for 3 h, then
treated with compounds for 30 min, and then activated with nigericin (10 uM) for 1 h. Cell super-
natants were analyzed with ELISA test for the evaluation of IL-1f3 release (n = 3, mean + SEM).
Statistics differences were analyzed using one-way ANOVA: ** p < 0.01, * p < 0.05.

To confirm the anti-inflammatory activity of these compounds in vivo, we used an
LPS-induced inflammation treatment. Mice were intraperitoneally (IP) pre-injected with
velutone F (1) and the non-natural isomers 22, 23, and 28 or vehicle at 25 mg/kg and
then were IP injected with LPS (1 mg/kg). After 4 h, plasma and peritoneal exudate were
collected from mice and analyzed for evaluation of IL-1[3 release. The mice that received
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pre-treatment with our compounds displayed a dramatic reduction in IL-1 production both
in peritoneal exudate and blood samples (Figure 3).
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Figure 3. Invivo inhibition of IL-1f3 release. (A) Exudate and (B) plasma levels of IL-1p from
C57BL/6 mice pretreated with compounds or vehicle control as determined by ELISA 4 h after
intraperitoneally IP LPS (1 mg/kg) injection, n = 6/group. Data are shown as mean & SEM. Statistical
differences were analyzed using one-way ANOVA: **** p < 0.0001, *** p < 0.001, ** p < 0.01.

Taken together, these results revealed that synthesized velutone F (1), as well as its
regioisomers 22, 23, and 28, exerted a strong inhibition on the NLRP3 inflammasome
activation both in vitro and in vivo.

3. Materials and Methods
3.1. Chemistry: Materials and General

All reagents and solvents that were commercially purchased were directly used with-
out prior treatment. Reaction temperatures were recorded using a regular thermometer
without correction. Melting points were determined on the Reichert Termovar apparatus
and are uncorrected. Reactions were monitored by analytical thin-layer chromatography
(TLC) on silica gel F254 glass plates (Merck, Darmstad, Germany) and visualized under UV
light 254 nm and KMnOy. Mobile phases abbreviations: A = Ethyl acetate, P = petroleum
ether, DCM = dichloromethane. 'H NMR spectra were recorded with a Mercury Place
Varian 400 MHz NMR spectrometer (Varian Palo Alto, CA, USA) at room temperature.
Chemical shifts (in ppm) were recorded as parts per million (ppm) downfield to tetram-
ethylsilane (TMS). The following abbreviations are used for a multiplicity of NMR signals:
s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, double doublet; dt, double
triplet; ddd, doublet of doublet of doublets; dtd, doublet of triplet of doublets. MS was
carried out using electrospray ionization (ESI MICROMASS ZQ 2000, Waters, Milford, MA,
USA). HRMS was acquired by CIGS University of Modena e Reggio Emilia (Modena, Italy)
using a Q-Exactive Hybrid Quadrupole Orbitrap (Thermo Scientific, Waltham, MA, USA).
IR spectra were taken on a Perkin-Elmer FT-IR spectrum 100 spectrometer (Foster City, CA,
USA). Analytical HPLC was performed with Beckman System Gold 168 (Milan, Italy) using
a C18 100 A Phenomenex Kinetex (150 x 4.6 mm) and UV-DAD detection. [A]: 0.1% TFA
in water and [B]: 0.1% TFA in acetonitrile was used as a binary mobile phase at a flow
rate of 0.7 mL/min. Gradient: from 0% to 100% [B] in 25 min. Microwave reactions were
performed in a Biotage Initiator Plus reactor (Biotage, Sweden) using 2-5 mL glass vials
with a rubber cap. For all experimental spectra see Supplementary Materials.
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3.1.1. Methyl 3-(4-Methoxy-4-oxobutanoyl)furan-2-carboxylate (3)

A solution of 3-Furoic acid (1 g, 8.92 mmol, 1 equiv.) in anhydrous THF (6 mL) was
added dropwise, under argon atmosphere, to a cooled (—78 °C) solution of LDA, which
was previously prepared from n-BuLi (12.5 mL, 1.6 M in hexane, 19.96 mmol, 2.2 equiv.)
and i-Pr,NH (2.9 mL, 19.96 mmol, 2.2 equiv.) in THF (25 mL). The reaction mixture was
stirred at —78 °C for 2 h, then a solution of succinic anhydride (1 g, 9.99 mmol, 1.1 equiv.)
in anhydrous THF (8 mL) was added to the reaction flask. The cooling bath was removed,
and aqueous 2 M HCl (30 mL) was added at room temperature. The mixture was extracted
with chloroform, the organic phase was dried over Na;SOj, and solvent was evaporated.
The solid residue was dissolved in MeOH (50 mL), cooled at 0 °C, and H,SOy (0.45 mL,
95%) was added dropwise. The mixture was stirred at room temperature for 24 h, then a
saturated NaHCOj solution was added, and the mixture was extracted with AcOEt. The
organic phase, dried over Na,;SOj,, was evaporated under reduced pressure to give a crude
that was purified by silica gel column chromatography with A/P 1:9, v/v as a solvent
system. Title compound (3) was isolated as a colorless oil. Yield 32% over two steps. 'H
NMR (400 MHz, Chloroform-d) 6 7.51 (d, ] = 1.7 Hz, 1H), 6.81 (d, ] = 1.7 Hz, 1H), 3.89
(s, 3H), 3.68 (s, 3H), 3.31 (t, ] = 6.7 Hz, 2H), 2.73 (t, | = 6.6 Hz, 2H). 3C NMR (101 MHz,
Chloroform-d) $ 187.72, 172.96, 162.89, 150.83, 144.36, 122.29, 113.62, 52.46, 51.83, 34.92,
27.47 [36,37].

3.1.2. Methyl 3-(1,1,4-Trimethoxy-4-oxobutyl)furan-2-carboxylate (4)

A solution of compound 3 (0.9 gr, 3.75 mmol, 1 equiv.), HC(OMe)3 (2.1 mL, 19.48 mmol,
5.2 equiv.), and p-TsOH (0.05 gr) in MeOH (8 mL) was refluxed for 48 h. The reaction
mixture was cooled to room temperature, pyridine (0.18 mL) was added, and the solvent
evaporated.The residue was purified by silica gel column chromatography with A/P 1:4,
v/v as a solvent system. Title compound 4 was obtained as a transparent oil. Yield 90%.
'H NMR (400 MHz, Chloroform-d) § 7.36 (d, ] = 1.7 Hz, 1H), 6.66 (d, ] = 1.7 Hz, 1H), 3.81
(s, 3H), 3.58 (s, 3H), 3.20 (s, 6H), 2.47 (t, ] = 6.7 Hz, 2H), 2.16 (t, ] = 6.6 Hz, 2H). 13C NMR
(101 MHz, Chloroform-d) 6 173.51, 163.81, 154.87, 141.84, 117.12, 112.38, 111.59, 101.72,
52.18,51.97, 49.51, 30.35, 28.92 [36,37].

3.1.3. Methyl 4-Hydroxy-7-methoxybenzofuran-5-carboxylate (5)

tert-BuOK (0.61 g, 5.45 mmol, 2.2 equiv.) was poured into anhydrous THF (65 mL)
under an argon atmosphere, and the suspension was cooled to —78 °C. A solution of
compound 4 (0.71 g, 2.48 mmol, 1 equiv.) in anhydrous THF (2 mL) was added dropwise,
and the mixture turned orange. After 1.5 h of stirring at —78 °C, anhydrous HCI (4 M in
1,4-dioxane) was added. The resulting transparent yellow reaction mixture was allowed to
room temperature and stirred for 1 h. The precipitate was filtered through a Gooch filter,
and the solvent was evaporated under reduced pressure. Chromatographic purification
of the residue with A/P 1:9 v/v as the eluent phase provided title compound 5 as a white
solid. Melting point: 125-127 °C. Yield 62%. TH NMR (400 MHz, Chloroform-d) 6 11.14 (s,
1H), 7.60 (dd, | = 2.1 Hz, 1H), 7.17 (s, 1H), 6.98 (d, ] = 2.1 Hz, 1H), 3.97 (d, ] = 1.6 Hz, 6H).
13C NMR (101 MHz, Chloroform-d) & 171.09, 152.43, 149.52, 144.76, 139.19, 118.90, 105.66,
105.38, 105.02, 56.51, 52.29 [36,37].

3.1.4. Methyl 4,7-Dimethoxybenzofuran-5-carboxylate (6)

A mixture of compound 5 (0.21 g, 0.95 mmol, 1 equiv.), CsCO3 (1.55 g, 5.75 mmol,
5 equiv.), and CHs3l (0.29 mL, 4.75 mmol, 5 equiv.) in anhydrous DMF (6 mL) was stirred
at room temperature for 16 h under an argon atmosphere. After complete conversion of
starting material (checked by TLC A/P9 1:9), the reaction was partitioned between HCl
2 M and AcOEt; the organic phase was washed with HCl 2 M (x2) and brine, dried over
NaySOy, and the solvent was evaporated to dryness. Purification of the crude by column
chromatography with A/P 1:4 as the eluent phase afforded title compound 6 as a colorless
oil. Yield 96%. 'H NMR (300 MHz, Chloroform-d) § 7.63-7.61 (m, 1H), 7.26 (s, 1H), 6.95-6.94
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(m, 1H), 4.00 (d, ] = 0.8 Hz, 6H), 3.94 (d, ] = 0.8 Hz, 3H). 13C NMR (75 MHz, Chloroform-d)
5 167.04, 149.35, 148.04, 145.57, 141.84, 123.31, 117.58, 108.69, 105.80, 62.46, 56.77, 52.52.

3.1.5. 4,7-Dimethoxybenzofuran-5-carbaldehyde (7)

A solution of compound 6 (0.2 g, 0.84 mmol, 1 equiv.) in dry Et;O (4 mL) was added
dropwise to a stirred to a cooled (0 °C) suspension of LiAlH, (0.08 g, 2.1 mmol, 2.5 equiv.)
in anhydrous Et;O (5 mL) under argon atmosphere. The reaction mixture was stirred at
room temperature overnight, then it was cooled to 0 °C, and aqueous NaOH solution (5 mL,
2 M) was added. After 30 min, the mixture was filtered on a celite pad, and the phases
were separated. The aqueous phase was extracted with Et,O. The combined organics were
dried over Na;SQOy, and the solvent was evaporated to give (4,7-dimethoxybenzofuran-5-
yl)methanol as a white crystalline solid, which was used in the next oxidative step without
further purification.

A solution of the primary alcohol (0.14 g, 1.29 mmol, 1 equiv.) in anhydrous DCM
(5 mL) was added to a suspension of PCC (0.42 g, 1.93 mmol, 1.5 equiv.) in DCM (5 mL).
The dark brown reaction mixture was magnetically stirred at room temperature for 1.5 h
then Et,O was added. The supernatant was decanted from the black insoluble residue,
which was further washed with Et,O (x3). The combined organic phases were filtered
through a pad of silica, and the solvent was evaporated. Purification of the crude by
column chromatography with A/P 1:4 v/v as a solvent system furnished title compound
7 as a white crystalline solid. Melting point: 142-145 °C. Yield 50%.'"H NMR (400 MHz,
Chloroform-d) 6 10.46 (s, 1H), 7.67 (dd, | = 2.3, 0.4 Hz, 1H), 7.25 (s, 1H), 7.02 (d, | = 2.3 Hz,
1H), 4.15 (s, 3H), 4.00 (s, 3H). '*C NMR (101 MHz, Chloroform-d) § 189.09, 149.92, 145.30,
142.04, 122.24, 120.30, 105.88, 103.45, 61.74, 56.29.

3.1.6. 2,5-Dimethoxyphenol (9)

Hy0; (24 mL, 30% w/w, 78.21 mmol, 5.4 equiv.) was added dropwise to a magnetically
stirred mixture of 2,5-dimethoxybenzaldehyde (2.42 g, 14.56 mmol, 1 equiv.), SeO, (0.038 g,
0.342 mmol, 0.023 equiv.) in tert-BuOH (6 mL). The reaction mixture was stirred overnight
at room temperature then Et;O (20 mL) was added. The resulting mixture was washed
with brine (x3), the organic phase was dried over Na;SOy4, and the solvent was evaporated
to dryness. The residue was dissolved in MeOH (10 mL), and a solution of K;COj (2 g)
in H,O (10 mL) was added to the solution. After 1 h, HCI 6M was added to reach pH 1,
and the reaction mixture was extracted with DMC (20 mL x3). The combined organic
phases were dried over anhydrous Na;SO,, and the solvent was evaporated to dryness.
Purification was carried out by silica gel column chromatography with A/P 1.5:8.5v/v to
obtain compound 9 as a transparent oil. Yield 90%. 'H NMR (400 MHz, Chloroform-d) &
6.77 (d, ] = 8.8 Hz, 1H), 6.56 (d, ] =2.9 Hz, 1H), 6.38 (dd, | = 8.8, 2.9 Hz, 1H), 5.66 (s, 1H),
3.84 (s, 3H), 3.75 (s, 3H). 3C NMR (101 MHz, Chloroform-d) § 154.56, 146.44, 140.96, 111.45,
104.23,101.73, 56.58, 55.66 [38].

3.1.7. 4-Bromo-2,5-dimethoxyphenol (10)

NBS (1.16 g, 6.55 mmol, 1 equiv.) was added to a cooled (0 °C) solution of 9 (1.0 g,
6.55 mmol, 1 equiv.) in acetonitrile (130 mL). Stirring at 0 °C was continued for 30 min.
Then, NayS,0j3 saturated solution was added, and the mixture was extracted with AcOEt
(x3). The combined organic phases were washed with brine, dried over Nay;SOy4, and
the solvent was evaporated. Purification of the residue by column chromatography by
eluting with A/P 1:4 v/v gave 10 as a transparent oil. Yield 97%. IH NMR (400 MHz,
Chloroform-d) § 7.02 (s, 1H), 6.61 (s, 1H), 5.65 (s, 1H), 3.83 (s, 3H), 3.81 (s, 3H). 13C NMR
(101 MHz, Chloroform-d) 6 150.66, 145.71, 140.94, 115.77, 100.51, 99.81, 56.77, 56.74.

3.1.8. 1-Bromo-4-(2,2-dimethoxyethoxy)-2,5-dimethoxybenzene (11)

BrCH,CH(OMe), (1.0 mL, 8.82 mmol, 1.5 equiv.) was added dropwise to a stirred
solution of 10 (1.37 g, 5.88 mmol, 1 equiv.) and KOH (0.66 g, 11.756 mmol, 2 equiv.) in
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DMAC (12 mL). The reaction mixture was stirred at 140 °C for 1.5 h and then cooled to
room temperature. HyO (20 mL) was added, and the resulting mixture was extracted
with Et,O (40 mL x3). The combined organic phases were washed with aqueous NaOH
(30 mL, 5%) and H,O (30 mL), dried over Na;SO,, and the solvent was evaporated to
dryness. Purification of the residue by column chromatography with A/P 1:4 v/v as the
eluent furnished 11 as a white crystalline solid. Melting point: 57-60 °C. Yield 83%. 'H
NMR (400 MHz, Chloroform-d) 6 7.05 (s, 1H), 6.63 (s, 1H), 4.72 (t, ] = 5.2 Hz, 1H), 4.04 (d,
J = 5.2 Hz, 0H), 3.83 (s, 3H), 3.80 (s, 3H), 3.46 (s, 6H). 13C NMR (101 MHz, Chloroform-d) &
150.30, 148.22, 144.66, 117.47,102.52, 102.07, 69.94, 57.10, 56.87, 54.51.

3.1.9. 5-Bromo-4,7-dimethoxybenzofuran (12) by Cyclization of (11)

A solution of compound 11 (0.37 g, 1.55 mmol, 1 equiv.) in chlorobenzene (3 mL) was
added dropwise to a heated (120 °C) mixture of polyphosphoric acid (0.5 g) in chloroben-
zene (15 mL). After 30 min, the reaction mixture was cooled to room temperature, diluted
with Et,O, and washed with H,O. The removal of volatiles under reduced pressure gave a
residue that was purified by column chromatography with A/P 0.5:9.5 v/v. Compound
12 was isolated as a white crystalline solid. Melting point: 63-65 °C. Yield 50%. 'H NMR
(400 MHz, Chloroform-d) 4 7.59 (dd, | =2.2,0.5 Hz, 1H), 6.92 (s, 1H), 6.87 (dd, ] =2.1, 0.4 Hz,
1H), 3.97 (d, ] = 1.7 Hz, 6H). '3C NMR (101 MHz, Chloroform-d) 5 145.11, 144.54, 143.95,
142.09, 122.44, 110.55, 107.66, 104.60, 61.06, 56.57.

3.1.10. 4,7-Dimethoxybenzofuran-5-carbaldehyde (7) via Halogen-Metal Exchange

n-BuLi (1.32 mL, 1.6 M in hexane, 2.1 equiv.) was added to a cooled (—78 °C) solution
of compound 12 (0.26 g, 1.0 mmol, 1.0 equiv) in dry THF (5 mL) under argon atmosphere.
The reaction mixture was stirred at —78 °C for 20 min. Then, DMF (0.25 mL, 3.25 equiv.)
was added, and the cooling bath was removed. After 12 h, AcOEt (10 mL) was added,
and the reaction was quenched with NH4Cl saturated aqueous solution. The organic layer
was separated, washed with brine, dried over Na;SOy, and the solvent was evaporated
to dryness. Chromatographic purification of the residue with A/P 1:4 v/v afforded the
aldehyde 7 as a white crystalline solid. Melting point: 142-145 °C. Yield 50%. 'H NMR
(400 MHz, Chloroform-d) & 10.46 (s, 1H), 7.67 (dd, | = 2.3, 0.4 Hz, 1H), 7.25 (s, 1H), 7.02
(d,] =2.3Hz, 1H), 4.15 (s, 3H), 4.00 (s, 3H). 13C NMR (101 MHz, Chloroform-d) 5 189.09,
149.92, 145.30, 142.04, 122.24, 120.30, 105.88, 103.45, 61.74, 56.29.

3.1.11. 1-Phenylprop-2-en-1-one (13)

Formalin (0.8 mL, 37%, 10 mmol, 5 equiv.) was added to a solution of the ylide 8 (0.76 g,
2 mmol, 1 equiv.) in DCM (8 mL), and the mixture was heated at reflux overnight. After
washing with brine, the organic phase was dried over anhydrous Na;SO, and evaporated
to dryness. Purification of the residue by column chromatography with A/P 1:4 v/v as
the eluent phase furnished compound 13 as a clear oil. Yield 80%. '"H NMR (400 MHz,
Chloroform-d) 6 7.97-7.93 (m, 2H), 7.58-7.55 (m, 1H), 7.51-7.45 (m, 2H), 7.16 (ddd, ] = 17.2,
10.6, 0.6 Hz, 1H), 6.44 (dd, ] = 17.2, 1.7 Hz, 1H), 5.95-5.91 (m, 1H). 13C NMR (101 MHz,
Chloroform-d) & 191.14, 137.35, 133.06, 132.47, 130.26, 129.00, 128.77, 128.70, 128.07 [45].

3.1.12. 2-(2,5-Dimethoxyphenoxy) tetrahydro-2H-pyran (14)

DHP (4.16 mL, 46 mmol, 10 equiv.) was added to a solution of compound 9 (0.71 g,
4.6 mmol, 1 equiv.) and PPTS (0.115 g, 0.46 mmol, 0.1 equiv.) in DCM (10 mL). The reaction
mixture was stirred at room temperature overnight, then it was diluted with DCM and
washed with NaOH solution and brine. The organic phase was dried over Nay;SO4 and
evaporated. Purification was performed by column chromatography using A/P 1:9 v/v as
the eluent phase. Compound 14 was isolated as a clear oil. Yield 91%. 'H NMR (400 MHz,
DMSO-dg) 6 6.89 (d, ] = 8.8 Hz, 1H), 6.68 (d, ] =2.9 Hz, 1H), 6.50 (dd, ] = 8.9, 2.9 Hz, 1H),
5.39 (t, ] =3.3 Hz, 1H), 3.82 (ddd, ] = 11.1, 8.9, 3.8 Hz, 1H), 3.71 (s, 3H), 3.67 (s, 3H), 3.53
(dtd, ] =11.5,4.3,1.2 Hz, 1H), 1.94-1.38 (m, 7H) [44].
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3.1.13. 2-Hydroxy-3,6-dimethoxybenzaldehyde (15)

n-Buli (4 mL, 1.6 M in hexane, 6.37 mmol, 1.1 equiv.) was added dropwise to a cooled
(0 °C) solution of compound 14 (1.38 g, 5.79 mmol, 1 equiv.) in anhydrous Et,O (60 mL)
under argon atmosphere. The reaction mixture turned purple, then yellow, and stirring
was continued at room temperature for 2 h. The reaction flask was cooled to —78 °C, and
anhydrous DMF (1.78 mL, 23.16 mmol, 4 equiv.) was added. The reaction mixture was
stirred at room temperature for 2 h, quenched with HCI1 (5 mL, 6 N), and stirred at room
temperature for 1 h. The aqueous phase was extracted with AcOEt (x3), the combined
organics were dried over Nap,SO,4 and the solvent was evaporated. Purification of the
residue was performed by column chromatography with A/P 1:4 v/v as the eluent phase.
Compound 15 was isolated as bright yellow solid. Melting point: 67-69 °C. Yield 80%. 'H
NMR (400 MHz, Chloroform-d) 6 12.17 (s, 1H), 10.31 (s, 1H), 7.02 (d, ] = 8.9 Hz, 1H), 6.27 (d,
J =89 Hz, 1H), 3.84 (d, ] = 0.8 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) § 194.91, 155.87,
153.58, 142.08, 120.27, 111.09, 99.36, 56.90, 55.78 [44].

3.1.14. 3-Bromo-6-hydroxy-2,5-dimethoxybenzaldehyde (16)

AcONa (0.091 gr, 1.1 mmol, 1.1 equiv.) and then Br, (0.056 mL, 1.1 mmol, 1.1 equiv.)
was added to a cooled (0 °C) solution of compound 15 (0.182 g, 1 mmol, 1 eq) in acetic
acid (3 mL). The reaction mixture was stirred at room temperature for 30 min. Then, H,O
(10 mL) was added, and the mixture was extracted with DCM (10 mL x 3). The combined
organic phases were washed with H,O (10 mL), dried over Nay;SOy, and evaporated.
Purification of the residue by column chromatography with A/P 1:4 v/v as the eluent
phase furnished compound 16 as a light-yellow solid. Melting point: 92-95 °C. Yield 80%.
H NMR (400 MHz, Chloroform-d) & 11.89 (s, 1H), 10.21 (s, 1H), 7.19 (s, 1H), 3.92 (s, 3H),
3.87 (s, 3H). 13C NMR (101 MHz, Chloroform-d) § 194.91, 152.63, 152.47, 145.51, 122.50,
115.15, 104.06, 63.41, 56.67 [44].

3.1.15. Ethyl 2-(4-bromo-2-formyl-3,6-dimethoxyphenoxy)acetate (17)

Cs,CO3 (0.36 g, 1.1 mmol, 1.1 equiv.) and BrCH,COOQEt (0.12 mL, 1.1 mmol, 1.1 equiv.)
were added to a solution of compound 16 (0.261 g, 1 mmol, 1 equiv.) in DMF (5 mL). The
reaction mixture was stirred at room temperature for 1 h. HyO (10 mL) was added, and the
mixture was extracted with AcOEt (20 mL x 3). The combined organic phases were washed
with H,O (20 mL), dried over Na;SO;, and the solvent was evaporated. Compound 17
was isolated as a white grainy solid after trituration with petroleum ether. Melting point:
85-86 °C. Yield 85%. 'H NMR (400 MHz, Chloroform-d) & 10.49 (s, 1H), 7.27 (s, 1H), 4.76
(s, 2H), 4.23 (q,] = 7.1 Hz, 2H), 3.85 (d, ] = 2.1 Hz, 6H), 1.28 (t, ] = 7.1 Hz, 3H). 3C NMR
(101 MHz, Chloroform-d) 5 189.32, 168.96, 150.74, 148.89, 148.75, 121.27, 112.82, 69.75, 62.64,
61.36, 56.66, 14.24.

3.1.16. 5-Bromo-4,7-dimethoxybenzofuran (12) via Cyclization of (17)

LiOH-H,O (0.032 g, 0.78 mmol, 3 equiv.) was added to a magnetically stirred solution
of compound 17 (0.09 g, 0.26 mmol, 1 equiv.) in a 3:1 THF/H,O (4 mL) mixture. After
stirring at room temperature overnight, the reaction mixture was acidified with 1 M HCl
and extracted with AcOEt (10 mL x 3). The combined organics were washed with brine,
dried over anhydrous Na;SOy4 and evaporated to dryness. The white solid residue was
dissolved in AcyO (3 mL), AcONa (0.085 g, 1.035 mmol, 1.5 equiv.) was added, and the
mixture was heated at 130 °C for 2 h. Successively, the temperature was lowered to 60 °C,
and EtOH (3 mL) was added dropwise to consume acetic anhydride. The stirring was
continued at 60 °C for 2 h. then, the reaction mixture was cooled to room temperature.
H,O (3 mL) was added, and the mixture was extracted with AcOEt (10 mL). The organic
phase was washed with NaOH (5 mL 2 N) and with H,O (5 mL), dried over NaySOy,
and evaporated. Chromatographic purification of the residue with A /P 0.5:9.5 provided
compound 12 as a white crystalline solid. Melting point: 63-65 °C. Yield 57%.!H NMR
(400 MHz, Chloroform-d) 6 7.59 (dd, ] = 2.2, 0.5 Hz, 1H), 6.92 (s, 1H), 6.87 (dd, ] =2.1, 0.4 Hz,
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1H), 3.97 (d, ] = 1.7 Hz, 6H).13C NMR (101 MHz, Chloroform-d) 5 145.11, 144.54, 143.95,
142.09, 122.44, 110.55, 107.66, 104.60, 61.06, 56.57.

3.1.17. Synthesis of (1) from (12) via Mizoroki-Heck

A reaction flask containing DMF (1 mL) and DIPEA (1 mL) was charged with phenyl-
propenone 13 (0.165 g, 1.25 mmol, 1.25 equiv.), aryl bromide 12 (0.257 g, 1 mmol, 1 equiv.),
P(o-tol)3 (0.121 gr, 0.4 mmol), and Pd(OAc); (0.011 g, 0.05 mmol, 0.05 equiv.). The reaction
mixture was stirred under an argon atmosphere at 110 °C for 5 h. Then, AcOEt (10 mL) and
H,0 (10 mL) were added to the residue after solvent evaporation. The insoluble solid was
filtered on celite, and the organic phase was washed with brine and dried over NaySOy.
The solvent was evaporated, and Chromatographic purification of the residue with A/P
1:4 v/v provided compound 1 [10] as a yellow crystalline solid. Melting point: 98-103 °C.
Yield 32%. 'H NMR (400 MHz, Chloroform-d) § 8.22 (d, ] = 15.8 Hz, 1H), 8.05-8.01 (m, 2H),
7.62 (d, ] =2.2 Hz, 1H), 7.59-7.48 (m, 4H), 7.05 (s, 1H), 6.95 (dd, | = 2.2, 0.6 Hz, 1H), 4.05
(s, 3H), 4.04 (s, 3H). 13C NMR (101 MHz, Chloroform-d) § 191.00, 148.07, 144.97, 141.96,
140.32, 138.60, 132.53, 128.54, 128.50, 121.68, 121.47, 120.74, 105.34, 104.97, 61.51, 56.50.
HPLC r.t. = 23,233 min. ESI = 309,2086 [M + H]*. HRMS m/z: [M + H]" calc for C19H104
309.11214, found 309.1121; [M + Na]* calc 331.09408 found 331.0937. LR. (neat) cm ™! = 3126,
1654, 1598, 1586, 1572, 1480, 1440, 1354, 1287, 1231, 1202, 1185, 1159, 1072, 1013, 995, 935,
875, 853,771,738, 718, 704, 685, 662.

3.1.18. Synthesis of (1) from (7) via Wittig

A microwave vial was charged with aldehyde 7 (0.065 g, 0.3 mmol, 1 equiv.), ylide 8
(0.125 g, 0.33 mmol, 1.1 equiv.), and acetonitrile (3 mL); microwave was set at 135 °C for
1.5 h. The solvent was evaporated and the residue chromatographed by eluting with A /P
1:4 v/v. Yield 70%.

3.1.19. (E)-3-(4,7-Dimethoxybenzofuran-2-yl)-1-phenylprop-2-en-1-one (22)

A microwave vial was charged with aldehyde (20, in mixture ratio 65:35 with 7)
(0.08 g, 0.38 mmol, 1 equiv.), ylide 8 (0.144 g, 0.38 mmol, 1 equiv.), and acetonitrile (3 mL);
microwave was set at 135 °C for 1.5 h. The solvent was evaporated and the residue
chromatographed by eluting with A/P 1:4 v/v. Yield 70%. Melting Point: 155-160 °C. 'H
NMR (400 MHz, Chloroform-d) & 8.12-8.06 (m, 2H), 7.71 (d, ] = 4.9 Hz, 2H), 7.59 (ddt, ] = 8.3,
6.6, 1.4 Hz, 1H), 7.55-7.47 (m, 2H), 7.13 (s, 1H), 6.80 (d, | = 8.6 Hz, 1H), 6.54 (d, ] = 8.6 Hz,
1H), 4.01 (s, 3H), 3.91 (s, 3H). '*C NMR (101 MHz, Chloroform-d) § 189.04, 151.81, 147.38,
145.17,139.38, 137.41, 132.41, 130.13, 128.09, 128.05, 121.06, 120.40, 110.05, 108.56, 102.49,
56.09, 55.25. HPLC r.t. = 22,617 min. ESI = 3,092,086 [M + 1]. HRMS m/z: [M + H]* calc for
C19H1604 309.11214, found 309.1122; [M + Na]* calc 331.09408 found 331.094.

3.1.20. Synthesis of (22 and 1) from (20 and 7) via Wittig by Convectional Heating

A round bottom flask vial was charged with aldehydes (20, in mixture ratio 65:35 with
7) (0.08 g, 0.38 mmol, 1 equiv.), ylide 8 (0.144 g, 0.38 mmol, 1 equiv.), and toluene (3 mL);
the mixture was refluxed overnight. After complete conversion of the starting material, the
solvent was evaporated and the residue chromatographed by eluting with A/P 1:4 v/v.
Yield 70%.

3.1.21. (E)-3-(4,7-Dimethoxybenzofuran-6-yl)-1-phenylprop-2-en-1-one (23)

A microwave vial was charged with aldehyde 21 (0,08 mg, 0.38 mmol, 1 equiv.), ylide
8 (144 mg, 0.38 mmol, 1 equiv.), and acetonitrile (3 mL); the microwave was set at 135 °C
for 1.5 h. The solvent was evaporated and the residue chromatographed by eluting with
A/P 14 v/v. Yield 70%. Melting Point 138-141 °C TH NMR (400 MHz, Chloroform-d) &
8.23 (d, ] = 15.9 Hz, 1H), 8.05-8.02 (m, 2H), 7.62 (d, | = 2.1 Hz, 1H), 7.61-7.49 (m, 4H), 6.89
(d, ] =2.1 Hz, 1H), 6.87 (s, 1H), 4.17 (s, 3H), 3.97 (s, 3H).1>*C NMR (101 MHz, Chloroform-d)
5191.16, 148.59, 147 .46, 145.45, 140.43, 138.72, 132.61, 128.64, 128.61, 122.92, 122.26, 122.11,
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105.07, 101.56, 61.41, 55.92.HPLC r.t. = 24,183 min. ESI = 3,092,086 [M + 1]. HRMS m/z:
[M + HJ* calc for C19H1404 309.11214, found 309.1121; [M + Na]* calc 331.09408 found
331.0937.

3.1.22. 2-(Dimethoxymethoxy)-1,4-dimethoxybenzene (18)

Bromoacetaldehyde dimethyl acetale (1.14 mL, 9.73 mmol, 1.5 equiv.) was added
dropwise to a solution of 9 (1 g, 6.49 mmol, 1 equiv.), KOH (727 mg, 13 mmol, 2 equiv.) in
DMAC (13 mL) at room temperature. The mixture was heated at 140 °C and stirred for 2 h
until the starting material was no longer detected by TLC (A /P 1:4). It was allowed to cool
down to room temperature and quenched with H,O (20 mL). The crude was extracted with
Et,O (40 mL x 3), and combined organic phases were washed with an aqueous solution
of 5% NaOH (30 mL) and H,O (30 mL). After drying over anhydrous Na;SO;, the ether
extraction phase was evaporated in vacuo. The residue was purified by silica gel column
chromatography (elution system A/P 1:4 v/v) to obtain 18 as a white crystalline solid.
Yield 70%. 'H NMR (400 MHz, Chloroform-d) 5 6.80 (d, ] = 8.8 Hz, 1H), 6.56 (d, ] = 2.9 Hz,
1H), 6.44 (dd, ] = 8.8, 2.8 Hz, 1H), 4.77 (t, ] = 5.2 Hz, 1H), 4.03 (d, ] = 5.2 Hz, 2H), 3.78 (d,
J =21.9 Hz, 6H), 3.46 (s, 6H). 1>*C NMR (101 MHz, Chloroform-d) & 154.26, 149.08, 144.18,
113.21, 104.69, 102.73, 102.37, 69.16, 56.84, 55.73, 54.35.

3.1.23. 4,7-Dimethoxybenzofuran (19)

Compound 18 (1 g, 4.12 mmol, 1 equiv.) and Sn-p zeolite (4.12 g) (kindly prepared
by the analytical chemistry division of the University of Ferrara, Prof. Pasti Luisa) were
poured in chlorobenzene (42 mL). The heterogeneous mixture was stirred at 105 °C. After
5 h, it was allowed to cool down to room temperature, filtered through a Gooch filter,
and evaporated under reduced pressure. The residue was purified by silica gel column
chromatography (elution system A/P 1:9 v/v) to obtain a white crystalline solid. Yield 62%.
'H NMR (400 MHz, Chloroform-d) & 7.56 (d, ] = 2.1 Hz, 1H), 6.86 (d, ] = 2.1 Hz, 1H), 6.70
(d,] =8.5Hz, 1H), 6.54 (d, ] = 8.5 Hz, 1H), 3.97 (s, 3H), 3.90 (s, 3H). 3C NMR (101 MHz,
Chloroform-d) 6 147.60, 143.90, 140.38, 119.45, 106.43, 104.43, 102.72, 56.53, 55.80.

3.1.24. 1-(2,5-Dimethoxyphenoxy)propan-2-one (24)

Compound 9 (560 mg, 4.21 mmol, 1 equiv.) was dissolved in DMF (0.2 M), then Cs,CO3
(1.5 g, 4.631 mmol, 1.1 equiv.) and bromoacetone (0.63 gr, 4.63 mmol, 1.1 equiv.) were
added. The mixture was stirred overnight at room temperature and quenched with brine
and H;O. The mixture was extracted with AcOEt, dried over Nay;SO,, and the solvent was
evaporated. The residue was purified by silica gel column chromatography (elution system
A/P 1:4 v/v) to obtain 24 as a yellowish oil. Yield 63%.'H NMR (400 MHz, Chloroform-d) &
6.83 (d, ] =8.8 Hz, 1H), 6.47 (dd, ] = 8.8, 2.8 Hz, 1H), 6.39 (d, ] = 2.8 Hz, 1H), 4.57 (s, 2H),
3.84 (s, 3H), 3.74 (s, 3H), 2.28 (s, 3H).13C NMR (101 MHz, Chloroform-d) & 206.07, 154.22,
148.22, 144.00, 113.22, 105.29, 102.74, 74.46, 56.73, 55.77, 26.56.

3.1.25. 4,7-Dimethoxy-3-methylbenzofuran (25)

A mixture of polyphosphoric acid (0.52 g) in chlorobenzene (15 mL) was heated
at 120 °C, and a solution of 24 (370 mg, 1.55 mmol, 1 equiv.) in chlorobenzene (3 mL)
was added. The mixture turned black, and after 20 min, it was allowed to cool at room
temperature. The chlorobenzene phase was decanted, and the residue was rinsed three
times with 20 mL of Et,O. The ether was evaporated, and cyclized product 25 was purified
on silica gel column chromatography by eluting with A/P 0.2:9.8, v/v, to obtain a yellowish
solid. Yield 50%. 'H NMR (400 MHz, Chloroform-d) & 7.28 (d, ] = 1.4 Hz, 1H), 6.66 (d,
J =8.5Hz, 1H), 6.49 (d, ] = 8.5 Hz, 1H), 3.95 (s, 3H), 3.86 (s, 3H), 2.35 (d, ] = 1.3 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) & 149.34, 145.93, 140.50, 140.36, 120.11, 116.40, 106.33,
102.40, 56.58, 55.80, 29.78.
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3.1.26. (4,7-Dimethoxybenzofuran-3-yl)methanol (26), 4,7-Dimethoxybenzofuran-
3-carbaldehyde (27)

Compound 25 (109 mg, 0.57 mmol, 1 equiv.) and SeO; (125 mg, 1.134 mmol, 2 equiv.)
in 1,4-dioxane were stirred at 75 °C for 96 h. The cooled mixture was filtered through
Gooch, and the solvent evaporated under reduced pressure. Chromatographic purification
of the residue using A /P 3:7 v/v as the eluent phase provided title compounds 26 and 27 in
1:1 ratio as brown and red solid, respectively. Yield 80%. 'H NMR (400 MHz, Chloroform-d)
5747 (d, ] =1.0Hz 1H),6.71 (d, ] =8.6 Hz, 1H), 6.56 (d, ] = 8.6 Hz, 1H), 4.73 (d, ] = 0.9 Hz,
2H), 3.95 (s, 3H), 3.94 (s, 3H), 2.85 (s, 1H). 13C NMR (101 MHz, Chloroform-d) & 147.06,
146.03, 140.71, 140.55, 120.85, 118.54, 106.82, 102.70, 56.55, 55.94.

3.1.27. 4,7-Dimethoxybenzofuran-3-carbaldehyde (27)

A solution of 26 (50 mg, 0,24 mmol, 1 equiv.) in anhydrous DCM (5 mL) was added
to a suspension of PCC (129 mg, 0.6 mmol, 2.5 equiv.) in anhydrous DCM (5 mL). The
red mixture turned dark brown and was stirred at room temperature overnight. The
insoluble cake was rinsed three times with anhydrous Et,O. The ether portions were
combined, filtered through a pad of Florisil, and evaporated. Compound 27 was afforded
by chromatographic purification using A/P 3:7 v/v as the eluent phase. Yield 95%. 'H
NMR (400 MHz, Chloroform-d) 6 10.41-10.41 (m, 1H), 8.21-8.18 (m, 1H), 6.77 (d, | = 8.6 Hz,
1H), 6.65 (d, | = 8.6 Hz, 1H), 3.96 (s, 3H), 3.92 (s, 3H). 13C NMR (101 MHz, Chloroform-d) &
187.31, 148.52, 148.25, 145.99, 140.31, 123.46, 107.68, 104.36, 56.57, 55.82.

3.1.28. (E)-3-(4,7-Dimethoxybenzofuran-3-yl)-1-phenylprop-2-en-1-one (28)

A microwave vial was charged with aldehyde 27 (65 mg, 0.3 mmol, 1 equiv.), ylide 8
(125 mg, 0.33 mmol, 1.1 equiv.), and acetonitrile (3 mL); the microwave was set at 135 °C for
2 h. The solvent was evaporated, and the residue was purified on silica gel chromatography
eluting with A/P 1:4 v/v to obtain the desired product 28 as a yellow-ocher solid. Yield
65%. '"H NMR (400 MHz, Chloroform-d) 5 8.08-8.02 (m, 3H), 7.97-7.84 (m, 2H), 7.61-7.48
(m, 3H), 6.78 (d, ] = 8.6 Hz, 1H), 6.65 (d, | = 8.7 Hz, 1H), 3.98 (s, 3H), 3.96 (s, 3H). 1*C NMR
(101 MHz, Chloroform-d) 5 190.58, 148.41, 146.56, 145.78, 140.38, 138.38, 134.75, 132.62,
128.56, 128.46, 124.00, 119.85, 116.75, 107.53, 104.04, 56.56, 55.96. HPLC r.t. = 23,017 min.
ESI = 3,092,086 [M + 1]. HRMS m/z: [M + H]* calc for C19H1404 309.11214, found 309.1121;
[M + Na]* calc 331.09408 found 331.0937.

3.1.29. Cell Cultures and Stimulation

Bone marrow-derived macrophages (BMDMSs) were isolated from C57BL/6 mice
as described [52] and differentiated for 7 days in Iscove’s Modified Dulbecco’s Medium
supplemented with 15% fetal bovine serum (FBS, Gibco), 1% penicillin/streptomycin (P/S)
and 10 ng/mL M-CSFE. THP-1 cells were grown in RPMI medium supplemented with 10%
FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. THP-1 cells were stimulated by
100 ng/mL PMA overnight to differentiate into macrophages. All cells were grown in a
5% CO, incubator at 37 °C. BMDM s were seeded at 5 x 10° in 24 well plates. After 12 h,
the medium was removed, and cells were treated with LPS from Escherichia coli 055:B5
(1 pg/mL) in fresh Iscove’s Modified Dulbecco’s Medium for 2 h. After that, the medium
was removed and replaced with a serum-free medium containing DMSO or compounds
(10 uM) for 30 min. Cells were then stimulated with Nigericin (10 uM) for 1 h. Human
THP-1 cells were seeded at 3 x 10° cells per well in 24 well plates. The following day, the
overnight medium was replaced, and cells were stimulated with LPS (1 pg/mL) for 3 h.
The medium was removed and replaced with a serum-free medium containing DMSO or
compounds (10 pM) for 30 min. Cells were then stimulated with Nigericin (10 uM) for 1 h.

3.1.30. In Vivo LPS Challenge

C57BL/6 mice were IP injected with compounds (25 mg/kg) or vehicle control (DMSO)
30 min before IP injection of LPS 1 mg/kg (4 h) and then were euthanized, and blood and
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peritoneal exudate were isolated. Mouse plasma was collected after blood centrifugation
(1000 g, 15 min at 4 °C). ELISA for IL-13 was performed according to the manufacturer’s
instructions (R&D System:s).

3.1.31. ELISA

Supernatants from BMDMs and THP-1 cell culture were assayed for mouse or human
IL-1B, respectively, by ELISA according to the manufacturer’s instructions (R&D Systems).

4. Conclusions

We succeeded in synthesizing the bioactive compound velutone F (1), the chalconoid
contained in Millettia velutina stem, together with other 21 flavonoids. Our chemical total
synthesis of velutone F is advantageous compare to the recently reported [24] seven steps
semi-synthesis requiring the naturally occurring furanochromone derivative Khellin as
the costly starting material (25 G > 800 USD). We could develop synthetic routes A and
B; the first one establishes the benzofuran nucleus by creating the annellated carbocyclic
ring onto a furan ring, while the second one proceeds exactly the other way. Instead,
the Wittig olefination and the Heck coupling reaction are the featuring steps allowing for
the assemblage of the 1,3-diaryl enone scaffold. Both the multi-step synthetic routes A
and B establish the enone moiety at position C-5 of the 4,7-dimethoxybenzofuran thus,
slightly modified synthetic approaches were designed in order to achieve the non-natural
chalconoids 22, 23, and 28, which formally are the C-2, C-3, and C-6 regioisomers of
velutone F (1). The anti-inflammatory effects of the newly synthesized compounds are
also reported.
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