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Abstract: The phenyl(piperidin-4-yl)methanone fragment (here referred to as the benzoylpiperidine
fragment) is a privileged structure in the development of new drugs considering its presence in
many bioactive small molecules with both therapeutic (such as anti-cancer, anti-psychotic, anti-
thrombotic, anti-arrhythmic, anti-tubercular, anti-parasitic, anti-diabetic, and neuroprotective agents)
and diagnostic properties. The benzoylpiperidine fragment is metabolically stable, and it is also
considered a potential bioisostere of the piperazine ring, thus making it a feasible and reliable chemical
frame to be exploited in drug design. Herein, we discuss the main therapeutic and diagnostic agents
presenting the benzoylpiperidine motif in their structure, covering articles reported in the literature
since 2000. A specific section is focused on the synthetic strategies adopted to obtain this versatile
chemical portion.

Keywords: benzoylpiperidine; phenyl(piperidin-4-yl)methanone; benzoylpiperidine-based small
molecules; privileged structure; medicinal chemistry; bioisostere; drug design; therapeutic agents;
diagnostic agents

1. Introduction

The benzoylpiperidine fragment (phenyl(piperidin-4-yl)methanone, Figure 1) is an
important chemical frame exploited in medicinal chemistry because it is present in many
different bioactive compounds with a broad spectrum of therapeutic effects but also with
diagnostic uses.

The piperidine ring can be considered a potential bioisostere of the piperazine ring,
and when this bioisosteric replacement takes place, a good strategy to compensate for the
role of the additional nitrogen atom of the piperazine is the introduction of a heteroatom
to re-establish the loss of binding energy. In the case of benzoylpiperidine, this role is
played by the carbonyl group, which is hopefully able to establish new interactions (i.e.,
hydrogen bonds) with the target [1]. The bioisosteric replacement of piperazine with
the benzoylpiperidine moiety is therefore used in medicinal chemistry to evaluate the
structure-activity relationship (SAR) of several classes of bioactive compounds, although
this chemical modification does not always lead to an improvement in terms of biological
activity [2-7].

Noteworthy, the benzoylpiperidine system is a privileged structure, together with 3-
(piperidin-4-yl)benzo[d]isoxazole, in the design and development of atypical antipsychotic
agents considering that this chemical frame is present in the structure of the two potent
5-HT;4 reference drugs ketanserin and altanserin (compounds 1 and 2, Figure 1, see also
Section 3.2.1) [1,8]. Moreover, it was found that the 4-(p-fluorobenzoyl)piperidine fragment
present in both drugs is crucial for allowing the anchorage or the orientation of the ligand
at the 5-HT,4 receptor, and the 4-(p-fluorobenzoyl)piperidine is also considered a buty-
rophenone pharmacophore constrained in a six-membered ring [9-12]. For these reasons,
one of the most populated classes of therapeutic agents possessing the benzoylpiperidine
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fragment is that of serotoninergic and dopaminergic receptor ligands for the treatment of
neuropsychiatric and neurodegenerative diseases (see Section 3.2.1).
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Figure 1. The benzoylpiperidine fragment (phenyl(piperdin-4-yl)methanone, in the red square) and
the structures of two representative 5-HT,, antagonists, ketanserin (1) and altanserin (2), with the
benzoylpiperidine fragment highlighted in red.

The use of the benzoylpiperidine fragment in drug design also attracts the scientific
community’s interest because of its quite easy and fast synthesis, which normally exploits
safe and not too expensive reagents. Furthermore, from a structural point of view, the
presence of a symmetry plane and the consequent lack of chiral centers in this fragment
make this molecular unit a highly preferred structure to be inserted into candidate drugs
since it excludes further issues concerning asymmetric synthesis, chiral separation, and
biological assays on separate stereoisomers.

In this review, we provide a general overview of therapeutic and diagnostic agents
characterized by a benzoylpiperidine fragment, which have been reported in the litera-
ture since 2000 (Figure 2). The compounds discussed herein are classified on the basis of
their therapeutic effects (anti-cancer, anti-psychotic, anti-thrombotic, anti-arrhythmic, anti-
tubercular, anti-parasitic, anti-diabetic, neuroprotective agents, etc.) and then of their biolog-
ical targets (Sections 3.1-3.6). A separate section is dedicated to the benzoylpiperidine-based
compounds used for diagnostic purposes (Section 3.7). Additionally, the most frequently
used synthetic procedures to build this chemical fragment are described in Section 2.

The analysis of the articles reported in the literature since 2000 (59 articles in total)
shows that 75% of them concern therapeutic agents, whereas the remaining 25% concern
diagnostic agents (Figure 3). Moreover, the majority of therapeutic agents exert neuropro-
tective effects (55%), even if anticancer and cardioprotective agents represent two other
highly populated classes of therapeutics (16% and 14%, respectively).
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Figure 2. General classification of benzoylpiperidine-based small molecules as therapeutics
and diagnostics.
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Figure 3. Percentages of therapeutic and diagnostic benzoylpiperidine-based molecules herein reported.

2. Synthesis of the Benzoylpiperidine Fragment

Analyzing the literature, the preparation of the benzoylpiperidine fragment appears
to be a few-step and straightforward synthesis; furthermore, it involves safe and low-cost
reagents, thus favoring its use in drug design and development. The presence of the free
amino group of the piperidine allows its functionalization thanks to simple nucleophilic
substitutions; in addition, if the benzoyl portion of the molecule bears a halogen atom
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or other functional groups, such as a -SH moiety, it can be subjected to cross-coupling
reactions, thus simplifying the obtainment of the desired bioactive molecules.

In most cases, the already-formed benzoylpiperidine fragment is introduced into
the structure of bioactive compounds by using commercially available and appropriately
substituted amines or their respective hydrochlorides or hydrobromides (3, Figure 4), which
are subsequently subjected to nucleophilic substitutions with tosylates, N-alkylations with
alkylhalides, or amidic condensations with carboxylic acids to grow up the molecule on
the piperidine nitrogen side (compound 8, green arrow, sequence of reactions “A”, step 4,
Figure 4) [11,13-38].

In other cases, the benzoylpiperidine fragment is synthesized starting from the com-
mercially available isonipecotic acid (compound 4, magenta arrow, sequence of reactions
“B”, Figure 4). The first step of the synthesis consists of the N-acetylation of the free amino
group of the piperidine to avoid unwanted side products in the next steps of the synthesis.
Indeed, the reaction between the commercial precursor with acetic anhydride and pyridine,
refluxed at 140 °C for 2 h, affords the N-acetylated intermediate 9 (step b, Figure 4). At this
point, the treatment of N-protected isonipecotic acid with thionyl chloride in anhydrous
1,2-dichloroethane at 60 °C for 4 h gives the acyl chloride intermediate, which is then
subjected to Friedel-Crafts acylation with the properly substituted aromatic system in the
presence of aluminum trichloride and anhydrous 1,2-dichloroethane as the solvent at 90 °C
overnight to form the desired benzoylpiperidine fragment 10 (step c, Figure 4). Then, an
appropriate sequence of reactions allows the functionalization of the benzoylpiperidine on
both the piperidine (after removal of the amide protecting group to obtain the free amine)
and the benzoyl moiety [39-44].

Weinreb amide 5 (1-tBu-N-methoxy-N-methylpiperidine-4-carboxamide or tert-butyl 4-
(methoxy(methyl)carbamoyl)piperidine-1-carboxylate) is another reagent commonly used
in the synthesis of the benzoylpiperidine fragment through the Weinreb-Nahm ketone
synthesis (light blue arrow, sequence of reactions “C”, Figure 4) [45]. This amide is commer-
cially available, or it can be synthesized starting from isonipecotic acid 4. Isonipecotic acid
4 is N-Boc protected with di-tert-butyl dicarbonate and 1N aqueous NaOH in a mixture of
1,4-dioxane and acetonitrile to afford intermediate 11 (step d, Figure 4) and then treated
with N,O-dimethylhydroxylamine hydrochloride in the presence of the coupling reagent
hexafluorophosphate benzotriazole tetramethyl uronium, N,N-diisopropylethylamine as
the base, and anhydrous dimethylformamide as the solvent to yield the desired amide
5 (step e, Figure 4). The subsequent treatment of Weinreb amide 5 with an aromatic
organometallic reagent such as a Grignard reagent or organolithium reagent allows the
formation of a new carbon-carbon bond and thus the desired benzoylpiperidine fragment
12 (step f, Figure 4) [1,46-49].

Another strategy adopted to synthesize the benzoylpiperidine fragment is the employ-
ment of the commercially available ethyl ester of isonipecotic acid 6 (ethyl isonipecotate,
orange arrow, sequence of reactions “D,” Figure 4). The free amino group can be pro-
tected with benzoyl chloride in the presence of triethylamine as the base and anhydrous
dichloromethane as the solvent at room temperature for 20 h (step g, Figure 4). Then, the
ethyl ester group of benzamide 13 is hydrolyzed in alkaline conditions for aqueous NaOH
in aqueous EtOH (70%) at room temperature for 18 h to obtain free carboxylic acid 14 (step
h, Figure 3). Here, a sequence of reactions very similar to those previously described allows
the assembly of the benzoylpiperidine fragment. The carboxylic acid 14 is first converted
into its acyl chloride analogue by using oxalyl chloride in dry DCM at room temperature
for 15 h and subsequently reacted with bromobenzene in a Friedel-Crafts reaction in the
presence of AlCl3 at 90 °C for 6.5 h to afford intermediate 15 possessing the benzoylpiperi-
dine fragment (step 7, Figure 4). The bromine in the para position of the benzoyl moiety
allows the easy further functionalization of this portion of the molecule [50-60].
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Figure 4. Main commercially available precursors for the synthesis of the benzoylpiperidine fragment
(highlighted in red). Reagents and conditions: (a) nucleophilic substitutions with tosylates, N-alkylations
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with alkylhalides, or amidic condensations with carboxylic acids; (b) AcyO, pyridine, 140 °C, 2 h; (c) i.
SOCl,, dry 1,2-DCE. Sixty °C, 4 h, ii. properly substituted aromatic system, AlCl3, dry 1,2-DCE, 90 °C,
overnight; (d) (Boc),O, 1N NaOH, 1,4-dioxane, acetonitrile, H;O; () N,O-dimethylhydroxylamine
hydrochloride, HBTU, DIPEA, DMF; (f) aromatic organometallic reagent such as a Grignard reagent
or organolithium reagent; (g) Et3N, BzCl, dry DCM, rt, 20 h; (k) NaOH, aqueous EtOH (70%), rt, 18 h;
(i) i. (COCl),, dry DCM, rt, 15 h; ii. bromobenzene, AlCl3, 90 °C, 6.5 h; (j) PCC, CH,Cly; (k) ArMgBr
or ArLi, THF; (I) Dess-Martin periodinane; (1) 4N HCl in 1,4-dioxane.

Finally, the benzoylpiperidine fragment can also be obtained starting from the com-
mercially available tert-butyl 4-(hydroxymethyl)piperidine-1-carboxylate 7 (blue arrow,
sequence of reactions “E”, Figure 4). At first, it is oxidized by pyridinium chlorochromate
in dry DCM, and then it is converted into the corresponding secondary alcohol 16 when
reacted with arlymagnesium bromide or aryllithium reagents in tetrahydrofuran (steps j
and k, Figure 4). Then, the Dess-Martin oxidation with 1,1,1-tris(acetyloxy)-1,1-dihydro-
1,2-benziodoxol-3-(1H)-one (Dess-Martin periodinane) followed by the deprotection of the
secondary alcohol in acidic conditions for 4N HCl in 1,4-dioxane affords the benzoylpiperi-
dine fragment 17 (steps [ and m, Figure 4) [61,62].

3. Benzoylpiperidine-Based Small Molecules as Therapeutics and/or Diagnostics
3.1. Cancer
3.1.1. MAGL Inhibitors

Monoacylglycerol lipase is a cytosolic serine hydrolase responsible for 85% of 2-
arachidonoylglycerol (2-AG) metabolism in the brain. This enzyme is overexpressed in
aggressive cancer cells and primary tumors, where it furnishes a lipolytic source of free
fatty acids important to producing oncogenic signaling lipids [63]. For this purpose, the
development of MAGL inhibitors is a valid and appealing strategy for tackling cancer.
Many irreversible MAGL inhibitors have been developed so far; however, the chronic
MAGTL blockade causes serious side effects in animal-based studies [64]. Hence, the
development of reversible MAGL inhibitors able to partially inhibit MAGL, thus avoiding
interference with the endocannabinoid system, has become an increasingly challenging
research field.

In this context, Tuccinardi et al. discovered a new reversible MAGL inhibitor thanks
to the application of computational studies [13]. Compound 18 (Figure 5), characterized
by a benzoylpiperidine fragment, proved to inhibit human MAGL with an IC5p value
of 11.7 uM, acting as a reversible inhibitor, as supported by pre-incubation assays. In
addition, Michaelis-Menten analysis suggested competitive behavior for compound 18.
Further pharmacological investigations showed that benzoylpiperidine 18 exerted notable
antiproliferative activity on human breast (MDA-MB-231 and MCF-7) and ovarian (COV318
and OVCAR-3) cancer cells compared with noncancerous human mesenchymal stem cells
(hMSC), with ICsg values ranging from 19.9 to 75.3 uM. These promising results prompted
the researchers to further modify and optimize benzoylpiperidine 18 to obtain more potent
reversible MAGL inhibitors. Before proceeding with the design, molecular docking studies
were performed to better understand the disposition of the ligand inside the active site
of the enzyme and thus better direct the chemical modifications to be made to the lead
compound 18 [24]. The benzoyl portion of the ligand is located in the wide lipophilic
channel of MAGL, establishing lipophilic interactions, whereas the phenylamidic portion
is located in the small polar pocket of the enzyme. At first, the researchers improved the
interaction of the ligand with the small polar pocket while maintaining the rest of the
molecules fixed. So, they replaced the p-methoxy group with some exploratory substituents
on the different positions of the phenylamidic ring, and among the newly synthesized
benzoylpiperidines, compound 19 (Figure 5), bearing a hydroxyl group in meta position
with respect to the amide, displayed the most potent MAGL inhibition activity, with an
ICsg value of 0.84 uM [24]. Dilution and preincubation assays confirmed its reversible
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mode of action, and Michaelis-Menten experiments suggested a competitive behavior, such
as the lead compound 18. Importantly, benzoylpiperidine 19 proved to be selective for
MAGL compared with fatty acid amide hydrolase (FAAH), another target enzyme of the
endocannabinoid system. Finally, 19 was also tested for its antiproliferative activity on
different cancer cell lines, and it displayed a good inhibition of cell viability in ovarian
cancer cells OVCAR-3 and COV318 (IC5, values of 31.5 and 43.9 uM, respectively), which
overexpress MAGL, as demonstrated by Western blot analysis. Computational studies
about the binding mode of ligand 19 to the MAGL active site highlighted that the hydroxyl
group in the meta position established a crucial H-bond with E53 and H272 in the small polar
pocket of the enzyme. Taking into account the above-mentioned findings and the fact that
the benzoyl portion of compound 19 is located in the wide lipophilic channel of MAGL, the
next endeavors of the researchers focused on the structural modification of both the phenolic
and the benzoyl moiety of compound 19, thus leading to the identification of compound 20
(Figure 5) [39]. Benzoylpiperidine 20 possesses an i-propyl group in the para position of the
benzoyl moiety and a fluorine atom in the para position of the phenolic group, making it the
most potent reversible inhibitor of this series, with an ICsy value of 80 nM on the isolated
enzyme. It also proved to be selective for MAGL compared with other ECS enzymes and
cannabinoid receptors 1 and 2 (ICs5p > 10 uM). Benzoylpiperidine 20 significantly inhibited
the cell growth of different human breast, ovarian, and colorectal cancer cells, with ICsg
values ranging from 7.9 to 92 uM. The consistent improvement in MAGL inhibition activity
from 19 to 20 (of about 10-fold) seemed to be mainly ascribed to the fluorine atom in the
para position with respect to the phenolic group: its electron withdrawing effect makes
the hydroxyl group more acidic, thus reinforcing its H-bonds with E53 and H272 in the
small polar pocket of the enzyme. Furthermore, the i-propyl group better fitted into the
wide lipophilic channel of MAGL and established more hydrophobic interactions within it
compared with the chlorine atom. These hypotheses were further confirmed in 2021, when
the researchers designed a second-generation class of benzoylpiperidines as reversible
MAGL inhibitors [40]. This chemical exploration led to diarylsulfide 21 (Figure 5), which
proved to be one of the most promising compounds. Diarylsulfide 21 reversibly inhibited
MAGL with an ICsg value of 30 nM and proved to be selective for MAGL compared with
FAAH, ABHD-6/-12, CBIR, and CB2R (ICs5g > 10 pM). The potential use of 21 as an anti-
cancer drug was supported first by antiproliferative activity assays in a panel of cancer
cell lines and secondly by its evaluation in a pancreatic ductal adenocarcinoma (PDAC)
preclinical model. In this regard, pharmacological assays on PDAC-3 primary cell cultures
showed good antiproliferative activity for compound 21 with an ICsq value of 9.28 pM.

With the aim of obtaining even more potent reversible MAGL inhibitors, Bononi et al.
further optimized the scaffold of 21 by introducing some exploratory substituents in the para
or meta positions of the distal phenyl ring of the diarylsulfide moiety [41]. The best results
in terms of MAGL inhibition activity and selectivity were obtained by diphenylsulfides
22-24 bearing a substituent (trifluoromethyl, chlorine, or trifluoromethoxy, respectively,
Figure 4) in the meta position of the distal phenyl ring. Their ICs, values were in the low
nanomolar range (1.26, 1.50, and 1.86 nM, respectively). Diarylsulfides 22-24 were also
endowed with remarkable antiproliferative activity in a panel of nine different cancer cells
with ICsg values in the range of 0.32-12 uM. The binding mode of this class of diarylsulfide
benzoylpiperidine-based MAGL inhibitors highlighted that the meta-substituent was able
to fully occupy the hydrophobic pocket of the enzyme, interacting with most of its residues;
moreover, the phenyl ring reinforced the hydrophobic interactions with the leucine residues
of this pocket.

In conclusion, the lead optimization of 18 to obtain compound 22 allowed a notable
improvement in MAGL inhibition activity while still maintaining the benzoylpiperidine
central fragment fixed.
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Figure 5. Benzoylpiperidine-based reversible MAGL inhibitors (the benzoylpiperidine fragment is
highlighted in red, the benzoyl moiety is in the magenta dashed square and the phenylamidic moiety
is in the blue dashed square).

3.1.2. Tankyrase Inhibitors

Tankyrase (TNKS) proteins are multifunctional poly(ADPribose) polymerases (PARPs)
using NAD™ as a substrate to generate ADP-ribose polymers on target proteins (PARsyla-
tion). This covalent post-translational modification leads to the attachment of one or many
ADP-ribose (ADPr) molecules onto the target protein [65]. TNKS1 and TNKS2 isoforms
share identical functions and comparable structures, including the ankyrin (ANK) repeat
domain, the SAM (sterile alpha molecule) domain, and the catalytic PARP domain [65]. It
was found out that TNKS is a feasible target to inhibit the Wnt/ 3-catenin signal transduc-
tion that is improperly activated in many cancers [66,67]. It is not yet clear the mechanism
of action, but TNKS seems to favor the ubiquitination of axin through its direct PARsyla-
tion [66]. Therefore, TNKS inhibitors may be developed as novel anti-cancer drugs mining
the Wnt signaling pathway.

Within this context, Shultz and colleagues, by using a combination of structure-based
design and lipophilic efficiency (LipE)-based structure efficiency relationships, optimized
the previously developed TNKS inhibitor 25 aiming at identifying a more stable and
efficient derivative (Figure 6) [32]. The first structural modification led to dihydropyran
26 (Figure 6), which exhibited a better stability and lipophilicity profile, but it was 33-fold
less potent than 25 (ICsg values of 2.65 and 0.078 uM, respectively, in human embryonic
kidney HEK293 cells SuperTopFlash reporter gene assay). Hence, this core was further
combined with the chemical features of compound 27, a screening hit discovered in the
same study and characterized by a benzoylpiperidine moiety (Figure 6). A new series of
10 benzoylpiperidine-based TNKS inhibitors was synthesized, starting with commercially
available p-substituted benzoylpiperidines. The most potent and selective TNKS inhibitor
of this series was found to be compound 28 (Figure 6), possessing an increased LipE of 7.0
(the LipE for 25 and 26 was 4.2 and 4.0, respectively) and a 5000-fold selectivity for TNKS1
and TNKS2 versus PARPs 1 and 2. Pharmacokinetic studies in mice revealed that 28 is an
orally active antagonist of the Wnt pathway with favorable pharmacokinetic properties
compared with the parent compound 25. Taken together, these results paved, the way
for the development of novel TNKS inhibitors based on this chemical structure to treat
Wnt-dependent cancers.
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Figure 6. Design and structure of Tankyrases inhibitors as potential anti-cancer agents. ICs values
were evaluated in the HEK293 SuperTopFlash (STF) reporter gene assay. The benzoylpiperidine
fragment is highlighted in red.

3.1.3. Complex I Inhibitors

NADH-ubiquinone oxidoreductase, also known as Complex I, is the first oxidative
phosphorylation (OXPHOS) enzyme that oxidizes NADH generated in the tricarboxylic
acid (TCA) cycle and in the fatty acid 3-oxidation to regenerate NAD* for the mitochondrial
matrix. Moreover, it uses the two electrons to reduce ubiquinone to ubiquinol [68,69].
Despite the fact that cancer cells mainly rely on glycolysis to produce energy (the Warburg
effect), some types of cancer still rely on OXPHOS [70]. Hence, Complex I inhibitors
interfering with OXPHOS could be a valuable approach to counteracting specific cancers.

In 2013, compound 29 (Figure 7) was identified as a Complex I inhibitor able to activate
AMPK in vitro, thus ameliorating type 2 diabetes and its complications (see Section 3.4.2
AMPK activators) [22]. Based on these findings, some years later, Huang and coworkers de-
cided to investigate the anti-cancer activity of 29 on the human liver cancer cell line HepG2
and optimize its chemical scaffold [71]. While 29 is characterized by a benzoylpiperidine
fragment in its structure (as highlighted in red in Figure 7), the newly 20 synthesized 29
derivatives did not possess this chemical feature. However, focusing on 29, it exerted a
notable antiproliferative activity on HepG2, with an ICs5q value of 5.2 uM, displaying a
dose-dependent and moderate inhibitory activity of Complex L

O
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Figure 7. Structure of 29 Complex I inhibitor (benzoylpiperidine highlighted in red).
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3.2. Neuropsychiatric and Neurodegenerative Diseases
3.2.1. Serotoninergic and Dopaminergic Receptor Ligands

Nowadays, it is well known that the neurotransmitter serotonin (5-hydroxytriptamine,
5-HT) plays a central role in the occurrence of mental diseases such as depression, anxiety,
schizophrenia, eating disorders, obsessive-compulsive disorder (OCD), migraine, and
panic disorder [72-77]. Therefore, modulating the serotoninergic tone is a commonly used
strategy for treating mental disorders. The 5-HT receptors are divided into seven families (5-
HT,_7), and some of these families are further classified into different subtypes (A, B, C, and
so on) [78]. For example, the 5-HTj 5 receptor is implicated in neuropsychiatric disorders
such as anxiety and depression [79], whereas the 5-HT, receptor is correlated with mental
illness and cardiovascular diseases [80]. As mentioned before, two representative examples
of 5-HT, ligands are compounds 1 and 2, both characterized by a benzoylpiperidine
fragment (Figure 1). Ketanserin 1 is mainly used in clinics as an antihypertensive agent,
while altanserin 2 is usually labeled with the isotope fluorine-18 to form the respective
radioligand that is employed in positron emission tomography (PET) studies of the brain.

Together with the serotoninergic system, the dopaminergic one plays a central role in
schizophrenia, as first hypothesized by Van Rossum in 1967; that is, dopamine neurotrans-
mission is increased in this illness [81]. The dopaminergic receptors are classified as D;- and
D;-like. The D,-like family is constituted by D,, D3, and Dy receptors, and it seems to be
directly involved in the onset of schizophrenia. Antipsychotic drugs are divided into two
classes on the basis of the Meltzer’s ratio, which is the pK; (5-HT34 /D) ratio: (a) typical
(classical, Meltzer’s ratio < 1.09); and (b) atypical (non-classical, Meltzer’s ratio > 1.12)
antipsychotics. The first ones are characterized by different side effects such as prolactin
release and extrapyramidal symptoms (EPS), and they are also ineffective against negative
symptoms (social withdrawal, catatonia, and affective flattening of the personality); on the
contrary, the second ones do not provoke EPS and can treat both negative and positive
(hallucinations, paranoia, and disorganized behavior) symptoms. This difference between
the two classes of antipsychotics depends on the fact that atypical antipsychotics block not
only dopamine receptors but also serotonin receptors. Therefore, many endeavors in this
research field have also focused on the identification of dual 5-HT,5 /D, ligands with a
Meltzer’s ratio greater than 1.12.

In the development of new antipsychotic drugs targeting the serotoninergic and
dopaminergic systems, the benzoylpiperidine frame is very recurrent for the reasons
already mentioned in Section 1 [9-12].

In 2000, the research group of Guillaumet aimed at developing new molecules with a
mixed affinity for 5-HT1 5 and 5-HTy4 receptors by modifying the structures of previously
developed compounds endowed with a high affinity for 5-HT; 5 receptors [33]. Among the
10 synthesized compounds, four of them possess a 4-(p-fluorobenzoyl)piperidine moiety
(compounds 30-33, Figure 8).

As a result of the biological evaluation of these derivatives, they identified compounds
31 and 33 as potent and selective 5-HT ligands with ICsy values of 1.1 and 2.4 nM,
respectively. Compound 31 also demonstrated to bind to high-affinity 5-HT 5 receptors
with an ICsy value of 68 nM. On the other hand, compound 32 acted as a mixed ligand for
5-HT,a and D; receptors with ICsg values of 6.0 and 12 nM, respectively. Finally, compound
30 proved to be a mixed 5-HT1 5 /5-HT, ligand with similar activities for both receptors,
showing ICsg values of 88 and 74 nM, respectively.

In the same year, the research group of Prof. Masaguer and Prof. Loza synthesized
and pharmacologically evaluated 2-aminomethyl-1,2,3,9-tetrahydro-4H-carbazole-4-ones
as potential atypical antipsychotics [11]. Compound 34 (Table 1) turned out to be one of the
most interesting compounds in this series, and it was characterized by a benzoylpiperidine
frame in its chemical structure. Compound 34 possessed a notable affinity for 5-HT;5
receptors (pK; = 8.04) and a lower affinity for D, receptors (pK; = 6.25). Its pK; (5-HT4 /D5)
ratio of 1.29 suggested an atypical antipsychotic profile according to Meltzer’s classification.
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In addition, compound 34 was also demonstrated to be selective for 5-HT,5 receptors
compared with 5-HT,g and 5-HT,c receptors by about 100- and 60-fold, respectively.

0]
F N
@)

ICs9 =74 nM (5-HT34), 88 nM (5-HT 1)
O

31:R'=CH; R? =
N

F j\f
ICs50 = 1.1 nM (5-HT5p), 68 nM (5-HT4,)
O
@)
32: R1 = R2 = N
N F
0 j\f

ICs9 = 6.0 NM (5-HT24), 12 nM (D5)

33 O
ICso = 2.4 nM (5-HTp )

Figure 8. Structure of compounds 30-33 developed by Guillaumet et al. [33] possessing a ben-
zoylpiperidine fragment (in red).

The structures of compound 34 and of the most representative benzoylpiperidines
developed by the research group of Prof. Masaguer and Prof. Loza as antipsychotic agents
and discussed in the following paragraphs are summarized in Table 1.
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Table 1. Structure of atypical antipsychotics developed by the research group of Prof. Masaguer and
Prof. Loza (University of Santiago de Compostela) in the 2000s. The benzoylpiperidine fragment is
highlighted in red. * ICs( values refer to the minus isomer.

O 0
CAr é
A L N -
Ar Compound Activity
| 34 pK; = 8.04 (5-HTy,), 6.25 (Dy)
N
H
38:X=Y=Z=C,Rl=R?2=H pK; = 8.23 (5-HTz4), 6.98 (Dy) *
R! > 39: X=Y=Z=C,R' =R? = OCH; pK; = 8.25 (5-HT5,), 6.00 (Dy) *
. | 40: X=Z=N,Y=C,RZ=H K; =32 nM (5-HT,,), 160 nM (D,)
Rz 41: X=C,Y=Z=N,R! =CH;, K; = 9950 nM (5-HT5,), >10,000 nM (D5)
42: X=7Z=N,Y=C,R? =SCH;. pK; = 6.99 (5-HT,4)
=3 35:X=C,Y=0O,R®*=R¢=H pKi =7.29 (5-HTz4), 7.02 (Dy)
\ 47:X=C,Y=0,R%=COOCH;,R* =H pK; = 7.59 (5-HT24), <5 (Ds)
R4 _</X | 48: X=C,Y=0O,R®*=H,R*=Ph pKi =7.76 (5-HTz4), <5 (D2)
Y 49: X=C,Y=0,R3 = CHj;,R* =COOCH,CH; pK; = 7.66 (5-HT54), <5 (D>)
50: X=N,Y =0, R* = CH; pK; = 6.90 (5-HT2,), <5 (D)
S
CN—<\N | 51 pK; = 6.55 (5-HTy4), <5 (Dy)

Shortly after, the same research group synthesized 6-aminomethyl-4,5,6,7-tetrahy-
drobenzo[b]furan-4-ones, hoping to afford antipsychotic agents with reduced EPS [34].
One of the most active compounds in this series was compound 35 (Table 1), characterized
by a 4-(p-fluorobenzoyl)piperidine moiety. Derivative 35 was subjected to biological assays
in order to evaluate its ability to bind serotoninergic (5-HT4, 5-HT,c, and 5-HT,p) and
dopaminergic (D1, Dy, and Dy) receptors. Compound 35 showed a notable affinity for
5-HTja, Dy, Dy, and Dy receptors, a moderate selectivity for 5-HT,g, and a scarce affinity
for 5-HT)c receptors. Its 1.03 pK; 5-HT,a /D5 ratio is in the range of that of typical or
classical antipsychotics, and this justified the fact that 35 induces catalepsy less than the
reference compound haloperidol, thus suggesting its scarce ability to provoke acute EPS
as a side effect. All these results supported the possibility of using compound 35 as a
neuroleptic drug.

Other classes of antipsychotic drugs were developed by these researchers, and in
2002 they conducted an in-depth SAR analysis of 52 cycloalkanones, many of them linked
to a benzoylpiperidine fragment [82]. The most interesting benzoylpiperidine-based cy-
cloalkanones of this series were compounds 36 and 37 (Figure 9), previously synthesized
in 1994 [83], which proved to be promising 5-HT,y ligands with pK; 5-HT,4 of 8.60 and
8.42, respectively.
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36,37

36: R = H, pKi = 8.60;
37:R =F, pKi = 8.42.

Figure 9. Structure of the 5-HT;4 ligands 36,37 possessing a benzoylpiperidine fragment (in red).

These two molecules were also selective for 5-HT,a receptors over 5-HT,p receptors,
with a Kg (5HT,, /5HT,p) ratio of 49 and 100, but also over 5-HT,c receptors, with a Kj
(5HT,a /5HT,c) ratio of 66 and 219, respectively.

Further investigations into this class of compounds led to the optimization of the
previously developed compound 38 (Table 1), thus leading to the synthesis of derivative
39 (Table 1) [35]. The differences in affinity for 5-HT»a, 5-HTyc, and D, receptors for
the corresponding enantiomers (R)/(S) were irrelevant. Despite this, benzoylpiperidine-
aminomethyltetralone (—)-39 showed a pK; 5-HT5, /D, ratio of 1.37, suggesting an atypical
antipsychotic profile, according to Meltzer’s ratio, with a notable affinity for 5-HT,4
(pKj = 8.25) and selectivity over D; receptors (pK; = 6.00) of about 177-fold.

The replacement of the benzene ring of the tetralone core of compound 38 by an aro-
matic heterocyclic ring, such as pyrimidine or pyridazine, afforded 7-((4-(4-fluorobenzoyl)-
piperidin-1-yl)methyl)-7,8-dihydroquinazolin-5(6H{)-one 40 and 7-((4-(4-fluorobenzoyl)pi-
peridin-1-yl)methyl)-3-methyl-7,8-dihydrocinnolin-5(6H)-one 41, respectively (Table 1) [36].
The Tetrahydro-quinazolinone derivative 40 proved to be the most potent ligand for both
5-HT,a and D, receptors (Kj of 32 and 160 nM, respectively), endowed with an appreciable
selectivity for 5-HT4 over 5-HT,c receptors of about 16-fold. In addition, Meltzer’s ratio
of 1.10 classified compound 40 at the limit of an atypical antipsychotic profile. On the
other hand, tetrahydro-cinnolinone derivative 41 did not show affinity for D, receptors
(Kj > 10 uM), whereas it exhibited the highest affinity for 5-HT,¢ receptors (K; = 36 nM)
with a remarkable selectivity over 5-HT,4 (265-fold) and D, (280-fold) receptors.

Unfortunately, the further introduction of exploratory substituents in the 2-position of
the pyrimidine ring of compound 40, such as in the 4-fluorobenzoylpiperidine derivative
42 (Table 1), did not lead to the development of potent D, /5-HT,4 ligands [14].

Continuing with the development of new potential atypical antipsychotics, the furan
or the pyrazole rings of compounds 35 [34] and 43 (Figure 10) [84], respectively, were
substituted with isoxazole and pyrazole to obtain tetrahydro-benzisoxazol-4-one and
tetrahydro-indazol-4-one derivatives [37]. Some of these conformationally constrained
aminobutyrophenones also contained benzoylpiperidine fragments, such as compounds
44-46 (Figure 10).

Compounds 45 and 46 showed a very low affinity for D, receptors (pK; < 5); thus,
they could not be considered as promising antipsychotics, even if tetrahydro-benzisoxazol-
4-one 46 demonstrated a good selectivity for 5-HT,a (pK;j = 7.39) over 5-HT,c (pK; < 5)
and D, (pKj < 5) receptors. Tetrahydro-indazol-4-one 44 exhibited a good affinity for
5-HT,a (pKi = 7.37) and a modest affinity for D, (pK; = 6.40) receptors, and it was in-
active on 5-HTc receptors (pK; < 5); however, the most active compound of this series
was a tetrahydro-indazolone bearing a 6-fluorobenzisoxazolylpiperidine instead of the
4-fluorobenzoylpiperidine fragment.
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45: X =Y =N, R" =H, R?= CHg, pK, = 7.52 (5-HT5a), < 5 (Dy);
43 46: X =N, Y =0, R" = CHj3, pK; = 7.39 (5-HT,p), < 5 (D).

pK: = 8.06 (5-HT,p), 6.20 (Ds)

Figure 10. Optimization of 5-HT,4 ligands 35 and 43 and structure of compounds 44-46. Ben-
zoylpiperidine fragment is highlighted in red.

In 2008, the further optimization of compound 35 [34] by introducing different sub-
stituents in the 2- or 3-position of the furan ring led to aminoalkylbenzofuran-4-one 47-49
(Table 1) [38]. The three compounds, characterized by the p-fluorobenzoyl moiety, remark-
ably bound 5-HT, receptors (pK; ranging from 7.59 to 7.76), and they did not show affinity
for Dy and 5-HT¢ receptors (pK; < 5). These results were supported by molecular docking
analysis: benzoylpiperidines 47-49 established a H-bond with serine at position 3.36 of the
5-HT,4 receptor and no H-bond with cysteine at position 3.36 of the D, receptor.

The research group of Prof. Masaguer and Prof. Loza continued to develop new
atypical antipsychotics with a dual antagonism versus 5-HT;5 and D, receptors, and in
2011, they synthesized and evaluated heterocyclic bioisosteric butyrophenone analogues
of the previously described 5-HT, /D, antagonists [16]. Among the 15 newly developed
compounds, some of them possessed the benzoylpiperidine fragment (compounds 50, 51,
Table 1); however, tetrahydrobenzoxazol-4-one 50 and benzothiazol-7-one 51 showed a
moderate affinity for 5-HTy4 receptors (pK; values of 6.90 and 6.55, respectively) and a very
scarce affinity for D, receptors, thus not being useful as antipsychotics for the treatment
of schizophrenia. On the contrary, another structural modification of compound 38 [82]
led to the identification of new potential dual 5-HT,5 /D, ligands [24]. One of them was a
1-tetralol derivative 52 bearing a 4-(4-fluoro-2-hydroxybenzoyl)piperidinyl fragment in its
structure (Figure 11).

O OH

OH
H,N ~_N -

52
pKi =8.35 (5-HT2A), 6.19 (Dz)

Figure 11. Structure of the 5-HT, ligand 52 possessing a benzoylpiperidine fragment (in red).
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1-Tetralol derivative 52 displayed a notable affinity for 5-HT4 receptors (pK; of 8.35),
higher than that of the reference compounds haloperidol and clozapine (pK; of 6.78 and
8.04, respectively). Moreover, ligand 52 showed a moderate affinity for D, receptors (pK; of
6.19) with a Meltzer’s ratio of 1.35, indicating an atypical profile. Functional assays (pKg)
on human D, and 5-HT4 receptors highlighted its competitive neutral antagonism profile
at both receptors (pKg D, of 6.32 and pKg 5-HT34 of 7.82).

In the early 2010s, taking into account that altanserin (2), MH.MZ (53) and (+)-MDL-
100907 (Volinanserin, 54) (Figure 12) are structurally similar to benzoylpiperidine com-
pounds, Kramer et al. decided to combine the structural elements of these well-known
5-HT»4 selective antagonists to better evaluate the binding mode of these compounds and
to improve the binding properties of the newly developed derivatives [15]. Among the
synthesized compounds, 55 was characterized by a benzoylpiperidine fragment (Figure 12).

O

jspePs
F Ny

S)\N
H

(+)-54 55
Ki =0.30 nM Ki =411 nM
SO0  OH

Ki=9.02nM

Figure 12. Structure of the 5-HT, selective antagonists 2, (+)-54, 53, and the developed ligand 55
possessing a benzoylpiperidine fragment (in red).

Unfortunately, the chemical modifications of 55 caused an important decrease in
the affinity to bind 5-HT,4 receptors (K; value of 411 nM) compared with the reference
compounds 2, (+)-54 and 53 (K; of 0.74, 0.30, and 9.02 nM, respectively).

In the first decade of the 2000s, evidence suggested that some 5-HT receptors exist as
dimers and maybe as oligomers [85,86]. Therefore, the research group at Gilbertson decided
to improve the affinity and selectivity of ligands for a given receptor by developing multi-
valent ligands. In particular, they synthesized dimeric derivatives of the 5-HT,5 antagonist
(+)-54 (homodimers 56-62, Figure 13) [46]. They preferred to replace the alcoholic moiety
of (+)-54 with a ketone group to avoid complications during purification and biological
testing due to the chiral center of the secondary alcohol of (+)-54.
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56:n =1, 1C59 = 181 nM;
57:n =2, 1C59 = 56 nM;
58: n =3, IC5 = 28 nM;
59: n =4, 1C59 = 32 nM;
60: n =5, IC5 = 34 nM;
61: n =6, IC59 = 154 nM;
62:n=7,1C50 =373 nM.

Figure 13. Structure of the 5-HT;4 dimeric ligands 56-62 possessing a benzoylpiperidine fragment
(in red).

Biological assays highlighted that the antagonist potency over 5-HT;4 receptors im-
proved by increasing the length of the linker (from an ICsg value of 181 nM of 6 atom-linker
56 to an ICsy value of 34 nM of 18 atom-linker 60), whereas homodimers with 21 and
24 atoms as linkers (compounds 61 and 62) drastically reduced the potency against the tar-
geted receptors (ICsy values of 154 and 373 nM, respectively). However, the best antagonist
potency was still obtained with (+)-54 (ICs value of 3.3 nM).

In 2018, the previously developed bivalent 5-HT;4 receptor antagonists 56-62 were
also biologically profiled thanks to the quantification of extracellular regulated kinases 1/2
(ERK{ /2) phosphorylation, which is a downstream signaling outcome of 5-HT;4 receptor
activation [47]. The designed bivalent ligands maintained potency and efficacy on the
5HT; receptor both in vitro and in vivo when compared with the parent compound (+)-54.
Dimeric ligands 56-62 showed a nanomolar affinity for the 5-HT,a receptor and proved to
be selective versus the 5-HT,p and 5-HT,c receptors. Moreover, they displayed nanomolar
potency in inhibiting 5-HT-evoked ERKj /; activation, and compounds characterized by
linkers of 8-18 atoms were the best to suppress ERKj /; activation. Finally, homobivalent
ligand 58 was able to suppress cocaine-evoked behavior in vivo similarly to the parent
compound (+)-54.

5-HT7 is another serotonine receptor involved in cognitive disorders; it is a Gs-
protein-coupled receptor that plays a main role in the regulation of human CNS functions.
Noteworthy, the pathologies determined by 5-HT7 receptor disfunctions seem to be strictly
correlated with 5-HTy4 receptor disorders [87-89]. For this reason, the identification of dual
ligands of the 5-HT7 receptor and the 5-HT,4 receptor is considered a valuable approach to
treating CNS and psychiatric disorders.

For this purpose, Deau and colleagues designed and synthesized dual 5-HT7/5-HT54
receptor antagonists, and the most promising compounds of this series possessing a fluorine
atom in their structure were radiolabeled with ['®F]fluoride to evaluate their capacity to
cross the blood-brain barrier (BBB) by ['8F]-PET imaging in primate brains [50]. Among
the many synthesized compounds, the most representative of them are compounds 63 and
64 (Figure 14), characterized by an alkyl chain of 4 (n-butyl) or 6 (n-hexyl) carbon atoms
(for compounds 63 and 64, respectively).

In vitro evaluation of these compounds highlighted that 63 and 64 were potent ligands
of 5-HTy receptors, both displaying K; values of 2 nM and endowed with considerable
selectivity compared with 5-HTg and 5-HT;4 receptors. Moreover, they showed a very
high affinity for 5-HT, receptors, with K; values of 4 nM for 63 and 27 nM for 64. Results
of functional assays confirmed the behavior of compound 63 as a partial antagonist of
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the 5-HTj receptor and of compound 64 as a full antagonist of the 5-HT7 receptor. Both
benzoylpiperidine derivatives 63 and 64 proved to be potent and full antagonists of the
5-HTy4 receptor. To investigate the ability of these compounds to cross the BBB and their
metabolic stability, PET scan imaging analyses on primate brains were carried out, and
['8F]-63 and [!8F]-64 were radiosynthesized.

O

63,64

63:n =4, K =2nM (5-HT7), 4 nM (5-HT2,);
64: n =6, K, =2 nM (5-HT7), 27 nM (5-HTp).

Figure 14. Structure of the dual 5-HT;/5-HT, ligands 63,64 possessing a benzoylpiperidine fragment
(in red).

Primate brain PET imaging assays evidenced a moderate uptake of radiolabeled
molecules ['8F]-63 and ['8F]-64 with a significant accumulation in the brain stem, thalamus,
hippocampus, and anterior cingulate, thus suggesting a considerable presence of 5-HT;
receptor and/or 5-HT,a receptor in those brain regions. In addition, both radiotracers
displayed good metabolic stability in plasma. Taken together, all the results supported
the further development of compounds 63 and 64 as feasible dual 5-HT7/5-HT,5 receptor
antagonists for treating CNS disorders.

Psychiatric disorders, such as schizophrenia, depression, and anxiety, may also be
counteracted by targeting metabotropic glutamate (mGlu) receptors, considering their
regulatory functions in glutamatergic transmissions. Especially mGlu, /3 receptor agonists
demonstrated to be effective in the treatment of schizophrenia and anxiety disorders in
clinical studies, thus proving the reliability of using mGlu receptor ligands to cure psychi-
atric disorders [90]. Noteworthy recent findings evidenced the existence of a heteromeric
5-HT,a /mGlu, complex [91-93], and therefore, the design of a heterobivalent ligand,
bearing two receptor-selective head groups separated by a chemical spacer of suitable
length and flexibility, represents an appealing approach to selectively target a heteromeric
receptor complex.

To this end, Poulie and coworkers developed heterobivalent ligands for the putative
5-HTya /mGlu, receptor complex characterized by a 5-HT; head group connected to a
mGluy head group by a proper spacer [49]. As the 5-HT; head group, they chose the ketone
analogue of the potent and selective 5-HT,5 antagonist 54, whereas the mGlu, head group
was represented by the low-nanomolar selective and allosteric mGluy agonist 65 (Figure 15).
As the chemical linker between the two head groups, they selected polyethylene glycol
(PEG) chains of different lengths to balance the lipophilicity of the molecules (Figure 15).

The pharmacological characterization of these dimeric ligands highlighted that het-
erobivalent ligands 6672 inhibited 5-HT-induced responses in 5-HT4 /mGlu; cells and
both 5-HT- and Glu-induced responses in HEK293 cells coexpressing the receptors 5-
HT7a /mGluy /Gqo5. Nevertheless, the mechanism of interaction between the heterodimeric
ligands and the putative 5-HT54 /mGlu, receptor complex still remains unclear.
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66: n = 3, ICsp = 5300 nM (MGlu,), 7900 nM (5-HT,);
67: n = 4, ICso = 990 nM (MGluy), 1700 nM (5-HT4);
68: n = 5, ICso = 1900 nM (MGluy,), 1000 NM (5-HT,);
69: n =6, ICsp = 890 M (MGluy), 510 NM (5-HT4);
70:n = 8, ICso = 660 M (MGluy), 270 NM (5-HT4);
71:n =10, ICso = 1200 nM (MGluy), 300 nM (5-HT,);
72:n =12, ICso = 700 nM (MGluy), 1600 NM (5-HT,,).

Figure 15. Design and structure of 5-HT55 /mGlu, dimeric ligands 66-72 possessing a benzoylpiperi-
dine fragment (in red).

3.2.2. GlyT1 Inhibitors

The pathophysiology of schizophrenia has been demonstrated to also be associated
with N-methyl-D-aspartate (NMDA) receptor hypofunction. Indeed, the activation of the
NMDA receptor and the restoration of the function of glutamatergic neurons represent a
valuable approach to treating schizophrenia [94,95]. In spite of that, the NMDA receptor is
broadly distributed in the brain, and its direct activation could provoke severe neurotoxic
adverse effects and seizures [96]. A possible way to bypass this problem may be by targeting
the glycine transporters (GlyTs). Glycine is an obligatory co-agonist of the NMDA receptor,
and the activation of the NMDA receptor is promoted by augmenting glycine concentrations
in the synaptic cleft [97]. GlyTs are responsible for the uptake of glycine into neurons or
surrounding glia. There are two types of GlyTs in the brain: GlyT1, localized to the NMDA
receptor area, and GlyT2, which is distributed around the glycinergic neurons [98]. Hence,
selective GlyT1 inhibitors increase glycine levels in the glutamatergic synapse and boost
NMDA receptor activity, thus being useful to treat schizophrenia.

In 2015, Liu and colleagues decided to develop new selective GlyT1 inhibitors [1],
starting from the structures of inhibitors already present in the literature: compound 73
(Figure 16) [99] and compounds with a general structure of 74 (Figure 16) [100]. Thus,
they designed benzoylpiperidine derivatives (Figure 16), taking into consideration that
piperidine is a potential bioisostere of piperazine and that by introducing other heteroatom-
containing moieties (in this case, a carbonyl group) in the structure, it is possible to com-
pensate for the reduction in energy binding due to the loss of the second nitrogen atom of
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piperazine, which is an important site for the formation of hydrogen bonds. Additionally,
the benzoylpiperidine fragment is considered a privileged structure used in the discovery
of antipsychotic agents [10-12].
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< F O S0,
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o) _S0;,
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|C50 > 500 nM

Figure 16. Structure of 73, general structure 74, and GlyT1 inhibitor 75 possessing a substituted
benzoylpiperidine fragment (in red).

All the synthesized derivatives were evaluated in vitro for their capacity to inhibit
GlyT1, and the most promising results were obtained for benzoylpiperidine 75, charac-
terized by a 2,2,3,3,3-pentafluoropropoxy substituent (-OCH,CF,CF3) in 2-position and
a methylsulfonyl group (-SO,CHs) in 5-position on the amidic portion and by a 2,4-
difluorobenzoyl moiety. Benzoylpiperidine 75 possessed an ICsy value of 30 nM and
a notable selectivity versus GlyT2 and dopaminergic receptors. Moreover, benzoylpiperi-
dine 75 considerably improved the cognitive deficit in the chronic phencyclidine (PCP)-
induced schizophrenia-like animal models when injected at a 40 mg/kg dosage. This
very high dosage was mainly due to its scarce ability to cross the BBB, as indicated by
the evaluation of its blood/plasma (B/P) ratio of 0.03 and its limited pharmacokinetic
profile. These results prompted the researchers to substitute the benzoylpiperidine moiety
with another privileged scaffold for the development of antipsychotics, the 3-(piperidin-4-
yl)benzo[d]isoxazole, but unfortunately, this preliminary optimization did not ameliorate
the pharmacokinetic parameters.

3.2.3. 01 Receptor Inhibitors

o1 receptor is a chaperone protein involved in many functions regarding the central
nervous system (CNS), where it regulates: neurotransmitter release, modulation of neuro-
transmitter receptor functions, learning, memory, and posture control [101,102]. Moreover,
01 receptors are overexpressed in different types of cancer, such as breast cancer, colon carci-
noma, renal carcinoma, prostate cancer, glioblastoma, neuroblastoma, melanoma, sarcoma,
brain tumors, and non-small-cell lung carcinoma [103-106]. For these reasons, o; receptor
inhibitors are considered feasible therapeutic agents to counteract cancer, neuropsychiatric,
and neurodegenerative diseases.

In 2011, Wang and collaborators identified new o7 receptor inhibitors characterized
by a benzoylpiperidine fragment [18]. Among this class, racemic compound 76 (Figure 17)
demonstrated itself to be the most potent and selective compound of this series. This
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derivative bears a fluorine atom in the para position of the benzoyl moiety, whereas the
nitrogen atom of the piperidine core was linked to a 4-fluorobenzyl-3-hydroxy-piperidinyl
group. The presence of two fluorine atoms in the structure of 76 made this compound easily
labeled with fluorine-18, and therefore it could be developed not only as a therapeutic agent
but also as a PET tracer for 07 receptor imaging in vivo. Racemic compound 76 showed the
highest affinity for oy receptor, with a K; value of 0.48 nM, and the highest selectivity for o;
receptor compared with o, receptor (3627-fold) and for oy receptor versus the vesicular
acetylcholine (ACh) transporter (2833-fold). In addition, compound 76 displayed a very
low affinity for Dy, Dy, and 5HTa receptors, thus confirming its selectivity for the o
receptor and the possibility to label compound 76 with ''C or 18F without affecting the
receptor binding process or the imaging signals for PET studies.

\OH
N R

F N

O
76

K. = 0.48 nM (1), 1740 nM (c2)

Figure 17. Structure of the most active o inhibitor 76 developed by Wang et al. [18], possessing a
benzoylpiperidine fragment (in red).

In 2016, the research group of Professor Efange sought to elucidate the role of spirofu-
sion of spipethiane (compound 77, Figure 18) in the biological activity of the oy receptor [19].
Spipethiane (77) is a very potent and selective ligand of the o1 receptor, with K; values of
0.50 and 416 nM for the o1 and oy receptors, respectively [107]. They synthesized sixteen
new derivatives, seven of which were characterized by a benzoylpiperidine fragment while
still maintaining the fundamental chemical features of the lead compound 77.

K; = 0.50 nM (c1), 416 nM (52) Ki = 1.40 nM (1), 854 nM (c2)

Figure 18. Design and structure of o; inhibitor 78 developed by Prof. Efange’s research group
possessing a benzoylpiperidine fragment (in red). The common fundamental chemical features of
compounds 77 and 78 are highlighted in magenta, blue and green dashed squares.

The most active compound of the newly synthesized 4-aroylpiperidines was com-
pound 78, with a K; value of 1.40 nM for the o1 receptor and 854 nM for the 02 receptor,
and a notable selectivity ratio (Kj o1/0, = 610) compared with lead compound 77. These
results suggested that the spirofused ring of compound 77 was not essential for inhibiting
the o1 receptor. Moreover, computational studies clarified that the interaction with the o
receptor was driven by hydrophobic interactions.
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3.2.4. AChE Inhibitors

Alzheimer’s disease (AD) is a neurodegenerative disease whose etiology is still not
clearly defined. One of the most investigated pathophysiological hypotheses is the cholin-
ergic one: the deficiency of the neurotransmitter ACh in neurons contributes significantly
to the cognitive decline observed in AD patients [108]. Among the pharmacotherapies used
for the management of AD, the employment of acetylcholinesterase inhibitors (AChEI),
able to block ACh metabolism and thus increase both the level and duration of the neu-
rotransmitter action, represents a reasonable approach to treating AD and other forms
of dementia.

In 2020, Gupta and collaborators decided to optimize the structure of Donezepil
(compound 79, Figure 19), an AChEI commonly used in the treatment of AD patients, on
the basis of SAR studies present in the literature [20]. They synthesized several new AChEIs
characterized by different structures, and the most promising of the pyrrolidine-2-one series
was the benzoylpiperidine-based compound 80 (IC5¢ = 18 nM, Figure 19).
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Figure 19. Design and structure of Donezepil (79) and the AChEI 80 possessing a benzoylpiperidine
fragment (in red).

Benzoylpiperidine 80 displayed the highest neuroprotective effect, compared with
Donezepil, by substantially reducing escape latency in the Morris water maze model.
Furthermore, biochemical assays to evaluate the acetylcholinesterase (AChE) levels, lipid
peroxidation, nitrite levels, and oxidative stress in mouse brain homogenates treated with
compound 80 demonstrated its ability to restore maximum normalcy of the biochemical
mediators. Taken together, this evidence supports the possibility of utilizing AChEIs for
the management of AD patients.

Unluckily, further chemical optimization of the lead compound pyrrolidine-2-one
AChEI 80 did not lead to the identification of new benzoylpiperidine derivatives, but the
best results were obtained by molecules belonging to other chemical classes [109].

3.2.5. Other Neuroprotective Agents

Very recently, Zhong and co-workers synthesized a new class of benzoylpiperidines
with neuroprotective effects starting from the lead compound 81 (Figure 20), previously
identified by the same research group [42].

All 37 synthesized benzoylpiperidines were tested both in vitro and in vivo to assess
their neuroprotective activity. In MTT assays, all the compounds exerted a neuroprotective
effect on glutamate-induced PC12 cells, with the best results in terms of percentage of cell
viability for 82, 83, and 84 (Figure 20) with values of 32.35, 21.29, and 30.36%, respectively,
when tested at a 0.1 uM concentration. Their neuroprotective activity was also confirmed
by in vivo experiments on bilateral occlusion of the common carotid arteries (BCCAO) in
Kunming mice. At all five tested doses, compounds 82, 83, and 84 remarkably augmented
the survival of mice with acute cerebral ischemia. This study paved the way for the
development of new neuroprotective agents to treat cerebral ischemic stroke based on a
benzoylpiperidine fragment.
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82-84
82: R' = F, R? = OCH3 32.35%;
83: R'= R2=OCHj; 21.29%;
71.01% 84: R' = R? = Cl, 30.36%.

Figure 20. Structure of compound 81 and of neuroprotective agents 82-84 possessing a ben-
zoylpiperidine fragment (in red). Percentage refers to cell viability when compounds are tested at a
0.1 uM concentration.

3.3. Tuberculosis and Parasites
3.3.1. Antitubercular Agents

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (Mtb).
TB remains a serious health threat worldwide, and it is considered the second leading cause
of death from contagious disease in the world. A combination therapy method (first-line
drugs: rifampin, isoniazid, pyrazinamide, and ethambutol) developed by the World Health
Organization (WHO) is one of the most efficient weapons against TB. However, its success
rate is struggling to reach the target of 85% [110,111]. In addition, multi-drug-resistant
(MDR-TB) and extensively drug-resistant (XDR-TB) strains of Mtb strongly impact the
first-line regimen activity of Mtb [112]. Therefore, to improve the efficacy and tolerability
of TB treatment, shorten treatment, and simplify treatment, new drugs are necessary.

In this scope, Li et al. performed a high-throughput screening (HTS) on a 45,000-com-
pound library from the National Center for Screening New Microbial Drugs to identify a
new small Mtb inhibitor by using Mycobacterium smegmatis mc?-155 as a model [43]. My-
cobacterium smegmatis is a model mycobacterium that grows rapidly and is not pathogenic;
indeed, it can be utilized as a substitute for Mtb to avoid using highly pathogenic and
slow-growing Mtb in the early drug screening process. HTS allowed the identification of
compound 85 (Figure 21) as a potent Mycobacterium smegmatis mc?-155 inhibitor with an
in vitro minimal inhibitory concentration (MIC) of 0.3 mg/L. Compound 85 also showed
good inhibitory activity against Mtb H37Rv with a MIC of 8 mg/L in vitro. Based on this
preliminary assay, the SAR of compound 85 was investigated to develop new derivatives
with lower cytotoxicity and increased potency against Mtb. One of the most representative
Mtb inhibitors in this series was benzoylpiperidine 86 (Figure 21). The benzoylpiperdine
fragment (highlighted in red, Figure 21), the 1,3-oxazole ring (magenta dashed square,
Figure 21), and the benzoyl moiety (green dashed square, Figure 21) of 85 were maintained,
while the principal change was made to the distal phenyl ring, by introducing a tert-butyl
group instead of the fluorine atom (blue dashed square, Figure 21).
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Figure 21. Structure of Mtb inhibitors 85, 86. The benzoylpiperidine fragment is highlighted in red.
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Compound 86 was subjected to in vitro evaluation against replicating Mtb H37Rv,
and it showed potent anti-TB activity with a MIC of 8 mg/L. In addition, cellular toxicity
was investigated by using HEK293 cells, and the results showed that both 85 and 86 were
not cytotoxic (ICsp > 150 uM in all cases). Finally, 86 anti-Mtb activity in MDR-Mtb and
XDR-Mtb strains was very encouraging (2 mg/L and 1 mg/L, respectively) and proposed
a novel mechanism of action for these compounds.

3.3.2. Antiparasitic Agents

Giardia lamblia (also known as G. duodenalis or G. intestinalis) is a single-cell parasite
that populates the small intestine. This etiologic agent causes a re-emerging infectious
disease called giardiasis [113]. This disease is manifested by chronic diarrhea and poor
nutritional absorption, and its transmission takes place through the fecal-oral route. For
many years, metronidazole has been the drug of choice for the pharmacological treatment
of giardiasis, but recently, the most commonly used drugs include benzimidazoles, nitro-
furanes, quinacrine, and macrocyclic lactones [114-116]. However, there is an impelling
need to find new antiparasitics against G. lamblia because of the increasing therapeutic
failure due to low compliance with drug therapy, re-infestation, and drug resistance to
metronidazole and its related derivatives [117].

Very recently, Zheng and colleagues discovered 2-nitroimidazo[1,2-b]pyridazine as a
novel scaffold to develop antiparasitics against G. lamblia with sub-nanomolar activity [21].
The design of these compounds originated from broad-spectrum nitroimidazopyridazine
antiparasitics with general scaffold 87 (Figure 22) [118]. Among all the synthesized com-
pounds, one of them (compound 88, Figure 22) possessed a benzoylpiperidine fragment in
its structure.
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Figure 22. General structure of nitroimidazopyridazine antiparasitics 87 and structure of 88 (ben-
zoylpiperidine fragment in red).

Compound 88 possessed a very high anti-parasite potency against G. lamblia (ICs of 1.1 nM)
without significant cytotoxicity against human lung fibroblasts MRC-5 (ICsp > 6.4 x 10* nM). In
addition, compound 88 showed suitable calculated physiochemical properties in terms of
cLogP (3.2), polar surface area (tPSA of 93.6 A?), and molecular weight (351.4 g/mol).

3.4. Metabolic Syndrome, Diabetes, and Lipid-Related Diseases
3.4.1. SCD-1 Inhibitors

Stearoyl-CoA desaturase-1 (SCD-1) is an enzyme responsible for the production of
monosaturated fatty acids from their saturated fatty acid precursors. This rate-limiting en-
zyme was found to be fundamental in the regulation of lipid metabolism and in the control
of body weight, and its deficiency results in resistance against obesity, reduces liver steatosis
in rodents, and diminishes the production of cholesterol ester and triglycerides [119-124].
Indeed, SCD-1 could represent a feasible target for the treatment of metabolic syndrome
and other lipid-related diseases.

In 2010, the research group of Ohsumi optimized a well-known piperazine-based
SCD-1 inhibitor, thus discovering a new class of SCD-1 inhibitors characterized by a ben-
zoylpiperidine fragment [61]. The most active compound of this series was N-(2-hydroxy-
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2-(pyridin-3-yl)ethyl)-6-(4-(2-methylbenzoyl)piperidin-1-yl)pyridazine-3-carboxamide 89
(Figure 23), with a methyl group in the 2-position of the benzoylpiperidine moiety and a
3-pyridyl ring on the other side of the molecule.
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Figure 23. Structure of the most active SCD-1 inhibitor 89 developed by the research group of Ohsumi,
possessing a benzoylpiperidine fragment (in red).

Derivative 89 showed an IDs5j of 3 mg/kg in studies on db/db mice, the most widely
used mouse model of obesity and type 2 diabetes mellitus. Regarding ADME and phar-
macokinetic properties, benzoylpiperidine 89 was soluble at neutral pH and metabolically
stable. It also showed increased plasma concentration and a higher bioavailability in
C57BL/6] mice after oral administration compared with its analogue, which possessed
a simple phenyl ring instead of the 3-pyridyl one. SCD-1 inhibitor 89 was also tested in
Zucker fatty rats, another commonly used animal model of obesity, to define its efficacy
in vivo, where it diminished plasma triglyceride levels in a dose-dependent manner after a
7-day oral administration. Taken together, all these results highlighted that benzoylpiperi-
dine 89 could be further modified to develop novel and more potent SCD-1 inhibitors
useful in the treatment of metabolic syndrome.

3.4.2. AMPK Activators (Complex I Inhibitors)

Inhibition of Complex I (see Section 3.1.3) causes the activation of 5'-AMP-activated
protein kinase (AMPK), an important key sensor of cellular energy status, thus resulting
in the mobilization of nutrient uptake and catabolism to generate energy through mito-
chondrial ATP production. Hence, the activation of AMPK via Complex I inhibition is an
intriguing option to cure diabetes and other metabolic syndromes [125,126].

For this purpose, in 2013, Hitoshi and colleagues identified a new Complex I inhibitor,
29 (Section 3.1.3. Figure 7), able to indirectly activate AMPK [22]. The synthesis of this
compound was previously reported in a patent and mentioned in Section 3.1.3. [127].
Compound 29 proved to regulate mitochondrial function in vitro and to improve metabolic
parameters in diabetic animals in vivo. In 2022, investigations were performed to evaluate
the SAR of AMPK activator 90 (Figure 24) and to synthesize new derivatives as potential
anti-diabetic agents [128]. Thanks to SAR studies, they found out that the replacement of
the piperazine ring of 90 with a benzoylpiperidine portion as in compound 29 brought
about a substantial increase in human liver microsomial stability (t;/, of 71 min of 29
versus 15 min of 90) and no significant inhibition of cytochrome P450 (CYP450) isoform
3A4. Moreover, 29 was less able to inhibit the human ether-a-go-go related gene (hERG)
potassium channel compared with lead 90, thus reducing the risk of fatal cardiac arrhythmia.
The researchers continued to optimize the structure of 29 by exploring the substituents of
the two distal phenyl rings, thus obtaining a series of analogues exemplified by compound
91a (Figure 24). However, the pharmacological evaluation was focused on 29, which proved
to activate AMPK in vivo after oral administration at 10 mg/kg by reducing blood glucose
levels in a db/db diabetes mouse model. These results were confirmed in the diet-induced
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obesity (DIO) animal model, where 29 improved glucose handling when dosed in chow at
levels >5 mg/kg.
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Figure 24. Structures of AMPK activators 90-91b. ECs, values refer to AMPK activation in HepG2
cells. The benzoylpiperidine fragment is highlighted in red.

Very recently, Hitoshi and collaborators further modified 29, thus obtaining a new
promising AMPK activator: compound 91b (Figure 24) [129]. Compound 91b differs from
29 because of the presence of a fluorine atom at position 3 of the piperidine ring. The trans-
3-fluoropiperidine analogue 91b exerted a notable on-target activation of AMPK with ECsg
values of 0.062 and 0.161 uM on both HepG2 and mouse muscle (C2C12) cells, respectively.
The introduction of a 3-fluoro substituent in compound 91b, by attenuating the basicity
of the piperidine moiety, significantly lowered the hERG inhibition compared with 29
(ICs¢ values of 69 and 4.7 uM, respectively). Furthermore, the 3-fluoro substituent of 91b
profoundly reduced in vivo rat clearance from 150 (value for lead 29) to 17 mL/min/kg.
In rat PK studies, AMPK activator 91b showed good oral bioavailability (55% F). trans-3-
Fluoropiperidine 91b was further tested in vivo in a db/db model of type II diabetes, where
it showed a dose-dependent improvement in glucose handling together with the reduction
of fasting blood glucose and insulin levels.

3.5. Cardiovascular Diseases
3.5.1. hERG K* Ligands

The human ether-a-go-go related gene (hERG) K* channel (also known as Kv11.1
or KCNH?2) is of raising interest in the pharmaceutical industry for drug development
because many drugs block it, causing QT interval prolongation, which is a risk factor for
ventricular arrythmia and fibrillation that consequently lead to forsades de pointes, a type
of polymorphic ventricular tachycardia, and then death. Indeed, different drugs, such as
astemizole, sertindole, and cisapride, were withdrawn from the market because of their
cardiotoxic effects due to hERG K* blockade. Therefore, the prediction of the cardiotoxicity
determined by off-target hERG K* blockade became crucial in the early stage of drug
development to avoid failure in later human clinical trials or, even worse, to avoid the
withdrawal of the drug from the market [130]. However, hERG K* can also be exploited
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for therapeutic purposes; class III antiarrhythmics accomplish their function by interacting
with hERG K* and thus stabilizing the heart rhythm.

Considering this background, Professor IJzerman’s research group decided to in-
vestigate compounds targeting hERG K* by modifying the structure of the class III an-
tiarrhythmic drug 92 (Figure 25) and then evaluating the SAR of the newly developed

compounds [44].
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Figure 25. hERG K* ligands possessing a benzoylpiperidine fragment (in red).

The affinity of these compounds for the hERG K* channel was evaluated in a [*H]-
astemizole radioligand binding assay by using HEK293 cell membranes characterized by
the overexpression of this channel. The SAR analysis suggested that the complete removal
of the sulfonamide group in the para position of the benzoyl moiety, such as in compound
93 (Figure 25), caused a significant decrease in hRERG K™ affinity. On the other side of the
molecule, the introduction of bulkier aromatic groups, such as in compound 94 (Figure 25),
proved to be well tolerated, thus suggesting that the cavity of the binding site is quite wide
to host bulky groups. Contrarily, the shift from a tertiary to a quaternary amine led to a
notable increase in hERG K* affinity (a representative example is compound 95, Figure 25).
However, the most useful strategy to prevent hERG K* blockade was the substitution of
the central piperidine ring with a piperazine ring. Taken together, these results offered a
very helpful insight for designing novel potential drugs with a reduced cardiotoxicity risk
due to hERG K* blockade, but also for developing new class III antiarrhythmics endowed
with a better affinity for hERG K*. The role of the aromatic group and the basic nitrogen of
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the benzoylpiperidine fragment in the increment of hERG K* affinity was lately confirmed
in other works from the same research group [23,131].

Other evidence highlights that the hERG K* channel is involved in cancer progression,
thus making it a reliable target for cancer treatment [132]. At present, the advancement of
new, safe, and cost-effective fluorescent methods to better analyze the hERG K* channel at
a molecular level is of great importance. To this purpose, Li and coworkers developed new
nitrobenzoxadiazole (NBD)-based environment-sensitive fluorescent probes for the hERG
K* channel [25]. The small NBD fluorophore was chosen because it acts as a recognition
group in the hydrophobic interaction with Tyr652 and/or Phe656 residues of the hERG K*.
Moreover, the researchers chose the major interacting part of 92, that is, the benzoylpiperi-
dine moiety, as the other recognition group of the probe. Indeed, probes 96 and 97 possess
a benzoylpiperidine frame in their structures (Figure 25). Probe 97 displayed a potent
affinity for hRERG K* with an ICsj value of 10.8 nM and a K value of 6.08 nM, which are
quite acceptable when compared with those of the reference compound astemizole. In
conclusion, these probes could be used in physiological and pathological studies of the
hERG K* channel and could represent a feasible screening system for this channel.

3.5.2. Factor Xa Inhibitors

Factor Xa (FXa) is a serine protease of the blood coagulation cascade involved in
the production of thrombin by both intrinsic and extrinsic pathways. In particular, those
molecules that are able to inhibit factor Xa may be used as anti-thrombotic agents [133,134].

Aiming at developing new anticoagulants, Jones and co-workers used an informatic
tool for the virtual screening of libraries, to identify new FXa inhibitors [26,135]. This study
led to the design and synthesis of different libraries of compounds, which were then tested
to evaluate their ability to inhibit FXa. The most promising derivatives of this study were
compounds 98 and 99 (Figure 26), with K; values in the low nanomolar range of 13 and
10 nM, respectively. Furthermore, compounds 98 and 99 also demonstrated good selectivity
for FXa compared with other related enzymes: trypsin (K; values of 0.32 and 0.54 uM,
respectively) and thrombin (K; values of 1.26 and 1.18 puM, respectively). Finally, crystal-
lographic studies using trypsin as the model enzyme, considering its similarity to FXa,
supported the binding mode of compound 98 in the FXa binding site and highlighted the
importance of the lipophilic interaction between the benzene ring of the D-phenylglycine
of the ligand and the disulphide pocket of the enzyme.

MO
SO0,

HoN™ “NH
98,99
98: R=H, K;=0.013 uM (FXa), 0.32 uM (trypsin), 1.26 uM (thrombin);
99: R=F, K;=0.010 uM (FXa), 0.54 uM (trypsin), 1.18 uM (thrombin).

Figure 26. Structure of the most representative factor Xa inhibitors 98 and 99 identified by Jones
et al. [26,135] possessing a benzoylpiperidine fragment (in red).

3.6. Other Disorders
Beta-Adrenoceptor Ligands

Today, 3-adrenoceptor ligands are commonly used to treat various disorders. For
example, 32-adrenergic receptor selective agonists are employed for treating asthma and
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other bronchospastic diseases, but they are also used as tocolytics in cases of preterm
labor [136-140].

In 2010, Tasler and co-workers identified new 3-adrenoceptor ligands through a vHTS
approach [141]. This investigation resulted in the identification of benzoylpiperidine 100
(Figure 27), endowed with the best affinity for human (32-adrenergic (h32-AR) receptors in
the picomolar range (K; value of 0.32 nM) and characterized by good antagonistic activity
at h32-AR (ICsg value of 32 nM). This carbazol-4-yloxy derivative was also subjected to
further investigation to better analyze its pharmacokinetic profile. Compound 100 was
stable in artificial gastric juice, simulated intestinal fluids, and human plasma for 6 h;
moreover, it demonstrated to be stable in aqueous media and showed a good permeability
in the PAMPA assay. Finally, its toxicity profile was favorable, with EDs values of 9 and
19 uM in PBMC and HepG2 tests, respectively, thus making benzoylpiperidine 100 a valid
starting point for the identification and development of new [32-adrenoceptor antagonists
for treating different disorders.

100
K; = 0.32 nM?
IC50 = 32 NMP

Figure 27. Structure of the most representative 2-adrenoceptor ligand 100 identified by Tasler
et al. [141], possessing a benzoylpiperidine fragment (in red). # hp2-adrenergic affinity in binding
assays. ? hp2-adrenergic antagonistic effect in functional assays.

3.7. Diagnostic Agents
3.7.1. VAChT Ligands for PET Brain Imaging

The loss of cholinergic neurons and synapses in the brain is the main cause of the
progressive diminution in cognitive functions characteristic of neurodegenerative diseases.
Indeed, inhibitors of AChE able to augment the levels of ACh, such as rivastigmine and
donezepil, are widely used in the treatment of this type of pathology [142]. The vescicular
acetylcholine transporter (VAChT) is the protein responsible for the transport of newly
synthesized ACh into synaptic vescicules [143], and it has been demonstrated to be a
feasible molecular marker of the cholinergic system. In this regard, PET radiotracers able
to quantify VAChT levels in vivo could be utilized as biomarkers to examine alterations in
cholinergic functions within the brains of animals or humans undergoing therapy.

In 2009, Tu and collaborators synthesized a new class of 18F-labeled PET tracers for the
imaging of VAChT, characterized by a benzoylpiperidine moiety [51]. They replaced the
phenyl ring of the well-known VAChT ligand benzovesamicol (compound 101, Figure 28)
with a para-substituted benzoyl moiety, thus generating analogues 102 and 103 (Figure 28).

In vitro binding studies highlighted that compound 102, characterized by a bromine
atom in the para position of the benzoyl moiety, was endowed with the best affinity for
VAChHT (K; = 0.25 nM), whereas compound 103 showed a moderate affinity for VAChT
(Kj =2.70 nM). Moreover, compounds 102 and 103 were also demonstrated to be selective
for VAChT compared with o7 and o, receptors. Benzoylpiperidines 102 and 103 could
therefore be utilized as PET radiotracers when labeled with 7°Br and !8F, respectively.
Although compound 102 was more potent and selective than compound 103, 7°Br is
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considered less optimal for PET imaging due to its radionuclide decay characteristics when
compared with 18F. In fact, PET radiotracers incorporating '®F produce superior-quality
images in comparison to those incorporating °Br. For this reason, Tu et al. [51] proceeded
with the radiosynthesis of (+)-trans-['8F]-103, (+)-trans-['®F]-103, and (—)-trans-['F]-103,
considering that in in vitro evaluation, the pure enantiomer (—)-trans-103 showed a better
VAChT/ o selectivity compared to the racemic mixture 103. In vivo assays of radiolabeled
(&)-trans-['8F]-103, (+)-trans-['8F]-103, and (—)-trans-['®F]-103 highlighted that (—)-trans-
[18F]-103 was more potent than its enantiomer; moreover, the minus isomer was also
retained in target regions of the brain, following a similar pattern to the density of VAChT
in this organ. In addition, MicroPET imaging studies in a male rhesus macaque treated
with (—)-trans-['®F]-103 highlighted that the probe easily penetrated the brain, and its
distribution pattern reflected that of the VAChT in the brain. Taken together, these results
demonstrated that benzoylpiperidine (—)-trans-['®F]-103 is a promising PET radiotracer for
imaging the VAChT and thus studying cholinergic innervations in the brain.
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Figure 28. Structures of the VAChT ligands as PET radiotracers identified by Tu et al. [51] possessing
a benzoylpiperidine fragment (in red). * K; value refers to the minus isomer.
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One year later, the same research group conducted a structure-activity relationship
(SAR) investigation on a new class of VAChT ligands aimed at finding compounds with an
increased affinity and selectivity for this transporter [53]. The results of this study were
compared with those of the previous work [51]. Among the newly synthesized VAChT
ligands, regioisomeric pairs 104, 105 and 106, 107 were characterized by a benzoylpiperidine
portion (Figure 28). In in vitro binding studies, no significant improvements were produced
by the insertion of the amino susbtituent, as demonstrated by the K; values of compounds
103 and 104 (K; of 2.70 and 2.40 nM, respectively) and compounds 102 and 105 (K; of
0.25 and 0.53 nM, respectively). However, there was a distinction in affinity observed
between the regioisomeric pairs 104 and 106, with K; of 2.40 and 7.60 nM, respectively, thus
demonstrating the preferential position of the amino group. Affinity values for regioisomer
107 were not reported in this work. Finally, benzoylpiperidines 104, 105 were endowed
with a high selectivity for VAChT versus o7 and o, receptors. In this regard, compounds
104, 105 could be radiolabeled to provide PET probes for studying VAChT expression in
the brain.

The exploration of new VAChT ligands for PET brain imaging continued, and in 2012,
the researchers decided to modify the structure of fluorobenzyltrozamicol (compound
117, Figure 28) by: (a) introducing a carbonyl group between the aromatic and piperidine
rings, taking into account the previously developed VAChHT ligands (modification in blue,
Figure 28) [51,53]; (b) substituting the benzyl group of tertiary amines with a benzoyl group
to make tertiary amides (modification in magenta, Figure 28). They identified 18 new
compounds, four of which, compounds 108-111 (Figure 28), demonstrated encouraging
results in in vitro bioactivity evaluation [54]. Trans racemates 108-111 showed high affin-
ity for VAChT (K; values ranging from 10.2 to 19.0 nM) and also increased selectivity
for VAChT compared with o7 and o, receptors (selectivity VAChT/ oy ratio > 374 and
selectivity VAChT /o, ratio > 315). Noteworthy, substitution on the para position of the
benzoylpiperidine fragment with an electron-rich methoxy group (111, K; = 10.2 nM) led
to an increase in terms of potency compared with its p-fluoro-substituted analogue (108,
Kj =11.4 nM). The four tested compounds also showed good lipophilicity properties with
a LogP in the range of 2-3 (except for compound 109), thus suggesting their penetration
through the BBB and inciting their radiolabeling with 'C or !8F to confirm their possible
use as PET radiotracers.

The optimization of the structure of the above-mentioned VAChT PET tracer to increase
affinity for VAChT led to a new series of derivatives, which were synthesized in 2013 [55].
Among them, compound 112 (Figure 28) turned out to be the most promising one, with a
Kj value of 3.03 nM. Derivative 112 also exhibited a selectivity ratio for VAChT versus o
receptors greater than 100-fold. To validate the feasibility of 112 as a PET radiotracer, trans
racemate 112 was resolved thanks to the chiral HPLC technique to obtain the minus and
plus isomers. The hypothesis that the ligand binding to VAChT is stereoselective was in
accordance with the fact that, also in this work, the minus isomer showed a higher potency
for VAChT compared with the racemate and the plus isomer. Indeed, (—)-trans-112 was
more potent than the racemate and (+)-trans-112, with K; values of 0.78, 3.03, and 19.0 nM,
respectively. The radiolabeled (—)-trans-['1C]-112 was synthesized and tested in vivo in
rats and monkeys, where it proved to penetrate the BBB with a massive accumulation
in the striatum, the brain area in which the VAChT is mainly localized. The tissue-time
activity curves post-injection of (—)-trans-['1C]-112 in the brain of a male Cynomolgus
monkey highlighted its advantageous pharmacokinetic properties. Further in vitro and
in vivo investigations validated (—)-trans-[11C]-112 as a potential candidate for assessing
the level of VAChT in the brain [56].

Always focusing on !!C-labeled VAChT tracers, the same research group synthesized,
resolved, and radiolabeled derivative 113 (Figure 28) [58]. The biological profile of (—)-
trans-113 was evaluated in another paper [57], and it showed a higher potency for VAChT
compared with (+)-trans-113 (K; values of 1.6 and 34.0 nM, respectively). Additionally, (—)-
trans-113 was selective for VAChT versus o1 and o0, receptors, with a selectivity VAChT/ o4
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ratio greater than 35 and a selectivity VAChT/ o, ratio of 1600. The biodistribution and
regional brain uptake of (—)-trans-['1C]-113 were evaluated in rats and nonhuman primates
(NHP). The results demonstrated that (—)-trans-[''C]-113 possessed valuable brain pene-
tration, high target-to-nontarget ratios, and favorable washout pharmacokinetics in both
animal models.

Taking into consideration that the half-life of 18F (t, /2 = 109.8 min) allows longer
scan sessions than those with !C (t;, = 20.3 min), thus generating higher target-to-
reference ratios, the researchers wanted to introduce a fluorine atom for 18F—radiolabeling
in the previously reported carbonyl-containing benzovesamicol analogs. Moreover, they
optimized the structure of benzovesamicol analogs by adopting the following strategies:
a) insertion of PEGylated chains in the benzoylpiperidine moiety, which can improve
clearance kinetics by decreasing lipophilicity; b) introduction of a fluoroethoxy group in
the tetralin moiety to further improve affinity and selectivity for VAChT versus the o
receptors [59]. Among the newly fluorinated benzovesamicol analogues, compound 114
(Figure 28), possessing a 2-fluoroethoxy group in the 5-position of the tetralin moiety, was
one of the most interesting ones, with a K; value for VAChT of 1.55 nM and a remarkable
selectivity for VAChT compared with o7 and o, receptors. The trans racemate 114 was
resolved by chiral HPLC, and the minus and plus isomers were isolated. In accordance with
the stereoselectivity of VAChT binding, the minus isomer (—)-trans-114 was more active
compared with the plus isomer and the racemate, with a K; value for VAChT of 0.59 nM, and
it also showed a high selectivity versus o receptors (>10,000-fold) and a good lipophilicity
(calculated LogP of 3.45). For these reasons, the derivative (—)-trans-114 was chosen for
radiolabeling with '8F and for further biological investigations. In vivo studies in rodents
and NHPs demonstrated that (—)-trans-[\8F]-114 was able to cross the BBB and accumulate
in the striatum. (—)-trans-['8F]-114 also possessed valid biodistribution properties and
good metabolic stability in vivo, thus assigning a promising future to (—)-trans-['8F]-114 as
a perspective PET radiotracer for brain imaging.

Further efforts at the structural optimization of benzovesamicol analogues led to the
identification of compound (&)-trans-115 (Figure 28), a benzoylpiperidine analogue with a
2-fluoroethylamino group in para position on the benzoyl moiety instead of the methoxy
group present in compound 113 [60]. Chiral resolution of trans isomers was performed, and
the binding affinity of each enantiomer was determined and compared with the racemate.
As expected, the most potent and selective compound was the minus isomer (—)-trans-115
(K; value of 0.31 nM for VAChT), which was then radiolabeled with '8F and tested in NHPs
as the previously developed PET tracers. The microPET imaging results demonstrated that
(—)-trans-['8F]-115 penetrated the BBB and mainly accumulated in the VAChT-enriched
striatum brain region. (—)-trans-['®F]-115 possessed favorable kinetic properties in the
NHP brain, and it deserved further investigation to validate its possible use as an efficient
diagnostic agent.

The most recent work published by this research group about VAChT imaging agents
concerned the further optimization of compound 114, previously developed in 2015, in
which the 5-(2-fluoroethoxy) group was replaced by a free hydroxyl group (compound 116,
Figure 28) [52]. Racemic compound (+£)-trans-116 had a good binding affinity (K; value of
4.64 nM) for VAChT and very low binding affinities for c'1 receptors and 02 receptors (K;j
values of 8640 and 1851 nM, respectively). The free hydroxyl group in the tetralin moiety of
compound 116 lowered the hydrophilicity (LogP = 1.78) compared with 114 (LogP = 3.45).
The trans racemic mixture of 116 was resolved, and the minus enantiomer was radiolabeled
with BF. (—)-trans-['8F]-116 displayed fast clearance kinetics from the target striatal region
of the brain in preliminary imaging results on NHP when compared with (—)-trans-['8F]-
114. Despite this, its lower target-to-non-target ratio could make its development as a PET
radiotracer for quantitative measurement of the VAChT in the human brain difficult.

Another study from the University of Leipzig reported the synthesis of a library of
vesamicol and benzovesamicol analogues and the biological evaluation of their VAChT
affinity and selectivity versus o receptors [27]. Among the several synthesized compounds,
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two of them possessed the benzoylpiperidine portion (compounds 118 and 119, Figure 29),
such as the previously described compounds. However, in this case, the introduction of the
benzoylpiperidine moiety did not substantially improve the binding affinity for VAChT
since compounds 118 and 119 showed weak binding affinities (K; values of 3229 and 5843
nM, respectively).

F

N
N OH
OH
O F
0" \©V6

118 119
Ki = 3229 nM Ki =5843 nM

Figure 29. Structure of benzoylpiperidine (fragment highlighted in red) VAChT ligands as a diagnostic
developed by Barthel et al. [27].

3.7.2. 5-HT Ligands for PET or SPECT Brain Imaging

Imaging 5-HT» receptors in vivo is very useful to evaluate receptor occupancy, set
the dosage of a drug, investigate the cerebral and plasma pharmacokinetics, and, finally,
hopefully, foresee the efficacy of the treatment with antipsychotics. With this purpose,
['8F]-2, ['1C]-(+)-54, and ['®F]-120 (Setoperone (120), Figure 30), three selective 5-HTyx
ligands, were developed as diagnostics [144-146].

<S/\Nr/\;ji/\ F
O

120
(Setoperone)

Figure 30. Structures of the 5-HT,4 ligand Setoperone (120). The benzoylpiperidine fragment is
highlighted in red.

Taking into account the limitations of these diagnostics (['®F]-2 possesses only a
20-fold higher affinity for 5-HT,a receptors compared with 5-HT,c, whereas [M1C]-(+)-54 is
endowed with a short half-life), the development of more potent, selective, and long-life
radioligands is a thrilling research field.

In this context, Fu and collaborators developed a new series of radioligands for PET
and SPECT imaging based on the same structure as those of 2, (+)-54 [28]. They synthesized
radioligands 121-128 characterized by a benzoylpiperidine moiety (Figure 31).
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121:n=1,X=2-,Y =F, K, = 191 nM;
122:n=1,X=3-,Y =F, K, = 12.7 nM:
123:n=1,X=4-1,Y = F, K, = 227 nM;
124:n=2,X=2-,Y = F, K, = 1.95 nM;
125:n=2,X=3-1,Y =F, K, = 0.51 nM;
126:n=2, X=4-1,Y = F, K, = 3.62 nM;
127:n=2, X=H, Y = NO,, K, = 9.34 nM;
128:n=2, X=4-F, Y =F, K = 9.54 nM.

Figure 31. Structures of the benzoylpiperidines 121-128 identified by Fu et al. [28] as 5-HT,x ligands
for PET or SPECT brain imaging. The benzoylpiperidine fragment is highlighted in red.

Neuropharmacological investigations determined the potency of the developed lig-
ands, highlighting that compounds possessing an ethylene bridge (n = 2, compounds
124-128) had a higher affinity for the 5-HT,5 receptors (K; values ranging from 0.51 to
9.54 nM) compared with their methylene analogues (compounds 121-123). Nevertheless,
derivatives 124-128 were endowed with a scarce selectivity for 5-HT4 versus 5-HTy¢
receptors, reducing their potential for use in brain imaging.

Some years later, Blanckaert and colleagues decided to radiolabel compounds 124-126,
previously developed by Fu et al. [28] as potential 5-HT,a-antagonists, for SPECT brain
imaging [29-31]. The developed radioligands [1231]-124-126 were 5-HT, A-antagonists in
the nanomolar range (K; values of 1.95, 0.51, and 3.62 nM, respectively), and they were
properly selective for 5-HT, receptors (about 40-fold for [1231]-126, 20-fold for [%31]-124,
and 30-fold for [1231]-125) over 5-HT»c receptors, as reported by Fu et al. [28]. Noteworthy,
the LogP values of compounds [123]]-124 and ['%31]-125 were good considering that a LogP
ranging from 2 to 3 is optimal to minimize the risk of a specific binding. Preliminary in vivo
evaluation proved an appreciable uptake of the developed tracers in mice’s brains, even for
compound ['?*1]-126 endowed with a LogP of 1.43, thus prompting the authors to further
investigate in the future the properties of these radioligands in larger animals such as rats
and rabbits.

4. Conclusions

This comprehensive review, which is focused on bioactive molecules reported in
the literature since 2000, demonstrates that the benzoylpiperidine structure is a fragment
widely found in compounds of great biological and diagnostic significance and highlights
the benzoylpiperidine fragment as an interesting starting point for the design and develop-
ment of novel therapeutic and diagnostic agents. The class of therapeutic agents is more
populated than the diagnostic one, and the majority of them exert neuroprotective effects,
even if anticancer and cardioprotective agents represent two other highly populated classes
of therapeutics.

The general overview provided on these benzoylpiperidine derivatives could help to
better guide the design and lead optimization of several potential bioactive compounds
with improved pharmacological, pharmacokinetic, and physicochemical profiles, but also
to synthesize more efficient diagnostics.

A specific section is dedicated to the most frequently used synthetic procedures to
assemble the benzoylpiperidine fragment. The short and straightforward synthesis of
the benzoylpiperidine fragment involves safe and low-cost reagents, thus attracting the
scientific community to employ this chemical frame in drug design and development.
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Finally, this extensive review could prompt researchers to adopt the divergent syn-
thesis approach by planning efficient synthetic routes to create libraries of novel benzoyl-
piperidine-based derivatives by using a common intermediate [147,148].
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