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ABSTRACT 

Novel 1-(1-benzoylpiperidin-4-yl)methanamine derivatives were designed as ‘biased agonists’ of 

serotonin 5-HT1A receptors. Compounds were tested in signal transduction assays (ERK1/2 

phosphorylation, cAMP inhibition, Ca2+ mobilization and β-arrestin recruitment) which identified 

ERK1/2 phosphorylation-preferring aryloxyethyl derivatives. The novel series showed high 

5-HT1A receptor affinity, >1000-fold selectivity versus noradrenergic α1, dopamine D2, 5-HT2A, 

histamine H1 and muscarinic M1 receptors, and favorable drug-likeness properties (CNS-MPO, 

Fsp3, LELP). The lead structure, (3-chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyridin-2-

yloxy)ethyl)amino)methyl)piperidin-1-yl)methanone (17, NLX-204), displayed high selectivity in 
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the SafetyScreen44™ panel (including hERG channel), high solubility, metabolic stability and 

Caco-2 penetration, and did not block CYP3A4, CYP2D6 isoenzymes or P-glycoprotein. 

Preliminary in vivo studies confirmed its promising pharmacokinetic profile. 17 also robustly 

stimulated ERK1/2 phosphorylation in rat cortex and showed highly potent (MED=0.16 mg/kg) 

and efficacious antidepressant-like activity, totally eliminating immobility in the rat Porsolt test. 

These data suggest that the present 5-HT1A receptor biased agonists could constitute promising 

antidepressant drug candidates.  
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INTRODUCTION  

Despite the clinical availability of a large number of antidepressant drugs, the treatment of 

depressive disorders still remains an area of unmet medical need. With few exceptions, current 

antidepressants target inhibition of monoamine neurotransmitter reuptake into brain neurons.1  The 

clinical efficacy of this strategy is less than optimal, as indicated by the substantial proportion of 

patients that fail to respond to treatment or that show only partial treatment response.2,3 

Furthermore, current antidepressants usually require several weeks of administration before 

clinical efficacy is observed – this protracted delay in therapeutic onset is a source of distress to 

families, of increased medical burden and of potential suicide risk for patients.4,5 Nevertheless, 

recent findings suggest that the development of rapidly-acting and highly clinically-efficacious 

novel antidepressants is a realistic prospect. Indeed, the discovery that ketamine, a general 

anesthetic drug acting primarily as a non-competitive N-methyl-D-aspartate (NMDA) receptor 

antagonist, can reverse depressive symptoms in profoundly-depressed and treatment-resistant 

patients, has given new hope that depressive states can be treated efficaciously and rapidly. 

Accordingly, the S-enantiomer of ketamine is currently being evaluated by the FDA as a rapid-

acting antidepressant for treatment-resistant depression.6–8 At a molecular level, ketamine was 

found to mediate its antidepressant effects in rats via several mechanisms including AMPA and 

mTOR activation and, of particular interest in the present context, Extracellular Regulated Kinase 

(ERK) phosphorylation in prefrontal cortex. The latter mechanism has attracted considerable 

attention as a substrate for ketamine’s antidepressant activity. Indeed, ketamine elicits robust 

phosphorylation of ERK in this brain region 9–11 and, correspondingly, inhibition of ERK 

phosphorylation using inhibitors of mitogen-activated proteins kinase (MEK) blocked the 

antidepressant-like effects of ketamine in rat models, an observation that was also seen with 

another NMDA receptor antagonist, Ro 25-6981.12 These results strongly suggest that mechanisms 
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that elicit robust activation of cortical ERK phosphorylation could constitute an effective and novel 

strategy to discover improved antidepressant drugs which, like ketamine, could (i) show efficacy 

in profoundly-depressed and treatment-resistant patients, (ii) be effective following short durations 

of treatment (or even acutely, like ketamine), and (iii) target new neurobiological mechanisms 

distinct from classical monoamine reuptake inhibitors. Nevertheless, ketamine presents several 

notable limitations that prevent its widespread use as an antidepressant, including the induction of 

dissociative states which may be difficult to separate from the antidepressant effects,13,14 

cardiovascular and urinary tract side-effects,15–17 as well as neurotoxicity and neurocognitive 

dysfunction. These considerations highlight the ongoing medical need for novel and well-tolerated 

antidepressant drugs. In the search for a suitable target to achieve such a profile, it is interesting 

that ketamine’s mechanism of action involves serotonergic pathways and, notably, activation of 

the 5-HT1A receptor subtype, at least in certain animal tests.18–20 Presynaptic 5-HT1A autoreceptors 

have been implicated in the delay of therapeutic onset of antidepressants but post-synaptic 5-HT1A 

receptors, notably in cortical brain regions, are known to mediate potent antidepressant-like effects 

in animal models.21–25 In addition, a moderately-selective 5-HT1A receptor agonist, flesinoxan, was 

shown to have promising antidepressant properties,26 whereas partial agonists at 5-HT1A receptors 

(e.g. buspirone) have failed to show robust antidepressant effects. It therefore appears that full-

agonist targeting of 5-HT1A receptors may be a promising strategy for identification of novel 

antidepressants, potentially mimicking the remarkable antidepressant effects of ketamine. 

However, targeting of 5-HT1A receptors may require preferential activation in specific brain 

regions, notably frontal cortex. Although there is only a single gene sequence for 5-HT1A receptors, 

which does not contain introns or splice variants, the effects of 5-HT1A receptor activation in 

different brain regions can be quite diverse, and even divergent, due to coupling of the receptors 
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to distinct signal transduction responses. Thus, although the amino acid sequence of the 5-HT1A 

receptor itself is unchanged, the latter’s interaction with intracellular signaling proteins varies 

depending on brain region. Thus, if agonists preferentially elicit coupling of the receptors to 

particular G-proteins or second messengers, this would be anticipated to results in preferential 

activation of distinct brain regions.  

The recent discovery and characterization of 5-HT1A receptor biased agonists offer a way forward 

in this respect. F15599 (1), also known as NLX-101, is a highly-selective 5-HT1A receptor agonist 

with a unique profile, preferentially activating ERK phosphorylation versus other signaling 

pathways in vitro,27 as well as ex vivo in frontal cortex.28 Notably, 1 elicited strong antidepressant-

like activity in the rat forced swim test, completely abolishing immobility, even upon acute 

administration – as is the case with ketamine, suggesting that the preferential activation of cortical 

ERK phosphorylation via cortical 5-HT1A receptors translates to enhanced antidepressant 

potential.29–31 

However, 1 has so far been the only compound displaying such a promising ‘biased agonist’ profile 

of activity, and some close chemical analogues (notably F13714 or befiradol) display quite 

different signal transduction properties in vitro and in vivo.31–35 In addition, the latter compounds 

do not exhibit preferential activation of cortical 5-HT1A receptors which, as discussed above, is 

important for improved antidepressant activity.29,36,37 The structure-activity relationships of these 

compounds with respect to preferential ERK phosphorylation have not been established and it 

therefore remains to be determined whether increased ‘bias’ for ERK phosphorylation can elicit 

even superior antidepressant profiles. 
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Based on these considerations, the present work used 1 as a model structure to explore the synthesis 

and characterization of a series of novel 5-HT1A receptor-targeted antidepressants. In order to 

establish their comprehensive functional selectivity profiles, the whole novel series was tested in 

four signal transduction assays (ERK1/2 phosphorylation, cAMP inhibition, Ca2+ mobilization and 

β-arrestin recruitment), for the first time in the case of the 5-HT1A receptor agonists. Specifically, 

we sought to identify the structural motifs that confer a ‘biased’ ERK-preferential activity of the 

compounds as well as to determine whether they possess favorable drug-like properties that are 

compatible with successful pharmaceutical development. Finally, to confirm the therapeutic 

potential of the series, we tested a lead compound in a recognized in vivo model of antidepressant-

like activity. 
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RESULTS AND DISCUSSION 

Design, synthesis and biological evaluation of 1-(1-benzoylpiperidin-4-yl)methanamine 

derivatives 

As a framework for the design of novel compounds we used docking-derived ligand-receptor 

complex of 1 in the homology model of the 5-HT1A receptor38 (Figure 1). The analysis of the 

binding mode revealed crucial interactions, commonly found for a vast majority of monoaminergic 

ligands, namely (i) charge-reinforced hydrogen bond between the protonated central nitrogen atom 

and the carboxyl group of the aspartic acid Asp3.32 as well as (ii) CH–π stacking between the 

pyrimidine ring and phenylalanine Phe6.52. The additional interactions included (iii) a hydrogen 

bond between the oxygen atom of the amide moiety and the NH group from the main chain of the 

isoleucine Ile189 in the second extracellular loop, (iv) π–π stacking between the benzoyl moiety 

and phenylalanine Phe3.28 as well as (v) cation–π interaction between the protonated central 

nitrogen atom and phenylalanine Phe6.51. 

 

Figure 1. The predicted binding mode of compound 1 in the site of serotonin 5-HT1A receptor. Amino acid residues 

engaged in ligand binding (within 4Å from the ligand atoms) are displayed as sticks, whereas crucial residues, e.g. 

forming H-bonds (dotted yellow lines), π-π/CH-π stacking (dotted cyan lines) and cation-π interactions (dotted green 

Tyr2.64 

Phe3.28 Ile189 

Asp3.32 

Tyr7.43 Trp6.48 

Phe6.51 

Phe6.52 

Ser5.42 

ECL2 
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line) are represented as thick sticks. ECL2 residues were hidden for clarity; ECL – extracellular loop. The homology 

model of the 5-HT1A receptor prepared based on crystal structure of the 5-HT1B receptor (PDB ID: 4IAR).  

 

Although the observed interactions seem to be optimal for binding to the 5-HT1A receptor, we have 

noticed that the pyrimidine ring does not fully penetrate the hydrophobic binding pocket of the 

receptor. At this point it is worth noting that this region of the binding site of GPCRs 

accommodates moieties that are crucial for eliciting particular functional activity.39 Thus, we 

hypothesized that diversification of the fragment of the molecule that binds within the pocket may 

yield compounds with various functional profiles. In our attempt to develop novel ligands that 

would more effectively fill this hydrophobic binding pocket, we initially focused on extension of 

the one-unit methylene linker to three-unit linker between the central amine function and 

pyrimidine ring of 1. We introduced a propylene linker and a number of analogues with one of the 

methylene units replaced with heteroatoms such as nitrogen, sulfur and oxygen (Figure 2). 

 

Figure 2. General structure of the new series of selective 5-HT1A receptor agonists.  

We have validated our hypothesis in the docking studies where we compared the binding modes 

of 1 and newly designed ligands, exemplified by compounds 16 and 17 (Figure 3). As expected, 

the extension of the linker shifted the aromatic ring towards Phe6.52, markedly shortening the CH-
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π bond (3.27 Å for 1 vs. 2.85 Å and 2.96 Å for compounds 16 and 17, respectively) and optimizing 

the geometry of the interactions. The derivatives with three-unit linkers more effectively filled the 

hydrophobic binding pocket near the transmembrane helix 6 (TMH6), which accounted for better 

fitting to the receptor and promoted the reduction of binding energy. Encouraged by the results of 

docking studies, we moved to the synthesis and biological evaluation of the compounds.  

 

Figure 3. The predicted binding mode of compound 1 (green) together with 16 (pink) and 17 (white) in the site of the 

serotonin 5-HT1A receptor. Amino acid residues engaged in ligand binding (within 4Å from the ligand atoms) are 

displayed as sticks, whereas crucial residues, e.g. forming H-bonds (dotted yellow lines), π-π/CH-π stacking (dotted 

cyan lines) and cation-π interactions (dotted green line) are represented as thick sticks. ECL2 residues were hidden 

for clarity; ECL – extracellular loop. The homology model of the 5-HT1A receptor prepared based on crystal structure 

of the 5-HT1B receptor (PDB ID: 4IAR). 

  

ECL2 
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Phe3.28 

Ile189 
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The synthetic pathway to the target compounds was based on the one previously developed and 

reported, 40,41 as presented in Scheme 1.  

Scheme 1. Synthesis of 1-(1-benzoyl-4-fluoropiperidin-4-yl)methanamine derivativesa   

 

a Reagents and conditions: (a) Et3N, DCM, 0 °C then r.t., 12 h, yield: 47–60%; (b) chloroacetonitrile, 30% NaOH, 

TBABr, DCM, r.t., 3 h, yield: 80–87%; (c) HF/pyridine, DCM, -10 °C, 30 min then r.t. 24–36 h, yield: 54–68%; (d) 

DABCO, NaCNBH3, FeSO4 × 7H2O, molecular sieves, MeOH, r.t., 36–72 h, yield: 23–66%. 

In the first step, the commercially available 4-piperidone was acylated by the appropriate benzoyl 

chloride derivatives 2 or 3 in the presence of triethylamine. Then a Darzens reaction between the 

obtained benzoylpiperidin-4-one derivatives 4 or 5 and chloroacetonitrile, using 

tetrabutylammonium bromide as a phase transfer catalyst,42 gave the corresponding cyanoepoxides 

6 or 7. The epoxides 6 or 7 underwent a regioselective ring opening reaction with poly(hydrogen 

fluoride)pyridine43,44 to obtain the corresponding cyanohydrins 8 or 9. The final compounds 9–27 

were prepared via reductive amination using cyanohydrins 8 or 9 and the appropriate amines in 

the presence of a base and sodium cyanoborohydride as reducing agent and with addition of iron 

sulfate heptahydrate.41  
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The affinity of the compounds for the 5-HT1A receptor was determined in radioligand binding 

assay (Table 1). All but one (compound 11) displayed affinities higher than that of 1, with pKi 

values ranging from 8.73 to 10.83 vs 8.66 for 1. The affinity was most significantly increased for 

the compounds with oxyethylene linker (16–19), which showed subnanomolar affinities (pKi = 

10.19–10.83). These results unequivocally confirmed our hypothesis derived from molecular 

modeling and allowed us to choose oxyethylene linker for further studies. The superiority of the 

oxyethylene linker over other linkers tested may be due to the fact that oxygen atom is the best 

bioisostere of the crucial nitrogen atom embedded in the aromatic moiety of 1 (electronegative, H-

bond accepting). At this stage we tested para position of the benzoyl fragment, by the replacement 

of fluorine with chlorine atom (compounds 18 and 19). This modification increased binding 

affinity (18 vs 16 and 19 vs 17), but comparison of LELP scores showed that it had resulted from 

increase in lipophilicity and most probably non-specific interactions. Therefore, we used 3-chloro-

4-fluorobenzoil core in further studies. 
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Table 1. 5-HT1A receptor affinity and developability parameters of compounds 10–19 and the references. 

  

Compd X R 

receptor affinitya (pKi)  

5-HT1A
b,d α1

c,e D2
 b,f Fsp3g LELPh 

CNS 

MPOi 

10 F 
 

9.32 ± 0.19 < 6.00 < 6.00 0.41 9.1 4.06 

11 F 
 

8.59 ± 0.01 6.75 ± 0.02 < 6.00 0.43 6.8 5.11 

12 F 
 

8.73 ± 0.06 < 6.00 < 6.00 0.38 7.0 4.93 

13 F 
 

8.90 ± 0.15 7.26 ± 0.07 < 6.00 0.40 5.5 5.08 

14 F 
 

9.25 ± 0.21 NTj < 6.00 0.38 8.6 3.86 

15 F 
 

9.21 ± 0.04 7.63 ± 0.18 < 6.00 0.40 7.2 4.86 

16 F 
 

10.21 ± 0.20 6.29 ± 0.13 < 6.00 0.38 6.7 4.89 

17 F 
 

10.19 ± 0.19 6.78 ± 0.05 < 6.00 0.40 5.5 5.42 

18 Cl 
 

10.83 ± 0.15 NT < 6.00 0.38 7.2 4.31 

19 Cl 
 

10.47 ± 0.20 6.89 ± 0.00 < 6.00 0.40 6.2 4.93 

1   8.66 ± 0.07 < 6.00 < 6.00 0.42 5.2 5.44 

8-OH-DPAT   9.09 ± 0.03 NT NT 0.62 5.9 3.41 

Buspirone   8.30 ± 0.05 NT NT 0.71 4.3 5.82 

a All binding affinity values are represented as pKi i.e. –logKi and expressed as means ± SEM from at least 3 experiments 
performed in duplicates; Radioligand binding was performed using b CHO-K1 cells, c rat cortex; The affinity values were 
determined using d [3H]8-OH-DPAT, e [3H]-prazosin, phentolamine pKi = 7.95, f [3H]-methylspiperone, haloperidol pKi = 8.85; 
g fraction of sp3 carbon atoms; h ligand efficiency-dependent lipophilicity score; i Central Nervous System Multiparameter 
Optimization score; j NT – not tested. 

Next, we explored the optimal position of a nitrogen atom in the aryloxy moiety (Table 2). We 

observed a gradual decrease in binding affinity to a pKi of 8.82 for pyridin-3-yloxy derivative (20) 

and an unacceptably low binding value (pKi 6.41) for pyridin-4-yloxy derivative (21). 

  

R 

= 
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Table 2. 5-HT1A receptor affinity and developability parameters of compound’s 17 analogs 20–27. 

 

Compd 

 receptor affinitya (pKi)  

Ar 5-HT1A
b,d

 α1
c,e D2

 b,f Fsp3g LELPh 

CNS 

MPOi 

17 
 

10.19 ± 0.19 6.78 ± 0.05 < 6.00 0.40 5.5 5.42 

20 
 

8.82 ± 0.06 < 6.00 < 6.00 0.40 5.0 5.65 

21 
 

6.41 ± 0.13 < 6.00 < 6.00 0.40 6.9 5.41 

22 
 

9.28 ± 0.10 < 6.00 < 6.00 0.42 3.4 5.46 

23 
 

7.45 ± 0.10 < 6.00 < 6.00 0.42 5.9 5.47 

24 
 

6.68 ± 0.16 < 6.00 < 6.00 0.42 4.5 5.44 

25 
 

6.70 ± 0.12 < 6.00 < 6.00 0.42 3.7 5.44 

26 
 

8.42 ± 0.20 < 6.00 < 6.00 0.43 8.2 4.90 

27 
 

7.86 ± 0.13 < 6.00 < 6.00 0.45 7.1 5.37 

a All the binding affinity values were represented as pKi i.e. –logKi and expressed as means ± SEM from at least 3 experiments 
performed in duplicates; Radioligand binding was performed using b CHO-K1 cells, c rat cortex; The affinity values were 
determined using d [3H]8-OH-DPAT, e [3H]-prazosin, phentolamine pKi = 7.95, f [3H]-methylspiperone , haloperidol pKi = 8.85; g 

fraction of sp3 carbon atoms; h ligand efficiency-dependent lipophilicity score; i Central Nervous System Multiparameter 
Optimization score;  

 

Subsequently, we explored heterocycles with two nitrogen atoms (22–25). Only 2-pyrazine 

derivative, compound 22 with pKi 9.28 kept the desired level of affinity (pKi >8). Interestingly, 22 

can be considered a hybrid of 2- and 3-pyridine and its pKi value is intermediate between that of 

17 (10.19) and that of 20 (8.82). We have also prepared compound 26 that is a direct analog of 

befiradol and compound 27 – an analogue of 1 to invesitgate the effect of methyl substituent at the 

5 position of the aryl ring. Compound 26 displayed significantly decreased affinity compared to 

compound 17 (pKi 8.42 vs. 10.19, respectively) while compound 27 showed a modest increase in 
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affinity relative to its unsubstituted analog 23 (pKi 7.86 vs. 7.45, respectively). These contrasting 

results indicate that the substitution pattern at the aromatic ring will require further investigation.  

Developability analysis – In silico-supported predictions  

In order to provide an early assessment of the developability of the designed series, we analyzed 

all the compounds using in silico-supported measures of drug-likeness. All the compounds fulfilled 

Lipinski’s rule of five (Ro5) for good oral bioavailability and displayed exceptionally high Central 

Nervous System Multiparameter Optimization (CNS MPO) values with median value of 5.10. 45,46  

Another important parameter that is especially important in the context of compounds’ solubility 

is the fraction of sp3 atoms (Fsp3). A majority of the compounds tested, mostly those with two 

nitrogen atoms in the aryl ring, showed very high and favorable Fsp3 values of 0.42–0.45, while 

all the others were characterized by acceptable values of 0.38–0.41. 47  

Next, we used ligand efficiency dependent lipophilicity (LELP), a function that combines 

physicochemical properties with compounds’ activity to predict druglikeness. The median LELP 

value for all the compounds was 6.75, which is the desirable value for drug candidates.48,49 Six 

compounds displayed excellent values ≤ 5.9, reaching an exceptionally favorable value for 

compound 22 (LELP = 3.4) (Tables 1 and 2). 

Finally, we have used SwissADME web tool 50–53 to identify Pan-Assay INterference compoundS 

(PAINS) as well as toxicophores within the investigated group of compounds. The analysis 

showed no alerts for any of the tested compounds. 
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Summing up, the vast majority of the designed compounds were characterized by favorable values 

of physicochemical properties and multivariate scoring functions, as well as good results of safety 

filters, which suggest a favorable developability potential of the designed series. 

Developability analysis – In vitro assays 

Next, to confirm the favorable developability profile predicted in silico, compound 17 was selected 

as a lead structure, to be examined in a series of in vitro experiments. To this end, the 

SafetyScreen44™ Panel (plus additional antitargets), the Bioavailability Panel, as well as 

CYP3A4, CYP2D6 and P-glycoprotein (P-gp) inhibition assays, were performed at Eurofins 

Pharma Discovery Services. SafetyScreen44™ Panel is one of the most commonly used set of 

assays for in vitro pharmacological profiling of target selectivity. 54 Bioavailability Panel consists 

of solubility, permeability, protein binding and metabolic stability assays, which are used for 

prediction of ADME properties, a very important issue in the drug development process.  

Data from the safety pharmacology profiling revealed excellent overall selectivity of the 

investigated lead structure. Compound 17, tested at a concentration of 10 µM, showed substantial 

binding inhibition (higher than 50%) for only 3 among 52 off-targets, namely: adrenergic α1A and 

α2A and dopaminergic D2S receptors (91–99%) (Table 3). Compound 17 was subsequently tested 

at a concentration of 1 µM for these antitargets and exhibited much lower binding inhibition at D2 

(9.5%) and α2A (29.9%) receptors but maintained a relatively high value for α1A receptor (87.6%). 

The precise affinity for the latter was therefore determined and the pKi was found to be 6.78, an 

affinity which is more than 1000-fold lower than the affinity of compound 17 for the 5-HT1A 

receptor (pKi = 10.19; see Table 1). In addition to testing the binding affinity of 17 for hERG 

channel in the SafetyScreen44TM, we also tested it using an automated patch-clamp method. Patch 
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clamp methods are considered to provide a more reliable assessment of hERG interaction, even at 

an early stage of drug discovery process.55,56,57 This study was performed at 3 concentrations (10.0, 

1.0 and 0.1 µM) showing only 0.1, 10.5 and 46.5% inhibition of tail current respectively. This 

indicates that 17 has a low propensity for hERG channel blockade and suggests that the 

investigated series has a low risk with respect to hERG-related cardiac safety.   

In the Bioavailability Panel, compound 17 exhibited desirable druglike ADME attributes (Table 

4). It was characterized by high aqueous solubility in phosphate-buffered saline (PBS 7.4), 

simulated intestinal fluid (SIF) and simulated gastric fluid (SGF) (192.2, 192.2 and 200 µM, 

respectively) as well as excellent permeability on Caco-2 cells (Papp > 10×10-6 cm/s). Moreover, 

final efflux ratio value (ER = basolateral to apical [BA]/apical to basolateral [AB] permeability) 

was lower than 2.5 (ER = 0.86), which means that compound 17 is not a P-gp substrate.46 Those 

values are comparable with the reference drug propranolol, which belongs to the class 1 of 

Biopharmaceutics Classification System (BCS) – high permeability/high solubility – suggesting 

good oral absorption and reliable in vitro-in vivo correlation.58  
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Table 3. SafetyScreen44™ Panel and additional antitargets results for compound 17. 

Target Assay 

% inhibition of Control 
Specific Binding  
at 10 µM/1 µMa Target Assay 

% inhibition of Control 
Specific Binding  
at 10 µM/1 µMa 

GPCR  GPCR  

ADENOSINE  A2A 11.8 SEROTONIN 5-HT1B -9.1 

ADRENERGIC α1A 99.7/87.6  5-HT1D NT/25.5 

 α1B NT/32.2  5-HT2A 9.0 

 α2A 94.3/29.9  5-HT2B 39.7 

 β1 2.2  5-HT2C NT/-26.2 

 β2 3.8  5-HT6 NT/12.1 

CANNABINOID CB1 0.4  5-HT7 NT/13.2 

 CB2 -3.1* 
TRANSPORTERS 

  

CHOLECYSTOKININ CCK1 (CCKA) -30.3 DOPAMINE DAT 20.4 

DOPAMINE D1 38.2 NOREPINEPHRINE NET -2.0 

 D2S 91.3/9.5 SEROTONIN SERT 0.9 

 D3 NT/39.1 
ION CHANNELS 

  

ENDOTHELIN ETA -13.8 GABA CHANNEL BZD (central) -11.8 

HISTAMINE H1 -0.5 GLUTAMATE CHANNEL NMDA -1.8 

 H2 -15.1 NICOTINIC CHANNEL N neuronal α4β2 -5.4 

 H3 NT/-10.9 SEROTONIN CHANNEL 5-HT3 -12.7 

 H4 NT/-10.9 Ca2+ CHANNEL 
Ca2+ channel (L) 

(dihydropyridine site) 
18.2 

MUSCARINIC M1 12.9 K+ CHANNELS hERG  ([3H]Dofetilide) 16.2 

 M2 6.3  Kv channel 3.8 

 M3 9.7 Na+ CHANNEL Na+ channel (site 2) 48.8 

 M4 NT/8.8 
KINASES  

  

OPIOID  
& OPIOID LIKE 

δ2 (DOP) 7.2 
CTK 

Lck kinase 18.2 

 κ (KOP) 34.6 
OTHER NON-KINASE ENZYMES 

  

 µ (MOP) 42.9 AA METABOLISM COX1 11.9 

VASOPRESIN V1a 7.0  COX2 -9.2 

  
MONOAMINE & 
NEUROTRANSMITTER 

AChE -2.9 

NUCLEAR RECEPTORS    MAO-A -3.6 

STEROID NUCLEAR 
RECEPTORS 

AR -20.5 PHOSPHODIESTERASES PDE3A -3.9 

 GR -5.1  PDE4D2 -10.7 

a Assays, in which % inhibition of Control Specific Binding was over 50% in 10 µM, were repeated at 1 µM concentration. For 
some targets only the test at 1 µM was performed –  marked as NT/value. *Low to moderate negative values (< 50%) have 
no real meaning and are attributable to variability of the signal around the control level;  
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Compound 17 also exhibited high microsomal stability, with intrinsic clearance (CLint) lower than 

115 [μL/min/mg] and a half-life higher than 60 minutes. Noteworthy, it is the best possible result 

in the given experimental setting, suggesting high metabolic stability and therefore a low risk of 

significant first pass effect. Overall, the above-mentioned results suggest favorable oral 

bioavailability of compound 17 and are in line with the favorable CNS MPO (5.42), Fsp3 (0.40) 

and LELP (5.5) values predicted in silico for compound 17. Furthermore, compound 17 displayed 

no P-gp inhibition (6.5% of inhibition at 10 µM) as well as negligible inhibition of CYP3A4 and 

CYP2D6 (23.2% and 15.9% at 10 µM, respectively). Together with the moderate plasma protein 

binding (93.2%), this suggests a relatively low drug–drug interaction potential. Taken together, 

these data provide compelling evidence supporting desirable druglike properties of compound 17, 

suggesting its good developability potential and promising similarly favorable properties for the 

whole series. 
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Table 4. In vitro Bioavailability Panel and CYP3A4, CYP2D6 and P-gp inhibition assays results for compound 17. 

 

Assay Compound 17 (10 μM*)  Reference  

Solubility 45 

PBSa 192.2 μM 180.8 μM (metoprolol) 

SGFb 200 μM – 

SIFc 192.2 μM – 

Permeability 59 
A–Bd 25.90 [10-6 cm/s] 23.70 [10-6 cm/s] (propranolol) 

B–Ad 22.45 [10-6 cm/s] 27.40 [10-6 cm/s] (propranolol) 

Metabolic 

stabilitye 60 

Intrinsic 

Clearance (CLint) 
< 115 [μL/min/mg] < 115 [μL/min/mg] (propranolol) 

Half-Life (T1/2) > 60 [min] > 60 [min] (propranolol) 

Protein bindingf 61 93.2% 99% (warfarin) 

P-gp inhibitiong 62 6.5% 15 μM [IC50] (verapamil) 

CYP3A4 inhibitionh 63 23.2% 0.24 μM [IC50] (ketoconazole) 

CYP2D6 inhibitionh 64 15.9% 0.0081 μM [IC50] (quinidine) 

*Metabolic stability study was performed at the concentration of 0.1 μM; Solubility study was performed in a 200 μM 
concentration; a aqueous solubility at buffer pH7.4; b aqueous solubility in simulated gastric fluid; c aqueous solubility at 
simulated intestinal fluid; d Caco-2, pH 6.5/7.4; e

 liver microsomes–human; f plasma human; g MDR1-MDCKII cell line; 
h Human recombinant  

Selectivity vs. key antitargets  

As the goal of the present study was to obtain selective 5-HT1A receptor agonists, it was essential 

to verify the selectivity of the novel ligands. To this end, the affinity for the most important 

antitargets was determined for all of the obtained compounds. The determination of the affinities 

for α1 and D2 receptors was prioritized because activities at such receptors may interfere in vivo 

with the activity elicited by 5-HT1A receptor activation.65–67 Moreover, the pertinence of testing 

those targets was also highlighted by the results of SafetyScreen44 for compound 17, which 

showed relatively higher affinity for α1 and D2 receptors than for other off-targets. Concerning α1 

receptor affinity, the majority of the compounds showed substantial selectivity for 5-HT1A receptor 

(over 1000–10000-fold). Selectivity dropped lower than 100-fold only for compounds 11, 13 and 

15, which are pyridine analogs with non-oxygen linker. In the case of the D2 receptor, none of the 
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compounds had pKi over 6 (Tables 1 and 2). Additionally, we examined the binding affinity of 

each compound for serotonin 5-HT2A , muscarinic M1 and histamine H1 receptors (see Supporting 

Information Table S3). None of the tested compounds exceed 50% of control specific binding at a 

concentration of 1 µM in these assays. 

Considering the above and bearing in mind that the selected lead structure 17 showed substantial 

selectivity also vs. the other 49 off-targets (Table 3), it may be concluded that the designed series 

is characterized by a high selectivity for 5-HT1A receptors. 

Structure-Functional Activity Relationships  

To investigate the functional profiles of the presented series we evaluated functional activity of 

twelve selected compounds (10–17, 19, 20, 22 and 27) in the following pathways engaged in 

5-HT1A receptor signal transduction: ERK1/2 phosphorylation (pERK1/2), adenylyl cyclase 

inhibition (cAMP), β-arrestin recruitment (β-arrestin) and calcium mobilization (Ca2+) (Figure 4).  
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Figure 4. Signaling pathways measured after activation of 5-HT1A receptor; adopted from Chilmonczyk et. al. 68 and 

modified based on Rojas & Fiedler.69  

To our knowledge, the present study is the first in which such a large number of 5-HT1A receptor 

ligands was tested in such a number of intracellular signaling tests. This is also only the second 

study in which 5-HT1A receptor ligands were examined for β-arrestin recruitment.70 Here, we 

assumed that Emax values higher than 80% relative to the maximal effect of serotonin are 

characteristic of a full agonist, Emax values between 79% and 21% indicate a partial agonist and 

Emax values 20% or less are indicative of an antagonist. The experiments were carried out using 

cell lines expressing the recombinant human 5-HT1A receptor. Although such cell lines may differ 

from neuronal systems e.g. as concerns their signal transduction machinery or receptor expression 
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levels (336 fmol/mg for CHO-K1 cells and 78 fmol/mg for U2OS cells), they provide an 

experimentally robust and widely accepted means of comparing drug activities and conducting 

SAR studies.  In the case of the investigated series, the aryloxyethanamine derivatives (16, 17 and 

19) were the ones that showed the highest potency in functional activity assays (Table 5), as 

discussed in greater detail below. Dose-response curves for functional activity of  all the 

compounds are presented in Supporting Information. 

ERK1/2 phosphorylation 

Derivatives containing S, NH or CH2 in the linker were over one order of magnitude weaker than 

their aryloxyethanamine derivatives, with the compound 14 (phenylsulfanylethanamine 

derivative), exhibiting the lowest intrinsic activity in this pathway (pEC50 = 6.77). Except for 

compounds 14 and 15, no potency differentiation between phenyl derivatives and their pyridine 

counterparts, as well as between 3-chloro-4-fluorobenzoyl derivative (17) and its 3,4-

dichlorobenzoyl analog (19) were observed. The potencies of aryloxyethanamines were higher 

than those of all references, including 1. 

In contrast to buspirone, agonist efficacy (Emax) of all the tested compounds was high, i.e. between 

77% and 95%. The highest agonist efficacy, comparable with 8-OH-DPAT, was observed for 

compounds 11 and 16, however none of the compounds reached the 100% efficacy level of 1.  
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Table 5. Functional activity of compounds 10–17, 19 and references at 5-HT1A receptors.  

 

Compd X R 

5-HT1A receptor functional activitya 

ERK1/2b cAMPb β-arrestinc Ca2+ b 

EMAX pEC50 EMAX pEC50 EMAX pEC50 EMAX pEC50 

10 F 
 

77% 7.88 91% 7.10 99% 6.35 74% 7.07 

11 F 
 

95% 7.90 74% 7.33 101% 6.94 87% 7.84 

12 F 
 

81% 7.59 79% 6.73 104% 5.70 65% 6.98 

13 F 
 

83% 7.76 86% 7.26 99% 6.58 52% 7.13 

14 F 
 

85% 6.77 71% 5.61 70% 5.44 NT NT 

15 F 
 

84% 7.89 76% 7.18 102% 6.54 73% 6.95 

16 F 
 

92% 9.10 90% 8.09 96% 7.98 52% 7.39 

17 F 
 

81% 9.37 89% 8.05 98% 7.68 57% 7.76 

19 Cl 
 

85% 9.06 71% 8.04 99% 6.76 58% 7.41 

20 F 
 

99% 7.62 100% 7.32 101% 6.87 98% 7.34 

22 F 
 

100% 8.31 90% 7.68 97% 7.60 89% 7.54 

27 F 
 

72% 7.28 41% 6.03 75% 5.56 NT d NT 

1   100% 8.33 92% 7.22 98% 6.71 60% 6.61 

8-OH-DPAT   93% 8.09 63% 7.50 101% 7.84 NT NT 

Buspirone   44% 7.82 49% 7.14 100% 6.73 NT NT 

Serotonin   100% 7.48 100% 7.51 100% 6.89 100% 7.30 

a All the functional activity values were expressed as means from at least 3 experiments performed in duplicates. 
For the sake of clarity, the SEM values were omitted in this table and presented in the supporting information – 
Table 3; The functional assay was performed using b CHO-K1 cells, c U2OS cells (Tango LiveBLAzer assay kit) ; d NT – 
not tested 
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Inhibition of cAMP production (cAMP) 

Among the most potent derivatives with oxyethylene linker, no differences between the phenyl 

derivative and the pyridine analog were observed. By contrast, in the case of aminoethylene and 

sulfanylethylene linker, the pyridine counterparts showed higher cAMP potency than their phenyl 

derivatives (15 and 13 vs. 14 and 12). Potencies of the most active compounds (16, 17 and 19) 

were higher than those of reference compounds.  

In the case of agonist efficacy, most of the compounds behaved as partial agonists, however their  

efficacy was higher (71–79%) than for the reference partial agonists, buspirone and 8-OH-DPAT 

(49% and 63% respectively). Compounds 10, 13, 16, and 17 were full agonists with efficacy (86–

91%) comparable to 1. There were no marked differences between the pyridine and phenyl 

derivatives, except for the analogs with propylene linker, where phenyl derivative 10 was a full 

agonist (91%) while its pyridine counterpart 11 behaved as a partial agonist (74%). 

β-arrestin recruitment (β-arrestin) 

In the case of the analogs with oxyethylene linker, the pyridine derivatives were weaker than their 

phenyl counterparts, whereas in the case of other linkers they had higher potency. Similarly to 

previously discussed pathways, 3,4-dichlorobenzoyl analog showed lower potency than its 3-

chloro-4-fluoro- counterpart. In this pathway, the most active compounds showed potency 

comparable to that of 8-OH-DPAT, and higher than 1 and buspirone. 

Only a phenylsulphanyl derivative 14 behaved as a partial agonist (70%). The other compounds 

exhibited Emax values close to 100%, similar to that seen for the reference compounds.  

Calcium mobilization (Ca2+). 
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In this assay, the pyridine derivatives showed higher potency than their phenyl analogues. All the 

tested compounds had pEC50 values higher than that of 1, with the most potent being 11 and 17. 

In comparison to other pathways, efficacies in the calcium mobilization assay were markedly 

lower, with all compounds except 11 being partial agonists (52–74%). The propylene derivatives 

10 and 11 displayed the highest efficacy (74% and 87% respectively).  

Functional activity of the compound 17 analogs: 20, 22 and 27 

Changing the position of nitrogen atom in the aryloxyl moiety from 2 to 3, as well as replacement 

of 2-pyridine by 2-pyrimidine and 2-pyrazine resulted in decreased potency in each of the 

pathways. Pyrazin-2-yloxy derivative 22 was the most potent compound in this group and 

exhibited potency in a range from 7.54 in calcium mobilisation assay to 8.31 in the ERK1/2 

phosphorylation assay. Similarly to affinity results, the pEC50 values of compound 22 are 

intermediate between pEC50 values for pyridin-2-yloxy (17) and pyridin-3-yloxy (20) derivatives. 

The 5-methylpyrimidin-2-yloxy derivative 27 showed the lowest potency.Compounds 20 and 22 

displayed high agonist efficacy (89–101%) in all the performed assays, showing higher efficacy 

levels than 17, especially in the case of ERK1/2 phosphorylation and calcium mobilisation. By 

contrast, compound 27 behaved as a partial agonist in all the pathways (41–75%, with exception 

of calcium mobilisation, where it was not tested).  

Bias factors 

In order to determine functional selectivity of the tested ligands, bias factors between particular 

pathways were calculated, according to the following equation: 71–74  
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Bias factor = log (
relative activity𝟏2,lig

relative activity𝟏2,ref

) =

= log ((
𝐸maxpath1 

×  EC50−path2

EC50−path1 × 𝐸maxpath2

)

lig

÷ (
𝐸maxpath1 

×  EC50−path2

EC50−path1 × 𝐸maxpath2

)

ref

 ) 

Bias factor ensures equal comparison between all the pathways, considering the differences in 

EC50 and Emax values of both a test ligand and a reference agonist, which was serotonin in this case. 

Results for all the compounds were presented in Table 6. Compounds which displayed bias factor 

higher than 1 (equaling to >10× preference) were highlighted in green (for positive values) and in 

blue (for negative values). Those compounds which showed significant bias, but with pEC50 values 

which were relatively low (<8 in all assays), were considered less interesting and marked in gray.  
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Table 6. Bias factors of compounds 10–17, 19, 20, 22, 27 and references at 5-HT1A receptors. 

 

   5-HT1A receptor bias factor (logarithmic value) 

Compd X R 

ERK1/2 

vs. cAMP 

ERK1/2 vs.  

β-arrestin 

ERK1/2 

vs. Ca2+ 

cAMP vs. 

β-arrestin 

cAMP 

vs. Ca2+ 

β-arrestin 

vs. Ca2+ 

10 F 
 

0.74 0.82 0.65 0.09 -0.09 -0.17 

11 F 
 

0.71 0.34 -0.09 -0.37 -0.80 -0.42 

12 F 
 

0.90 1.19 0.52 0.28 -0.38 -0.66 

13 F 
 

0.51 0.50 0.65 -0.01 0.15 0.15 

14 F 
 

1.27 0.82 –a -0.45 – – 

15 F 
 

0.78 0.67 0.81 -0.12 0.03 0.15 

16 F 
 

1.05 0.51 1.78 -0.54 0.73 1.27 

17 F 
 

1.30 1.01 1.57 -0.30 0.27 0.57 

19 Cl 
 

1.13 1.63 1.63 0.51 0.50 0.00 

20 F 
 

0.33 0.15 0.10 -0.18 -0.23 -0.05 

22 F 
 

0.70 0.12 0.63 -0.58 -0.07 0.51 

27 F 
 

1.52 1.10 – -0.42 – – 

1   1.17 1.02 1.76 -0.15 0.59 0.74 

8-OH-DPAT   0.79 -0.39 – -1.18 – – 

Buspirone   0.66 0.14 – -0.52 – – 

Serotonin   0.00 0.00 0.00 0.00 0.00 0.00 

a- no data for Ca2+ assay 

In general, the novel series showed highest bias for ERK1/2 phosphorylation, especially vs. cAMP 

and Ca2+ (mean bias factors 0.91 and 0.83, respectively). The bias was most pronounced in the 

case of the aryloxyethanamine derivatives, where high preference (bias factors >1) was observed 
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in majority of cases. In this respect, the novel aryloxyethanamines were the most similar to the 

reference 5-HT1A receptor biased agonist 1, which previously showed preference for ERK1/2 

phosphorylation, particularly over cAMP inhibiton.27 

Noteworthy, as mentioned in the Introduction, it has been suggested that intensification of signal 

transduction through phosphorylation of ERK1/2 kinases may be important for antidepressant 

effects.75–77 In fact, in post-mortem examinations of suicide victims with previously diagnosed 

depression, reduction of ERK1/2 expression and phosphorylation in brain structures was 

observed.77,78 Furthermore, depression caused by chronic stress was found to be associated with 

ERK phosphorylation deficits,79–82 and the chronic administration of ERK inhibitors caused 

anhedonia and anxiety behavior.81 On the other hand, the inhibition of cAMP synthesis in the 

hippocampus resulting from the activation of the 5-HT1A receptor may lead to reduced 

phosphorylation of the Ca2+/calmodulin-dependent protein kinase II (CaMKII) and thus result in 

impairment of cognitive functions.83 The above considerations further support the need for 

selective stimulation of a desired intracellular signaling in order to achieve optimal therapeutic 

benefit. In this context, the newly discovered aryloxyethyl derivatives of 1-(1-benzoylpiperidin-4-

yl)methanamine represent a favorable extension of the prototype ERK1/2-preferring 5-HT1A 

receptor biased agonist 1, which is, so far, the sole representative of such a functional profile. The 

present study also evidenced clear difference in functional activity between these compounds and 

the widely used reference agonist 8-OH-DPAT and the partial agonist buspirone.  

  

Page 29 of 85

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



29 

 

In vivo and ex vivo studies of the lead compound 17 

Ex vivo ERK1/2 phosphorylation measurement 

In view of the preferential activation of ERK1/2 phosphorylation in vitro by compound 17 and the 

key role of ERK1/2 phosphorylation for mediating antidepressant activity, we assessed the level 

of pERK1/2 in the rat prefrontal cortex (PFC) after oral administration of compound 17. We found 

that compound 17 robustly and significantly increased rat PFC ERK1/2 phosphorylation in a time-

dependent manner. The maximal increase of pERK1/2 level was observed after 15 min (Tmax) and 

the statistically significant elevation of pERK1/2 was maintained also 30 min after administration 

(Figure 5A). 

 

Figure 5A and 5B. The effect of compound 17 on phospho-ERK1/2 (pERK1/2) and total-ERK 1/2 (tERK 1/2) levels 

in rat prefrontal cortex. A. time-course (5, 15, 30 and 60 min) of the effects induced by a single oral administration  of 

compound 17 at a dose of 2.5 mg/kg or vehicle (water). B. dose-response of the effects of compound 17 tested at 15 

min after administration. All samples were tested in duplicate, in two separate experiments. For normalization 

purposes, the value of phospho-ERK1/2 was divided by a corresponding value of total-ERK 1/2 for each sample, then 

the  ratios were used for statistical analysis (time course: one-way ANOVA (F(4,30)=10.87; p<0.0001; dose-response: 

one-way ANOVA (F(4,31)=10.19; p<0.0001) followed by Bonferroni's post-hoc test). For graphical 

presentations, data are expressed as the mean ± SEM (2 measures for each of 6–8 rats per group), the mean value of 

the vehicle-treated group was set at 100% (control value) and all data were expressed as a percentage relative to the  

control value. *p < 0.05, ****p < 0.0001 compared to vehicle group. 

 

Next, we investigated the dose-dependence of stimulation of ERK1/2 phosphorylation by 

compound 17 at the Tmax after oral administration (see Pharmacokinetic studies below). 

Statistically significant elevation of pERK1/2 was observed at the two highest doses (2.5 mg/kg 
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and 0.63 mg/kg), but a tendency to increase pERK1/2 levels was also seen at lower doses (Figure 

5B). These results are in agreement with the data obtained previously for selective agonists of 5-

HT1A receptors.84 

Pharmacokinetic studies and PK/PD relationship  

In order to establish the relationship between the pharmacodynamic effects of compound 17 and 

its exposure, we performed pharmacokinetic studies, including determination of concentrations of 

17 in serum and brain of the rat. Both the time course and the dose-response profiles of ERK1/2 

phosphorylation in PFC were found to correspond closely with the pharmacokinetic data. After 

oral administration we found the highest concentration of compound 17 in both serum and brain 

after 15 minutes (Figure 6). At this time point we also observed a dose-dependent increase in serum 

and brain concentration, with the highest concentrations produced by a dose of 2.5 mg/kg p.o. 

(Figure 7). Noteworthy, concentrations of compound 17 in brain tissue were higher than in serum 

for all doses. 

 

Figure 6. Serum and brain concentrations (mean ± SEM) of compound 17 following oral administration of 

a dose of 2.5 mg/kg to rats (n=6–8 animals per time point). 
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Figure 7. Dose-dependence in compound 17 serum and brain concentrations 15 min after oral administration to rats 

(each bar represents mean of 6–8 concentrations ± SEM). 

  

To describe quantitatively the PK-PD relationship between ERK1/2 phosphorylation and serum 

drug concentration, a simple Emax model was applied in Phoenix WinNonlin v.7.0 (Certara Corp., 

USA). (Figure 8).  

 

Figure 8. Observed (symbols) and pharmacodynamic model predicted (line) pERK/tERK ratio (normalized to the 

vehicle control) as a function of mean serum concentrations of compound 17. ERK phosphorylation was measured 15 

min following compound administration at four different oral doses (0.04, 0.16, 0.63, and 2.5 mg/kg) to rats (n=6-8 

dose).  
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The proposed model captured the experimental data well with an estimated EC50 value (i.e. the 

serum concentration of 17 which elicits half-maximal pERK response) of 17.20 ng/mL. These 

results point to a clear PK/PD relationship between drug concentrations of 17 and its induction of 

pERK1/2 phosphorylation in rat prefrontal cortex.  

In order to assess rat pharmacokinetic parameters of 17, serum concentration versus time data 

following oral administration were analyzed by a non-compartmental approach. Compound 17 

(2.5 mg/kg p.o.) was rapidly absorbed from the gastrointestinal tract (Tmax = 15 min) and reached 

relatively high serum concentrations (Cmax = 104.7 ng/mL). Brain levels followed exactly the same 

pattern with Cmax of 124.4 ng/g. The area under the concentration-time curve from the time of 

dosing to infinity (AUC0-∞) was 8962.3 ngmin/L and 16834.2 ngmin/g for serum and brain, 

respectively. The apparent volume of distribution (Vz/F) during terminal phase was 35.9 L/kg. The 

studied compound  was also characterized by a favourable value of serum elimination half-life 

(t0.5λz) of 89.3 min. The value of this parameter for brain tissue was even higher and it was 104.9 

min. 

 Antidepressant-like activity 

Compound 17 was tested in the rat forced swimming test (FST, Porsolt test), which is one of the 

most widely used procedures to evaluate antidepressant-like activity.85,86 Given that the Tmax for 

serum and brain exposure was observed at 15 min, which also corresponds to the time-point for 

highest ERK1/2 phosphorylation, we investigated the antidepressant activity of compound 17 

using this pretreatment time. Compound 17 showed potent activity (minimal effective dose 0.16 

mg/kg p.o.) and exhibited a very strong effect, completely abolishing immobility at a dose of 2.5 

mg/kg p.o. (Figure 9, Supporting Information Table S4).   
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Figure 9. Antidepressant-like activity of compound 17 in the FST in rats (15 min pretreatment time). Values represent 

the mean ± SEM of the immobility time during 5-min test session compared to the vehicle group (one-way ANOVA 

(F(4,29)=66.22; p<0.0000001) followed by Bonferroni’s post hoc test) *p < 0.05, ****p < 0.00001, n=6-8 

 

In order to clarify the PK/PD relationship between the behavioral data (immobility time in the 

FST) and serum concentrations of compound 17, the results of FST tests were plotted against mean 

serum concentrations measured at 15 min after dosing. As presented in Figure 10,  the estimated 

concentration at which the compound exerts half of its maximal inhibitory effect (IC50) was 6.76 

ng/mL and was comparable to the EC50 value obtained for the activation of ERK1/2 

phosphorylation in PFC by compound 17 (see above). 

* 

**** 

**** 
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Figure 10.  Observed (symbols) and pharmacodynamic model predicted (lines) immobility times (normalized to the 

vehicle control) as a function of mean serum concentrations of compound 17. FST was performed 15 min following 

compound administration at four different oral doses (0.04, 0.16, 0.63, and 2.5 mg/kg) to rats (n=6-8 dose). 

The activity of compound 17 in the FST was also evaluated 60 min after oral administration, which 

is a standard pretreatment time used in this type of experiments. The obtained results are very 

similar to those obtained with a 15 min pre-administration time, in both the effective dose range 

(MED = 0.16 mg/kg, ED50 = 0.3 mg/kg) and the maximal effect size (total immobility reduction 

at a dose of 2.5 mg/kg; Figure 9, Table S4). It is noteworthy that the antidepressant-like effect of 

17 was maintained at 60 min, even though its concentrations in serum and brain, as well as 

pERK1/2 levels were decreased, thus suggesting a protracted behavioral effect of the compound. 

This observation is also in line with the previous studies of 5-HT1A receptor biased agonists.87 The 

antidepressant-like effect of compound 17 in the FST at 60 min was fully reversed by co-

administration of the selective 5-HT1A receptor antagonist WAY-100635 (0.63 mg/kg s.c.) and 

was not accompanied by any significant change in the locomotor activity, thus testifying to its 

specificity and a full 5-HT1A receptor dependence. Moreover, at the doses tested (0.04 to 2.5 mg/kg 

p.o.), compound 17 did not elicit flat body posture (FBP), a common side effect of the 5-HT1A 
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receptor stimulation, suggesting that its preference for activation of 5-HT1A receptor-mediated 

ERK1/2 phosphorylation in vitro translates to preferential antidepressant effects rather than 

induction of ‘behavioral syndrome’ 31 (Table 7).  

Table 7. Behavioral effects of compound 17 and references in the forced swimming test (FST) and serotonergic 

behavior – flat body posture (FBP) (60 min. after p.o. administration). 

Compd 

 Forced swimming test (FST, Porsolt test) FBPc  

Route of 

administration 

Dose range 

(mg/kg) 

MEDa 

(mg/kg) 

MaxED b MED 

(mg/kg) (mg/kg) 

17 p.o. 0.04–5 0.16 2.5 n.s. d 

132 p.o. 0.04–5 0.63 5 n.s. 

8-OH-DPAT32 s.c. 0.04–0.63 0.16 –e 0.63 

buspirone32 p.o. 0.16–2.5 n.s. – e n.s. 

imipramine88 i.p. 3–10 10 – e n.t. f 

ketamine89 i.p. 5–15 5 – e n.t.  
a minimal effective dose; b The first dose at which the effects are maximal (total reduction of immobility 
time); c Flat body posture;  d not significant; e maximal effect was not achieved (8-OH-DPAT 90% at 0.63 
mg/kg, ketamine 43% at 15 mg/kg, imipramine 25% at 10 mg/kg); f not tested 

 

Such activity, especially in terms of potency and maximal effect size, is very rare and was 

previously observed for the 5-HT1A receptor biased agonist, 1.27,32 Thus, the present results further 

demonstrate consistence of the pharmacological effects of compound 17 with those of the 

reference biased agonist and suggest a high therapeutic potential of the novel compounds. 

Noteworthy, both ERK1/2 phosphorylation-preferring biased agonists (17 and 1) clearly 

outperformed all the reference compounds in terms of potency, maximal effect, lack of side effect 

(FBP) and oral activity (Table 7).  

Moreover, under present conditions compound 17 was even more potent than 1 for reduction of 

immobility, showing activity at four times lower dose.32 The potency of compound 17 after oral 

administration implies favorable gastrointestinal tract absorption and high penetration into the 
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central nervous system. Such observations support the predicted good developability profile of 

compound 17 as well as the overall “drug-likeness” of the novel series. 

CONCLUSIONS  

Recently, it was found that the rapid-acting antidepressant activity of ketamine is mediated by 

frontal cortex 5-HT1A receptors and requires stimulation of ERK1/2 phosphorylation. Together 

with the previous findings on the role of ERK1/2 phosphorylation in mood control, it can be 

inferred that direct agonist activation of frontocortical 5-HT1A receptor signaling by biased 

agonists offers the prospect of achieving beneficial therapeutic effects on mood without eliciting 

the dissociative and cognition-disrupting side effects which are seen with ketamine. Study of the 

first functionally-selective agonist of 5-HT1A receptors, 1, which preferentially activates ERK1/2 

phosphorylation, confirmed that biased agonists may offer beneficial therapeutic effects on mood 

with reduced unwanted effects. However, to date, 1 was ‘one of a kind’ and there were no SAR 

studies that would lay a foundation for further development of 5-HT1A receptor biased agonists. In 

the present study we therefore characterized a group of selective 5-HT1A receptor agonists and 

carried out comprehensive analyses of structure-functional activity relationships. These allowed 

us to identify the aryloxyethanamine derivatives as the most biased agonists for ERK1/2 

phosphorylation vs. cAMP and Ca2+. Based on all data collected, we selected compound 17, 

characterized by exceptional affinity (pKi = 10.19), preference for ERK1/2 phosphorylation and 

favorable results of in silico predictions of drug-like properties (including CNS MPO and LELP). 

The results of SafetyScreen44™ Panel and other antitargets, the Bioavailability Panel, as well as 

CYP3A4, CYP2D6 and P-glycoprotein (Pgp) inhibition assays revealed its excellent overall 

selectivity and ADME properties, as well as relatively low drug–drug interaction potential. Finally, 

compound 17 stimulated ERK1/2 phosphorylation in rat cortex and outperformed 1 in vivo, 
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displaying robust antidepressant-like activity in Porsolt test at 0.16 mg/kg p.o. and a total reduction 

of immobility at 2.5 mg/kg p.o. Moreover, this effect was not accompanied by flat body posture, 

an observation that confirmed the compound’s preference for activation of 5-HT1A receptor 

signaling pathways that mediate therapeutic-like responses rather than those that mediate side 

effects. The new chemical scaffold presented herein, represented by compound 17 (also known as 

NLX-204), is not only a versatile tool for medicinal chemistry and further exploration of the target 

but also for drug development. Taken together, these results suggest that compounds in this 

chemical series may constitute promising candidates for development as novel treatments for 

mood disorders.  
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EXPERIMENTAL SECTION 

Molecular modeling 

Computer-aided ligand design and further studies on structure-activity relationships were based 

on ligand-receptor interactions analysis. In order to capture distinctive binding mode of a variety 

of functionally selective ligands, the general procedure for developing ligand-optimized models 90 

was adopted in the present studies, regarding induced-fit technique as both protein binding site 

optimization method (in terms of amino acid side chains) and routine docking approach. The 

previously built pre-optimized serotonin 5-HT1A receptor homology model 38 served as structural 

basis for ligand-steered side chain optimization.  

In general, the 5-HT1B crystal structure (PDB ID 4IAR) 91 was taken as a template for homology 

modeling. The alignment of amino acid sequences of the 5-HT1A (UniProt database ID: P08908) 

and 5-HT1B receptors was implemented from hhsearch model via GeneSilico Metaserver 92, which 

established the overall amino acid sequence identity for 38%. The basic 5-HT1A receptor homology 

model was obtained via SwissModel platform.93 Then it was validated by processing in Protein 

Preparation Wizard. Structure optimization stage, which was performed using induced-fit docking 

(IFD) 94 resulted in distinct protein-ligand complexes, which were subjected for visual inspection. 

Glide SP flexible docking procedure using OPLS3 force field was set for the IFD. H-bond 

constraint, as well as centroid of a grid box for docking to 5-HT1A receptor were located on 

Asp3.32. Ligand structures were sketched in Maestro 2D Sketcher and optimized using LigPrep 

tool. Induced fit docking, LigPrep, Maestro and Protein Preparation Wizard were implemented in 

Small-Molecule Drug Discovery Suite (Schrödinger, Inc. New York, USA), which was licensed 

for Jagiellonian University Medical College. 
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Synthesis 

General chemistry information 

All the reagents were purchased from commercial suppliers (Sigma-Aldrich, Merck, Chempur, 

Fluorochem, Enamine, Acros Organics, Manchester Organics, POCh, Activate Scientific, Chem-

impex International, Apollo Scientific) and were used without further purification. Analytical thin-

layer chromatography (TLC) was performed on Merck Kieselgel 60 F254 (0.25 mm) pre-coated 

aluminum sheets (Merck, Darmstadt, Germany). Compounds were visualized with UV light and 

by suitable visualization reagents (2.9% solution of ninhydrin in mixture of 1-propanol and acetic 

acid (100/3, v/v) and Pancaldi reagent (solution of 12.0 g (NH4)6Mo7O24, 0.5 g Ce(SO4)2 and 6.8 

mL of 98% H2SO4 in 240 mL of water). Flash chromatography was performed on CombiFlash RF 

(Teledyne Isco), using disposable silica gel flash columns RediSep Rf (silica gel 60, particle size 

40–63 µm) and RediSep Gold (silica gel 60, particle size 20–40 µm) purchased from Teledyne 

Isco. The microwave reactions were conducted in a Discover LabMate (CEM Corporation). The 

UPLC-MS or UPLC-MS/MS analyses were done on UPLC-MS/MS system comprising Waters 

ACQUITY UPLC (Waters Corporation, Milford, MA, USA) coupled with Waters TQD mass 

spectrometer (electrospray ionization mode ESI with tandem quadrupole). Chromatographic 

separations were carried out using the ACQUITY UPLC BEH (bridged ethyl hybrid) C18 column: 

2.1 × 100 mm and 1.7 µm particle size. The column was maintained at 40 °C and eluted under 

gradient conditions using 95% to 0% of eluent A over 10 min, at a flow rate of 0.3 mL/min. Eluent 

A: 0.1% solution of formic acid in water (v/v); eluent B: 0.1% solution of formic acid in 

acetonitrile (v/v). A total of 10 µL of each sample was injected, and chromatograms were recorded 

using Waters eλ PDA detector. The spectra were analysed in the range of 200–700 nm with 1.2 

nm resolution and at a sampling rate of 20 points/s. The UPLC/MS purity of all the test compounds 
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and key intermediates were determined to be >95%. 1H NMR, 13C NMR, and 19F NMR spectra 

were obtained in a Varian Mercury spectrometer (Varian Inc., Palo Alto, CA, USA), in CDCl3, 

CD3OD or DMSO-d6 operating at 300 MHz (1H NMR), 75 MHz (13C NMR), and 282 MHz (19F 

NMR). Chemical shifts are reported as δ values (ppm) relative to TMS δ = 0 (1H) as internal 

standard. The J values are expressed in Hertz (Hz). Signal multiplicities are represented by the 

following abbreviations: s (singlet), br s (broad singlet), bd (broad dublet), d (doublet), dd (doublet 

of doublets), dt (doublet of triplets), t (triplet), td (triplet of doublets), tdd (triplet of doublet of 

doublets), q (quartet), dq (doublet of quartets), m (multiplet). Elemental analyses were conducted 

using a Vario EL III elemental analyser (elementar Analysensystem GmbH). Melting points were 

determined on Büchi Melting Point B-540 apparatus using open glass capillaries and are 

uncorrected. 

Synthetic procedures 

General procedure for the synthesis of benzoylpiperidin-4-one derivatives (4, 5) 

4-Piperidone hydrochloride monohydrate (1.0 equiv) was dissolved in a mixture of dry DCM and 

Et3N and cooled to 0 °C. The appropriate benzoyl chloride 2 or 3 (1.1 equiv) was added dropwise. 

The reaction mixture was subsequently warmed to room temperature and stirred for 12 h. The 

solvent was removed in vacuo, residue was washed with a mixture of 1.0 M HCl and water (1:1) 

(30 mL), and extracted with DCM. Organic layers were dried over magnesium sulfate, filtered and 

concentrated in vacuo. The crude product was purified by flash chromatography.  

1-(3-Chloro-4-fluorobenzoyl)piperidin-4-one (4) 

Compound 4 was prepared using 4-piperidone hydrochloride monohydrate (7.500 g, 49.02 mmol), 

3-chloro-4-fluorobenzoyl chloride (2) (10.407 g, 53.92 mmol), Et3N (25 mL) in DCM (125 mL). 
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Purification: n-hexane/EtOAc (6/4, v/v). Yield: 60 %; cream-colored crystallizing oil. 1H NMR 

(300 MHz, CDCl3, δ): 7.56 (dd, J = 2.1, 6.9 Hz, 1H), 7.37 (ddd, J = 2.2, 4.6, 8.4 Hz, 1H), 7.25–

7.17 (m, 1H), 3.87 (br s, 4H), 2.51 (br s, 4H). 19F NMR (282 MHz, CDCl3, δ): -111.5 (s, 1F). 

Formula: C12H11ClFNO2; MS (ESI+): m/z 256 [M+H+]. 

1-(3,4-Dichlorobenzoyl)piperidin-4-one (5) 

Compound 5 was prepared using 4-piperidone hydrochloride monohydrate (4.000 g, 29.63 mmol), 

3,4-dichlorobenzoyl chloride (3) (6.828 g, 32.59 mmol), Et3N (30 mL) in DCM (100 mL). 

Purification: n-hexane/EtOAc (5/5, v/v). Yield: 47%; pale yellow crystallizing oil. 1H NMR (300 

MHz, CDCl3, δ):7.58 (d, J = 1.8 Hz, 1H), 7.52 (d, J = 8.2 Hz, 1H), 7.31 (dd, J = 2.1, 8.2 Hz, 1H), 

3.86 (br s, 4H), 2.51 (br s, 4H). Formula: C12H11Cl2NO2; MS (ESI+): m/z 272 [M+H+]. 

General procedure for the synthesis of benzoyl-1-oxa-6-azaspiro[2.5]octane-2-carbonitrile 

derivatives (6, 7) 

To the benzoylpiperidin-4-one derivative 4 or 5 (1.00 equiv) and tetrabutylammonium bromide 

(0.04 equiv) dissolved in DCM and 30% aqueous solution of NaOH, chloroacetonitrile (1.40 

equiv) was added dropwise. The mixture was stirred at room temperature for 2 hours and then 

quenched with a saturated, aqueous solution of sodium bicarbonate. Next, the mixture was 

extracted with DCM, dried over magnesium sulfate, filtered and concentrated in vacuo. The 

obtained crude brown oil was purified by flash chromatography to yield pure product.  

6-(3-Chloro-4-fluorobenzoyl)-1-oxa-6-azaspiro[2.5]octane-2-carbonitrile (6) 

Compound 6 was prepared using 1-(3-chloro-4-fluorobenzoyl)piperidin-4-one (4) (7.050 g, 27.67 

mmol), tetrabutylammonium bromide (0.356 g, 1.11 mmol), chloroacetonitrile (2.44 mL, 38.71 

mmol), and 30% aqueous solution of NaOH (19 mL) in DCM (47 mL). Purification: DCM/Et2O 
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(7/3, v/v). Yield: 80%; pale yellow crystallizing oil. 1H NMR (300 MHz, CDCl3, δ): 7.52 (dd, J = 

2.1, 6.7 Hz, 1H), 7.38–7.29 (m, 1H), 7.24–7.14 (m, 1H), 4.35–3.70 (m, 2H), 3.67–3.49 (m, 2H), 

3.41 (s, 1H), 2.20–1.69 (m, 4H). Formula: C14H12ClFN2O2; MS (ESI+): m/z 295 [M+H+]. 

6-(3,4-Dichlorobenzoyl)-1-oxa-6-azaspiro[2.5]octane-2-carbonitrile (7) 

Compound 7 was prepared using 1-(3,4-dichlorobenzoyl)piperidin-4-one (5) (3.405 g, 12.52 

mmol), tetrabutylammonium bromide (0.161 g, 0.50 mmol), chloroacetonitrile (1.11 mL, 17.53 

mmol), and 30% aqueous solution of NaOH (8.6 mL) in DCM (21 mL). Purification: 

EtOAc/Et2O/NH3(aq) (8.5/1.5/0.02, v/v/v). Yield: 87%; yellow crystallizing oil. 1H NMR (300 

MHz, CDCl3, δ): 7.59–7.45 (m, 2H), 7.31–7.19 (m, 1H), 4.44–4.15 (m, 1H), 3.82–3.49 (m, 3H), 

3.41 (s, 1H), 1.99–1.37 (m, 4H). 13C NMR (75 MHz, CDCl3, δ): 168.2, 134.9, 134.6, 133.2, 130.8, 

129.2, 126.2, 115.2, 63.1, 47.1, 45.8, 40.8, 32.6, 31.1. Formula: C14H12Cl2N2O2; MS (ESI+): m/z 

311 [M+H+]. 

General procedure for the synthesis of cyanohydrine derivatives (8, 9) 

To the appropriate nitrile 6 or 7 (1.0 equiv) dissolved in dry dichloromethane at -10 °C in a round 

bottom teflon flask, 70% solution of HF in pyridine (40.0 equiv) was added dropwise and the 

mixture was stirred at room temperature for 24–36 hours. The mixture was then slowly quenched 

with 10% aqueous solution of potassium carbonate to pH 9, diluted with brine and extracted with 

EtOAc. The combined organic layers were dried over magnesium sulfate, filtered and concentrated 

in vacuo. Purification by flash chromatography yielded pure product.  

2-(1-(3-Chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-2-hydroxyacetonitrile (8) 

Compound 8 was prepared using 6-(3-chloro-4-fluorobenzoyl)-1-oxa-6-azaspiro[2.5]octane-2-

carbonitrile (6) (3.450 g, 11.74 mmol), 70% solution of HF in pyridine (12.1 mL, 466.40 mmol) 
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in DCM (23 mL). Purification: n-hexane/DCM/methanol/NH3(aq) (6/3.5/0.5/0.02, v/v/v/v). Yield: 

54%; yellow crystallizing oil. 1H NMR (300 MHz, CDCl3, δ): 7.49 (dd, J = 2.1, 6.7 Hz, 1H), 7.34–

7.27 (m, 1H), 7.24–7.17 (m, 1H), 4.65 (br s, 1H), 4.40 (d, J = 12.6 Hz, 1H), 3.75 (br s, 1H), 3.51–

3.03 (m, 2H), 2.19–1.65 (m, 4H), OH proton not detected. 19F NMR (282 MHz, CDCl3, δ): -111.6 

(s, 1F), -170.7 (s, 1F). 13C NMR (75 MHz, CDCl3, δ): 168.5, 159.1 (d, J = 254 Hz), 132.0 (d, J = 

4.4 Hz), 129.8, 127.1 (d, J = 7.7 Hz), 121.8 (d, J = 18.2 Hz), 117.0 (d, J = 22 Hz), 116.6 (d, J = 

2.8 Hz), 93.3 (d, J = 181.8 Hz), 66.7 (d, J = 28.2 Hz), 42.8, 37.9, 31.4, 30.3. Formula: C14H13ClF2-

N2O2; MS (ESI+): m/z 315 [M+H+]. 

2-(1-(3,4-Dichlorobenzoyl)-4-fluoropiperidin-4-yl)-2-hydroxyacetonitrile (9) 

Compound 9 was prepared using 6-(3,4-dichlorobenzoyl)-1-oxa-6-azaspiro[2.5]octane-2-

carbonitrile (7) (3.300 g, 10.61 mmol), 70% solution of HF in pyridine (11.5 mL, 424.44 mmol) 

in DCM (16 mL). Purification: n-hexane/DCM/methanol/NH3(aq) (6/3.5/0.5/0.02, v/v/v/v). Yield: 

68%; yellow crystallizing oil. 1H NMR (300 MHz, CDCl3, δ): 7.55–7.47 (m, 2H), 7.26–7.20 (m, 

1H), 4.61 (br s, 1H), 4.39 (d, J = 12.1 Hz, 1H), 3.83–3.61 (m, 1H), 3.45–3.06 (m, 2H), 1.79 (br s, 

4H), OH proton not detected. 19F NMR (282 MHz, CDCl3, δ): -170.8 (s, 1F). Formula: C14H13Cl2F-

N2O2; MS (ESI+): m/z 331 [M+H+]. 

General procedures for the preparation of 1-(1-benzoylpiperidin-4-yl)methanamine 

derivatives (10–27). 

To appropriate cyanohydrin (8 or 9) (1.0 equiv) dissolved in methanol, DABCO (2.0–12.5 equiv) 

was added in one portion, followed by the appropriate amine (1.0–1.6 equiv), 4Å molecular sieves, 

sodium cyanoborohydride (1.6–7.8 equiv), and iron sulfate heptahydrate (FeSO4 × 7 H2O) (1.1 

equiv). The mixture was stirred at room temperature until the cyanohydrin was consumed (24–72 
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h). After that time, the reaction mixture was filtered, concentrated in vacuo and next brine was 

added. The resulting mixture was extracted with EtOAc (three times), organics were combined 

and dried over magnesium sulfate, filtered and concentrated. The crude product was purified by 

flash chromatography. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((3-phenylpropyl)amino)methyl)piperidin-1-

yl)methanone (10) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.120 g, 0.38 mmol), 3-phenylpropan-1-amine (0.072 g, 0.54 mmol), 

DABCO (0.535 g, 4.78 mmol), sodium cyanoborohydride (0.187 g, 2.98 mmol), molecular sieves 

(0.900 g) and iron sulfate heptahydrate (0.117 g, 0.42 mmol) in methanol (5 mL). Purification: n-

hexane/Et2O/DCM/methanol/NH3(aq) (3/2/4.5/0.5/0.02, v/v/v/v/v). Yield: 41%; pale beige powder. 

1H NMR (300 MHz, CDCl3, δ): 7.48 (dd, J = 2.3, 7.0 Hz, 1H), 7.34–7.23 (m, 3H), 7.22–7.10 (m, 

4H), 4.50 (br s, 1H), 3.60 (d, J = 19.9 Hz, 1H), 3.46–3.08 (m, 2H), 2.80–2.60 (m, 6H), 2.09–1.90 

(m, 2H), 1.87–1.45 (m, 5H). 13C NMR (75 MHz, CDCl3, δ): 168.0, 158.8 (d, J = 254 Hz), 142.0, 

132.9 (d, J = 3.5 Hz), 129.7, 128.4 (2C), 128.3 (2C), 127.1 (d, J = 6.9 Hz), 125.8, 121.5 (d, J = 

18.4 Hz), 116.8 (d, J = 22 Hz), 94.3 (d, J = 172 Hz), 57.5 (d, J = 22 Hz), 49.8, 43.6, 38.3, 33.5, 

33.2, 32.7, 31.6. Formula: C22H25ClF2N2O; MS (ESI+): m/z 407 [M+H+]. Melting point: 62–64 °C. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((3-(pyridin-2-yl)propyl)amino)methyl)piperidin-1-

yl)methanone (11) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.100 g, 0.32 mmol), 3-(pyridin-2-yl)propan-1-amine (0.056 g, 0.41 

mmol), DABCO (0.444 g, 3.97 mmol), sodium cyanoborohydride (0.155 g, 2.48 mmol), molecular 

sieves (0.900 g) and iron sulfate heptahydrate (0.097 g, 0.35 mmol) in methanol (5 mL). 
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Purification: n-hexane/EtOAc/methanol/NH3(aq) (2/7/1/0.02, v/v/v/v). Yield: 57%; orange oil. 1H 

NMR (300 MHz, CDCl3, δ): 8.53–8.43 (m, 1H), 7.57 (dt, J = 1.8, 7.6 Hz, 1H), 7.46 (dd, J = 1.8, 

7.0 Hz, 1H), 7.32–7.24 (m, 1H), 7.21–7.04 (m, 3H), 4.47 (br s, 1H), 3.57 (br s, 1H), 3.44–3.05 (m, 

2H), 2.80 (dd, J = 7.9, 15.5 Hz, 3H), 2.73–2.60 (m, 3H), 2.07–1.84 (m, 4H), 1.69 (br s, 3H). 19F 

NMR (282 MHz, CDCl3, δ): -112.7 (s, 1F), -166.6 (s, 1F). 13C NMR (75 MHz, CDCl3, δ): 168.0, 

161.7, 158.7 (d, J = 254 Hz), 149.2, 136.3, 132.9 (d, J = 4.7 Hz), 129.7, 127.1 (d, J = 8.1 Hz), 

122.8, 121.5 (d, J = 18.4 Hz), 121.0, 116.8 (d, J = 22 Hz), 94.3 (d, J = 172 Hz), 57.4 (d, J = 22 

Hz), 49.8, 43.7, 38.2, 35.9, 33.6, 32.9, 29.9. Formula: C21H24ClF2N3O; MS (ESI+): m/z 408 

[M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(phenylamino)ethyl)amino)methyl)piperidin-1-

yl)methanone (12) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.144 g, 0.46 mmol), N1-phenylethane-1,2-diamine (0.095 g, 0.55 

mmol), DABCO (0.103 g, 0.92 mmol), sodium cyanoborohydride (0.046 g, 0.73 mmol), molecular 

sieves (0.900 g) and iron sulfate heptahydrate (0.140 g, 0.42 mmol) in methanol (5 mL). 

Purification: n-hexane/EtOAc/methanol/NH3(aq) (3/6.5/0.5/0.02, v/v/v/v). Yield: 35%; yellow oil. 

1H NMR (300 MHz, CDCl3, δ): 7.48 (dd, J = 1.8, 7.0 Hz, 1H), 7.33–7.24 (m, 1H), 7.22–7.13 (m, 

3H), 6.76–6.67 (m, 1H), 6.66–6.58 (m, 2H), 4.51 (br s, 1H), 3.60 (br s, 1H), 3.35 (d, J = 15.8 Hz, 

1H), 3.24–3.17 (m, 2H), 3.17–3.02 (m, 1H), 2.91 (t, J = 5.6 Hz, 2H), 2.85–2.71 (m, 2H), 2.02 (br 

s, 3H), 1.84–1.41 (m, 3H). 13C NMR (75 MHz, CDCl3, δ): 168.1, 158.8 (d, J = 254 Hz), 148.3, 

132.8 (d, J = 3.5 Hz), 129.7, 129.3 (2C), 127.1 (d, J = 6.9 Hz), 121.5 (d, J = 18.4 Hz), 117.6, 116.8 

(d, J = 22 Hz), 113.0 (2C), 94.3 (d, J = 172 Hz), 57.0 (d, J = 22 Hz), 48.9, 43.6, 43.3, 38.2, 33.6, 
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32.8. Formula: C21H24ClF2N3O; MS (ESI+): m/z 408 [M+H+]; Anal. Calcd for: C: 61.84; H: 5.93; 

N: 10.30. Found: C: 62.85; H: 6.72; N: 9.09. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyridin-2-

ylamino)ethyl)amino)methyl)piperidin-1-yl)methanone (13) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.120 g, 0.38 mmol), N1-(pyridin-2-yl)ethane-1,2-diamine (0.079 g, 

0.46 mmol), DABCO (0.085 g, 0.76 mmol), sodium cyanoborohydride (0.038 g, 0.61 mmol), 

molecular sieves (0.900 g) and iron sulfate heptahydrate (0.117 g, 0.42 mmol) in methanol (5 mL). 

Purification: EtOAc/methanol (9/1, v/v) and then DCM/methanol/NH3(aq) (9.5/0.5/0.02, v/v/v). 

Yield: 23%; orange oil. 1H NMR (300 MHz, CDCl3, δ): 8.08–8.00 (m, 1H), 7.47 (dd, J = 2.1, 6.7 

Hz, 1H), 7.44–7.35 (m, 1H), 7.32–7.26 (m, 1H), 7.20–7.11 (m, 1H), 6.55 (dd, J = 5.3, 6.4 Hz, 1H), 

6.39 (d, J = 8.2 Hz, 1H), 5.10 (br s, 1H), 4.48 (br s, 1H), 3.57 (br s, 1H), 3.40–3.08 (m, 4H), 3.00 

(br s, 1H), 2.89 (t, J = 5.9 Hz, 2H), 2.78 (d, J = 1.0 Hz, 2H), 2.01 (s, 2H), 1.59 (d, J = 17.0 Hz, 

2H). 19F NMR (282 MHz, CDCl3, δ): -112.6 (s, 1F), -166.7 (s, 1F). 13C NMR (75 MHz, CDCl3, 

δ): 168.1, 158.7, 158.8 (d, J = 251 Hz), 147.9, 137.5, 132.8 (d, J = 3.5 Hz), 129.7, 127.1 (d, J = 

7.7 Hz), 121.5 (d, J = 18.4 Hz), 116.8 (d, J = 22 Hz), 112.9, 107.1, 94.3 (d, J = 172 Hz), 57.0 (d, 

J = 22 Hz), 49.1, 43.6, 41.5, 38.2, 33.6, 32.8. Formula: C20H23ClF2N4O; MS (ESI+): m/z 409 

[M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(phenylthio)ethyl)amino)methyl)piperidin-1-

yl)methanone (14) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.100 g, 0.32 mmol), 2-(phenylthio)ethanamine (0.063 g, 0.41 mmol), 

DABCO (0.446 g, 3.98 mmol), sodium cyanoborohydride (0.156 g, 2.48 mmol), molecular sieves 
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(0.800 g) and iron sulfate heptahydrate (0.097 g, 0.35 mmol) in methanol (5 mL). Purification: 

DCM/methanol/NH3(aq) (9.5/0.5/0.02, v/v/v). Yield: 59%; colorless oil. 1H NMR (300 MHz, 

CDCl3, δ): 7.48 (dd, J = 1.8, 7.0 Hz, 1H), 7.38–7.26 (m, 5H), 7.23–7.14 (m, 2H), 4.50 (br s, 1H), 

3.59 (br s, 1H), 3.46–3.10 (m, 2H), 3.09–3.03 (m, 2H), 2.89–2.83 (m, 2H), 2.80–2.68 (m, 2H), 

1.97 (br s, 2H), 1.69 (br s, 3H). 13C NMR (75 MHz, CDCl3, δ): 168.0, 158.8 (d, J = 252 Hz), 135.6, 

132.9 (d, J = 4.4 Hz), 129.7, 129.0 (4C), 127.1 (d, J = 8.1 Hz), 126.3, 121.5 (d, J = 18.2 Hz), 116.8 

(d, J = 22 Hz), 94.3 (d, J = 172 Hz), 56.9 (d, J = 22 Hz), 48.7, 43.7, 38.2, 34.2, 33.7, 32.7. Formula: 

C21H23ClF2N2OS; MS (ESI+): m/z 425 [M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyridin-2-ylthio)ethyl)amino)methyl)piperidin-

1-yl)methanone (15) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.150 g, 0.48 mmol), 2-(pyridin-2-ylsulfanyl)ethanamine (0.145 g, 0.76 

mmol), DABCO (0.669 g, 5.97 mmol), sodium cyanoborohydride (0.234 g, 3.73 mmol), molecular 

sieves (1.043 g) and iron sulfate heptahydrate (0.146 g, 0.53 mmol) in methanol (5 mL). 

Purification: n-hexane/EtOAc/methanol/NH3(aq) (8/1.5/0.5/0.02, v/v/v/v). Yield: 64%; pale yellow 

oil. 1H NMR (300 MHz, CDCl3, δ): 8.39 (td, J = 1.2, 5.5 Hz, 1H), 7.52–7.40 (m, 2H), 7.32–7.26 

(m, 1H), 7.21–7.13 (m, 2H), 6.97 (ddd, J = 1.0, 5.0, 7.3 Hz, 1H), 4.50 (br s, 1H), 3.59 (br s, 1H), 

3.41–3.07 (m, 4H), 2.96 (t, J = 6.4 Hz, 2H), 2.86–2.72 (m, 2H), 1.97 (br s, 2H), 1.63 (br s, 3H). 

13C NMR (75 MHz, CDCl3, δ): 168.0, 158.4, 158.8 (d, J = 254 Hz), 149.4, 135.9, 132.9 (d, J = 

4.4 Hz), 129.7, 127.1 (d, J = 7.7 Hz), 122.5, 121.5(d, J = 18.2 Hz), 119.5, 116.8 (d, J = 22 Hz), 

94.3 (d, J = 172 Hz), 56.9 (d, J = 22 Hz), 49.4, 43.7, 38.2, 33.8, 32.7, 30.0. Formula: 

C20H22ClF2N3OS; MS (ESI+): m/z 426 [M+H+]. 
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(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-phenoxyethyl)amino)methyl)piperidin-1-

yl)methanone (16) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.300 g, 0.96 mmol), 2-phenoxyethanamine (0.2 mL, 1.53 mmol), 

DABCO (1.36 g, 11.938 mmol), sodium cyanoborohydride (0.468 g, 7.45 mmol), molecular sieves 

(1.982 g) and iron sulfate heptahydrate (0.294 g, 1.06 mmol) in methanol (9 mL). Purification: n-

hexane/EtOAc/methanol/NH3(aq) (6/3.5/0.5/0.02, v/v/v/v). Yield: 61%; beige crystallizing oil. 1H 

NMR (300 MHz, CDCl3, δ): 7.48 (dd, J = 2.1, 7.2 Hz, 1H), 7.33–7.26 (m, 3H), 7.22–7.13 (m, 1H), 

6.99–6.86 (m, 3H), 4.51 (br s, 1H), 4.07 (t, J = 5.1 Hz, 2H), 3.71–3.53 (m, 1H), 3.22 (br s, 2H), 

3.03 (t, J = 5.1 Hz, 2H), 2.92–2.77 (m, 2H), 2.01 (br s, 2H), 1.67 (br s, 3H). 19F NMR (282 MHz, 

CDCl3, δ): -112.6 (s, 1F), -166.5 (s, 1F). 13C NMR (75 MHz, CDCl3, δ): 168.1, 158.7 (d, J = 254 

Hz), 158.7, 132.9 (d, J = 4 Hz), 129.7, 129.5 (2C), 127.1 (d, J = 7.2 Hz), 121.5 (d, J = 18.2 Hz), 

120.9, 116.8 (d, J = 22 Hz), 114.5 (2C), 94.4 (d, J = 172 Hz), 67.2, 57.3 (d, J = 22 Hz), 49.3, 43.8, 

38.3, 33.3, 31.1. Formula: C21H23ClF2N2O2; MS (ESI+): m/z 409 [M+H+]; Anal. Calcd for: C: 

61.69; H: 5.67; N: 6.85. Found: C: 61.95; H: 6.06; N: 6.44. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyridin-2-yloxy)ethyl)amino)methyl)piperidin-

1-yl)methanone (17) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.220 g, 0.70 mmol), 2-(pyridin-2-yloxy)ethanamine (0.135 g, 0.98 

mmol), DABCO (0.981 g, 8.76 mmol), sodium cyanoborohydride (0.343 g, 5.47 mmol), molecular 

sieves (1.043 g) and iron sulfate heptahydrate (0.214 g, 0.77 mmol) in methanol (5 mL). 

Purification: n-hexane/EtOAc/methanol/NH3(aq) (3/6.5/0.5/0.02, v/v/v/v). Yield: 53%; white 

crystallizing oil. 1H NMR (300 MHz, CDCl3, δ): 8.16–8.08 (m, 1H), 7.61–7.52 (m, 1H), 7.47 (dd, 
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J = 1.8, 7.0 Hz, 1H), 7.33–7.26 (m, 1H), 7.20–7.12 (m, 1H), 6.90–6.82 (m, 1H), 6.77–6.68 (m, 

1H), 4.50 (br s, 1H), 4.42–4.33 (m, 2H), 3.57 (br s, 1H), 3.46–3.06 (m, 2H), 3.02 (t, J = 5.3 Hz, 

2H), 2.91–2.73 (m, 2H), 2.01 (br s, 2H), 1.87–1.52 (m, 3H). 19F NMR (282 MHz, CDCl3, δ): -

112.6 (s, 1F), -166.5 (s, 1F). 13C NMR (75 MHz, CDCl3, δ): 168.0, 163.6, 158.8 (d, J = 254 Hz), 

146.8, 136.6, 132.9 (d, J = 4.6 Hz), 129.7, 127.1 (d, J = 7.7 Hz), 121.5 (d, J = 18.4 Hz), 116.9, 

116.8 (d, J = 21 Hz), 111.0, 94.4 (d, J = 172 Hz), 65.1, 57.2 (d, J = 22 Hz), 49.2, 43.7, 38.4, 33.6, 

32.8. Formula: C20H22ClF2N3O2; MS (ESI+): m/z 410 [M+H+]. 

(3,4-Dichlorophenyl)(4-fluoro-4-(((2-phenoxyethyl)amino)methyl)piperidin-1-yl)methanone 

(18) 

The title compound was prepared using 2-(1-(3,4-dichlorobenzoyl)-4-fluoropiperidin-4-yl)-2-

hydroxyacetonitrile (9) (0.150 g, 0.45 mmol), 2-phenoxyethanamine (0.056 g, 0.41 mmol), 

DABCO (0.634 g, 5.66 mmol), sodium cyanoborohydride (0.034 g, 0.54 mmol), molecular sieves 

(0.500 g) and iron sulfate heptahydrate (0.137 g, 0.50 mmol) in methanol (8 mL). Purification: n-

hexane/Et2O/DCM/methanol/NH3(aq) (2/2/5.5/0.5/0.02, v/v/v/v/v). Yield: 44%; yellow oil. 1H 

NMR (300 MHz, CDCl3, δ): 7.54–7.45 (m, 2H), 7.33–7.26 (m, 2H), 7.23 (dd, J = 2.1, 8.2 Hz, 1H), 

7.00–6.86 (m, 3H), 4.52 (br s, 1H), 4.07 (t, J = 5.1 Hz, 2H), 3.58 (br s, 1H), 3.44–3.10 (m, 2H), 

3.03 (t, J = 5.1 Hz, 2H), 2.91–2.78 (m, 2H), 2.02 (br s, 2H), 1.61 (s, 3H). 13C NMR (75 MHz, 

CDCl3, δ): 167.9, 158.7, 135.7, 134.1, 133.0, 130.6, 129.5 (2C), 129.1, 126.2, 120.9, 114.5 (2C), 

94.3 (d, J = 172 Hz), 67.2, 57.3 (d, J = 22 Hz), 49.3, 43.6, 38.2, 33.7, 32.7. Formula: 

C21H23Cl2FN2O2; MS (ESI+): m/z 425 [M+H+]. 

(3,4-Dichlorophenyl)(4-fluoro-4-(((2-(pyridin-2-yloxy)ethyl)amino)methyl)piperidin-1-

yl)methanone (19) 
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The title compound was prepared using 2-(1-(3,4-dichlorobenzoyl)-4-fluoropiperidin-4-yl)-2-

hydroxyacetonitrile (9) (0.150 g, 0.45 mmol), 2-(pyridin-2-yloxy)ethanamine (0.081 g, 0.59 

mmol), DABCO (0.634 g, 5.66 mmol), sodium cyanoborohydride (0.222 g, 3.53 mmol), molecular 

sieves (0.900 g) and iron sulfate heptahydrate (0.137 g, 0.50 mmol) in methanol (5 mL). 

Purification: EtOAc/methanol (9.5/0.5/, v/v). Yield: 41%; yellow oil. 1H NMR (300 MHz, CDCl3, 

δ): 8.17–8.08 (m, 1H), 7.61–7.53 (m, 1H), 7.52–7.44 (m, 2H), 7.23 (dd, J = 1.8, 8.2 Hz, 1H), 6.91–

6.82 (m, 1H), 6.77–6.69 (m, 1H), 4.50 (br s, 1H), 4.43–4.34 (m, 2H), 3.71–3.47 (m, 1H), 3.47–

3.07 (m, 2H), 3.03 (t, J = 5.3 Hz, 2H), 2.84 (d, J = 1.0 Hz, 2H), 2.00 (br s, 2H), 1.61 (br s, 3H). 19F 

NMR (282 MHz, CDCl3, δ): -166.6 (s, 1F). 13C NMR (75 MHz, CDCl3, δ): 167.9, 163.6, 146.8, 

138.7, 135.6, 134.1, 133.0, 130.6, 129.1, 126.2, 116.9, 111.0, 94.3 (d, J = 173 Hz), 65.1, 57.2 (d, 

J = 22 Hz), 49.2, 43.5, 38.2, 33.6, 32.6. Formula: C20H22Cl2FN3O2; MS (ESI+): m/z 426 [M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyridin-3-yloxy)ethyl)amino)methyl)piperidin-

1-yl)methanone (20) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.150 g, 0.48 mmol), 2-(pyridin-3-yloxy)ethanamine (0.105 g, 0.76 

mmol), DABCO (0.669 g, 5.97 mmol), sodium cyanoborohydride (0.234 g, 3.73 mmol), molecular 

sieves (1.043 g) and iron sulfate heptahydrate (0.146 g, 0.53 mmol) in methanol (5 mL). 

Purification: EtOAc/methanol (9.5/0.5, v/v). Yield: 55%; orange crystallizing oil. 1H NMR (300 

MHz, CDCl3, δ): 8.32 (td, J = 1.0, 1.7 Hz, 1H), 8.25–8.21 (m, 1H), 7.48 (dd, J = 2.1, 6.9 Hz, 1H), 

7.33–7.26 (m, 1H), 7.23–7.13 (m, 3H), 4.52 (br s, 1H), 4.11 (t, J = 5.1 Hz, 2H), 3.61 (br s, 1H), 

3.18 (d, J = 5.1 Hz, 2H), 3.05 (t, J = 5.1 Hz, 2H), 2.90–2.79 (m, 2H), 2.08–1.95 (m, 2H), 1.79 (br 

s, 3H). 13C NMR (75 MHz, CDCl3, δ): 168.1, 158.8 (d, J = 254 Hz), 154.9, 142.3, 137.9, 132.9 

(d, J = 4.4 Hz), 129.7, 127.1 (d, J = 7.7 Hz), 123.8, 121.5 (d, J = 18.2 Hz), 121.1, 116.8 (d, J = 
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21 Hz), 94.3 (d, J = 172 Hz), 67.8, 57.3 (d, J = 22 Hz), 49.1, 43.6, 38.3, 33.5, 32.8. Formula: 

C20H22ClF2N3O2; MS (ESI+): m/z 410 [M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyridin-4-yloxy)ethyl)amino)methyl)piperidin-

1-yl)methanone (21) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.300 g, 0.96 mmol), 2-(pyridin-4-yloxy)ethanamine (0.185 g, 1.34 

mmol), DABCO (1.34 g, 12.00 mmol), sodium cyanoborohydride (0.467 g, 7.45 mmol), molecular 

sieves (2.080 g) and iron sulfate heptahydrate (0.292 g, 1.05 mmol) in methanol (9.5 mL). 

Purification: EtOAc/methanol (9.5/0.5, v/v). Yield: 31%; orange oil. 1H NMR (300 MHz, CDCl3, 

δ): 8.19–8.13 (m, 2H), 7.47 (dd, J = 2.1, 6.9 Hz, 1H), 7.32–7.27 (m, 1H), 7.21–7.13 (m, 1H), 6.59–

6.54 (m, 2H), 4.56 (s, 1H), 3.82 (t, J = 5.9 Hz, 2H), 3.68 (d, J = 18.7 Hz, 2H), 3.33 (br s, 1H), 3.00 

(m, 4H), 2.08 (br s, 2H), 1.90 (br s, 3H). 13C NMR (75 MHz, CDCl3, δ): 168.2, 158.9 (d, J = 252 

Hz), 154.2, 148.0 (2C), 132.5 (d, J = 4.7 Hz), 129.8, 127.2 (d, J = 6.9 Hz), 121.6 (d, J = 17.5 Hz), 

116.9 (d, J = 22 Hz), 107.5 (2C), 95.8 (d, J = 175 Hz), 58.5, 57.7 (d, J = 22 Hz), 52.9, 43.0, 37.8, 

33.8, 32.5. Formula: C20H22ClF2N3O2; MS (ESI+): m/z 410 [M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyrazin-2-yloxy)ethyl)amino)methyl)piperidin-

1-yl)methanone (22) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.150 g, 0.48 mmol), 2-(pyrazin-2-yloxy)ethanamine (0.106 g, 0.76 

mmol), DABCO (0.669 g, 5.97 mmol), sodium cyanoborohydride (0.234 g, 3.73 mmol), molecular 

sieves (1.043 g) and iron sulfate heptahydrate (0.146 g, 0.53 mmol) in methanol (5 mL). 

Purification: EtOAc/methanol (9.8/0.2, v/v). Yield: 40%; yellow crystalizing oil. 1H NMR (300 

MHz, CDCl3, δ): 8.22 (d, J = 1.3 Hz, 1H), 8.11 (d, J = 2.8 Hz, 1H), 8.06 (dd, J = 1.4, 2.7 Hz, 1H), 
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7.47 (dd, J = 2.1, 6.9 Hz, 1H), 7.32–7.26 (m, 1H), 7.21–7.12 (m, 1H), 4.63–4.36 (m, 3H), 3.59 (br 

s, 1H), 3.27 (br s, 2H), 3.04 (t, J = 5.3 Hz, 2H), 2.90–2.77 (m, 2H), 2.00 (br s, 2H), 1.64 (br s, 3H). 

13C NMR (75 MHz, CDCl3, δ): 168.1, 160.1, 158.8 (d, J = 254 Hz), 140.5, 136.7, 135.9, 132.9 (d, 

J = 4.4 Hz), 129.7, 127.1 (d, J = 7.7 Hz), 121.5 (d, J = 18.2 Hz), 116.8 (d, J = 22 Hz), 94.4 (d, J 

= 172 Hz), 65.7, 57.3 (d, J = 22 Hz), 48.9, 43.7, 38.3, 33.6, 33.0. Formula: C19H21ClF2N4O2; MS 

(ESI+): m/z 411 [M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyrimidin-2-

yloxy)ethyl)amino)methyl)piperidin-1-yl)methanone (23) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.500 g, 1.59 mmol), 2-(pyrimidin-2-yloxy)ethanamine (0.537 g, 2.53 

mmol), DABCO (1.160 g, 10.36 mmol), sodium cyanoborohydride (0.595 g, 9.46 mmol), 

molecular sieves (1.140 g) and iron sulfate heptahydrate (0.486 g, 1.75 mmol) in methanol (17 

mL). Purification: EtOAc/methanol (9.5/0.5, v/v). Yield: 47%; orange oil. 1H NMR (300 MHz, 

CDCl3, δ): 8.52–8.51 (m, 2H), 7.49–7.47 (m, 1H), 7.29–7.28 (m, 1H), 7.20–7.16 (m, 1H), 6.97–

6.94 (m, 1H), 4.51 (br s, 1H), 4.48–4.45 (t, J = 5.0 Hz, 2H), 3.73–3.15 (m, 3H), 3.08–3.05 (t, J = 

5.3 Hz, 2H), 2.85 (m, 2H), 2.01 (br s 2H), 1.77–1.50 (m, 3H). 13C NMR (75 MHz, CDCl3, δ): 

168.0, 165.1, 159.3 (2C), 158.8 (d, J = 252 Hz), 132.9 (d, J = 3.5 Hz), 129.7, 127.1 (d, J = 6.9 

Hz), 121.5 (d, J = 17.3 Hz), 116.8 (d, J = 22 Hz), 115.2, 94.2 (d, J = 172 Hz), 66.9, 57.2 (d, J = 

22 Hz), 48.9, 43.6, 38.2, 33.4, 32.7. Formula: C19H21ClF2N4O2; MS (ESI+): m/z 411 [M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyrimidin-5-

yloxy)ethyl)amino)methyl)piperidin-1-yl)methanone (24)  

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.115 g, 0.37 mmol), 2-(pyrimidin-5-yloxy)ethanamine 
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dihydrochloride (0.090 g, 0.51 mmol), DABCO (0.514 g, 4.78 mmol), sodium cyanoborohydride 

(0.179 g, 2.86 mmol), molecular sieves (0.900 g) and iron sulfate heptahydrate (0.112 g, 0.40 

mmol) in methanol (4 mL). Purification: EtOAc/methanol (8/2, v/v). Yield: 53%; yellow 

crystalizing oil. 1H NMR (300 MHz, CDCl3, δ): 8.85 (s, 1H), 8.41 (s, 2H), 7.47 (dd, J = 2.1, 6.9 

Hz, 1H), 7.32–7.26 (m, 1H), 7.21–7.12 (m, 1H), 4.50 (br s, 1H), 4.16 (t, J = 5.0 Hz, 2H), 3.60 (br 

s, 1H), 3.46–3.12 (m, 2H), 3.07 (t, J = 5.0 Hz, 2H), 2.91–2.78 (m, 2H), 2.00 (br s, 2H), 1.79–1.55 

(m, 3H). 13C NMR (75 MHz, CDCl3, δ): 168.1, 158.8 (d, J = 254 Hz), 152.8, 151.7, 143.6 (2C), 

132.8 (d, J = 3.9 Hz), 129.7, 127.1 (d, J = 7.7 Hz), 121.5 (d, J = 17.7 Hz), 116.8 (d, J = 22 Hz), 

94.3 (d, J = 172 Hz), 68.3, 57.3 (d, J = 22 Hz), 48.9, 43.6, 38.2, 33.6, 32.8. Formula: 

C19H21ClF2N4O2; MS (ESI+): m/z 411 [M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-(pyridazin-4-

yloxy)ethyl)amino)methyl)piperidin-1-yl)methanone (25) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.150 g, 0.48 mmol), 2-(pyridazin-4-yloxy)ethanamine hydrochloride 

(0.134 g, 0.76 mmol), DABCO (0.669 g, 5.97 mmol), sodium cyanoborohydride (0.234 g, 3.73 

mmol), molecular sieves (1.043 g) and iron sulfate heptahydrate (0.146 g, 0.53 mmol) in methanol 

(5 mL). Purification: DCM/methanol (9.5/0.5, v/v). Yield: 66%; beige oil. 1H NMR (300 MHz, 

CDCl3, δ): 7.88 (d, J = 3.1 Hz, 1H), 7.76 (d, J = 7.7 Hz, 1H), 7.46 (dd, J = 2.1, 6.9 Hz, 1H), 7.31–

7.24 (m, 1H), 7.22–7.14 (m, 1H), 6.42 (dd, J = 3.2, 7.8 Hz, 1H), 4.48 (br s, 1H), 4.08–4.00 (m, 

2H), 3.59 (br s, 1H), 3.42–3.14 (m, 2H), 3.13–3.05 (m, 2H), 2.81–2.67 (m, 2H), 1.94 (br s, 2H), 

1.70 (br s, 3H). 13C NMR (75 MHz, CDCl3, δ): 170.8, 168.1, 158.8 (d, J = 254 Hz), 150.1, 142.1, 

132.7 (d, J = 4.4 Hz), 129.7, 127.1 (d, J = 7.7 Hz), 121.6 (d, J = 17.7 Hz), 116.8 (d, J = 22 Hz), 
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116.6, 94.3 (d, J = 172 Hz), 59.5, 57.1 (d, J = 22 Hz), 48.9, 43.8, 38.2, 33.5, 32.9. Formula: 

C19H21ClF2N4O2; MS (ESI+): m/z 411 [M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-((5-methylpyridin-2-

yl)oxy)ethyl)amino)methyl)piperidin-1-yl)methanone (26) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (0.793 g, 2.52 mmol), 2-[(5-methylpyridin-2-yl)oxy]ethanamine (0.500 

g, 2.62 mmol), DABCO (1.69 g, 15.24 mmol), sodium cyanoborohydride (1.230 g, 19.66 mmol), 

molecular sieves (4.580 g) and iron sulfate heptahydrate (0.771 g, 2.77 mmol) in methanol (25 

mL). Purification: n-hexane/EtOAc (1/9, v/v) and then EtOAc/methanol (9.5/0.5, v/v). Yield: 47%; 

white oil. 1H NMR (300 MHz, CDCl3, δ): 7.94–7.9 3 (m., 1H), 7.49–7.47 (m., 1H), 7.41–7.28 (m., 

2H), 7.20–7.16 (m., 1H), 6.67–6.65 (d., 1H), 4.51 (m., 1H), 4.38–4.35 (t., J = 5.1 Hz, 2H), 3.64–

3.18 (m., 3H), 3.04–3.01 (t., J = 5.3 Hz, 2H), 2.87–2.82 (d., J = 19.9 Hz, 2H), 2.24 (s., 3H), 2.00 

(br s., 2H) 1, 83–1.51 (m., 3H). 13C NMR (75 MHz, CDCl3, δ): 168.1, 161.9, 158.8 (d, J = 252 

Hz), 146.2, 139.8, 132.9 (d, J = 3.5 Hz), 129.7, 127.1 (d, J = 8.1 Hz), 125.9, 121.5 (d, J = 17.3 

Hz), 116.8 (d, J = 21 Hz), 94.3 (d, J = 172 Hz), 65.0, 57.2 (d, J = 22 Hz), 49.3, 43.7, 38.2, 33.7, 

32.9, 17.4. Formula: C21H24ClF2N3O2; MS (ESI+): m/z 424 [M+H+]. 

(3-Chloro-4-fluorophenyl)(4-fluoro-4-(((2-((5-methylpyrimidin-2-

yl)oxy)ethyl)amino)methyl)piperidin-1-yl)methanone (27) 

The title compound was prepared using 2-(1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl)-

2-hydroxyacetonitrile (8) (1.170 g, 3.72 mmol), 2-(5-methylpyrimidin-2-yloxy)ethanamine (0.600 

g, 3.92 mmol), DABCO (2.500 g, 22.50 mmol), sodium cyanoborohydride (1.820 g, 29.02 mmol), 

molecular sieves (4.800 g) in methanol (17 mL). Purification: EtOAc/methanol/ (9.5/0.5, v/v). 

Yield: 34%; white crystallizing oil. 1H NMR (CDCl3, δ): 8.32 (s, 2H), 7.49–7.47 (m, 1H), 7.32–
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7.28 (m, 1H), 7.20–7.16 (m, 1H), 4.54 (br s, 1H), 4.44–4.41 (t, J = 5.0 Hz, 2H), 3.60–3.16 (m, 3H), 

3.06–3.02 (t, J = 5.3 Hz, 2H), 2.86 (m, 2H), 2.25 (s, 3H), 2.04 (br s, 2H) 1.81–1.52 (m, 3H). 13C 

NMR (75 MHz, CDCl3, δ): 168.1, 163.7, 159.1 (2C), 158.8 (d, J = 252 Hz), 132.9 (d, J = 4.6 Hz), 

129.7, 127.1 (d, J = 6.9 Hz), 123.9, 121.5 (d, J = 18.4 Hz), 116.8 (d, J = 21 Hz), 94.3 (d, J = 172 

Hz), 66.8, 57.3 (d, J = 22 Hz), 49.0, 43.3, 38.1, 33.7, 32.7, 14.6. Formula: C20H23ClF2N4O2; MS 

(ESI+): m/z 425 [M+H+]. 

Developability studies 

The PAINS and Brenk alerts, as well as fraction of sp3 atoms (Fsp3) were determined using 

SwissADME server.53 

Instant JChem was used for structure database management and prediction of the remaining 

physicochemical parameters, Instant JChem 15.12.14.0, 2015, ChemAxon 

(http://www.chemaxon.com).  

The SafetyScreen44™ Panel (plus additional antitargets), the Bioavailability Panel, CYP3A4, 

CYP2D6, P-glycoprotein inhibition and cardiac toxicity (hERG automated patch-clamp method) 

assays were performed by Eurofins Pharma Discovery Services according to the well-known 

methods. Further methodological details are available on the company Web site 

(www.eurofinsdiscoveryservices.com) and the appropriate publications. 45, 60-64, 95, 96 
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In vitro studies 

The tested compounds were examined for known classes of assay interference compounds. None 

of the compounds contain substructural features recognized as pan assay interference compounds 

(PAINS), according to SwissADME tool.53 

Radioligand Binding Assays for 5-HT1AR,  α1R, D2R 

Preparation of solutions of test and reference compounds 

1 mM stock solutions of tested compounds were prepared in DMSO. Serial dilutions of compounds 

were prepared in 96-well microplate in assay buffers using automated pipetting system epMotion 

5070 (Eppendorf). Each compound was tested in 10 concentrations from 1.0E-06 to 1.0E-12 M 

(final concentration).  

Serotonin 5-HT1A Receptor Binding Assay 

Radioligand binding was performed using membranes from CHO-K1 cells stably transfected with 

the human 5-HT1A receptor (PerkinElmer). All assays were carried out in duplicates. 50 µL 

working solution of the tested compounds, 50 µL [3H]-8-OH-DPAT (final concentration 1 nM) 

and 150 µL diluted membranes (10 µg protein per well) prepared in assay buffer (50 mM Tris, pH 

7.4, 10 mM MgSO4, 0, 5 mM EDTA, 0.1% ascorbic acid) were transferred to polypropylene 96-

well microplate using 96-wells pipetting station Rainin Liquidator (MettlerToledo). Serotonin (10 

μM) was used to define nonspecific binding. Microplate was covered with  a sealing tape, mixed 

and incubated for 60 minutes at 27 °C. The reaction was terminated by rapid filtration through 

GF/C filter mate presoaked with 0.3% polyethyleneimine for 30 minutes. Ten rapid washes with 

200 µL 50 mM Tris buffer (4 °C, pH 7.4) were performed using automated harvester system 
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Harvester-96 MACH III FM (Tomtec). The filter mates were dried at 37 °C in forced air fan 

incubator and then solid scintillator MeltiLex was melted on filter mates at 90 °C for 4 minutes. 

Radioactivity was counted in MicroBeta2 scintillation counter (PerkinElmer). Data were fitted to 

a one-site curve-fitting equation with Prism 6 (GraphPad Software) and Ki values were estimated 

from the Cheng−Prusoff equation. 

Adrenergic α1 Receptor Binding Assay 

Radioligand binding was performed using rat cortex. Tissue was homogenized in 20 volumes of 

ice-cold 50 mM Tris-HCl buffer, pH 7.6 using an Ultra Turrax T25B (IKA) homogenizer. The 

homogenate was centrifuged at 20, 000 x g for 20 min. The resulting supernatant was decanted 

and pellet was resuspended in the same buffer and centrifuged again in the same conditions. The 

final pellet was resuspended in appropriate volume of buffer (10 mg/1ml). All assays were carried 

out in duplicates. 50 µL working solution of the tested compounds, 50 µL [3H]-prazosin (final 

concentration 0.2 nM) and 150 µL tissue suspension were transferred to polypropylene 96-well 

microplate using 96-wells pipetting station Rainin Liquidator (MettlerToledo). Phentolamine (10 

μM) was used to define nonspecific binding. Microplate was covered with a sealing tape, mixed 

and incubated for 30 minutes at 30 °C. The incubation was terminated by rapid filtration over glass 

fiber filters FilterMate B (PerkinElmer, USA) using 96-well FilterMate harvester (PerkinElmer, 

USA). Five rapid washes were performed with ice-cold 50 mM Tris-HCl buffer, pH 7.6. The filter 

mates were dried at 37 °C in forced air fan incubator and then solid scintillator MeltiLex was 

melted on filter mates at 90 °C for 5 minutes. Radioactivity was counted in MicroBeta2 

scintillation counter (PerkinElmer). Data were fitted to a one-site curve-fitting equation with Prism 

6 (GraphPad Software) and Ki values were estimated from the Cheng−Prusoff equation. 
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Dopamine D2 Receptor Binding Assay 

Radioligand binding was performed using membranes from CHO-K1 cells stably transfected with 

the human D2 receptor (PerkinElmer). All assays were carried out in duplicates. 50 µL working 

solution of the tested compounds, 50 µL [3H]-methylspiperone (final concentration 0.4 nM) and 

150 µL diluted membranes (3 µg protein per well) prepared in assay buffer (50 mM Tris, pH 7.4, 

50 mM HEPES, 50 mM NaCl, 5 mM MgCl2, 0.5 mM EDTA) were transferred to polypropylene 

96-well microplate using 96-wells pipetting station Rainin Liquidator (MettlerToledo). 

Haloperidol (10 μM) was used to define nonspecific binding. Microplate was covered with a 

sealing tape, mixed and incubated for 60 minutes at 37 °C. The reaction was terminated by rapid 

filtration through GF/B filter mate presoaked with 0.5% polyethyleneimine for 30 minutes. Ten 

rapid washes with 200 µL 50 mM Tris buffer (4 °C, pH 7.4) were performed using automated 

harvester system Harvester-96 MACH III FM (Tomtec). The filter mates were dried at 37 °C in 

forced air fan incubator and then solid scintillator MeltiLex was melted on filter mates at 90 °C 

for 5 minutes. Radioactivity was counted in MicroBeta2 scintillation counter (PerkinElmer). Data 

were fitted to a one-site curve-fitting equation with Prism 6 (GraphPad Software) and Ki values 

were estimated from the Cheng−Prusoff equation. 

5-HT1A saturation binding assay 

[3H]-8-OH-DPAT, [Propyl-2,3-ring-1,2,3-3H], spec. act. 135.2 Ci/mmol, 1mCi/mL, PerkinElmer) 

was used for labeling 5-HT1ARs. Saturation binding studies were performed using membranes 

from CHO-K1/U2OS cells stably transfected with the human 5-HT1A receptor (PerkinElmer). All 

assays were carried out in triplicates. 50 μL of [3H]-8-OH-DPAT solution (10 concentrations 

ranging from 0.4 to 14 nM), 50 µL Tris–HCl buffer (total binding) or 50 µL of 10 μM serotonin 
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(nonspecific binding) and 150 µL diluted membranes (20 µg protein per well) prepared in assay 

buffer (50 mM Tris, pH 7.4, 10 mM MgSO4, 0.5 mM EDTA, 0.1% ascorbic acid) were transferred 

to polypropylene 96-well microplate using 96-wells pipetting station Rainin Liquidator 

(MettlerToledo). Microplate was covered with a sealing tape, mixed and incubated for 60 minutes 

at 27 °C. The reaction was terminated by rapid filtration through GF/B filter mate presoaked with 

0.5% polyethyleneimine for 30 minutes. Ten rapid washes with 200 µL 50 mM Tris buffer (4 °C,  

pH 7.4) were performed using automated harvester system Harvester-96 MACH III FM (Tomtec). 

The filter mates were dried at 37 °C in forced air fan incubator and then solid scintillator MeltiLex 

was melted on filter mates at 90 °C for 4 minutes. Radioactivity was counted in MicroBeta2 

scintillation counter (PerkinElmer). Data were calculated using Prism 5 (GraphPad Software) and 

Bmax and KD values were estimated from the one-site specific binding saturation curve. 
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Functional assays for the 5-HT1A receptor 

ERK1/2 phosphorylation 

Test and reference compounds were dissolved in dimethyl sulfoxide (DMSO) at a concentration 

of 10 mM. Serial dilutions were prepared in 96-well microplate in HBSS with 0.1% BSA added 

and 8 concentrations were tested. 

The CHO-5HT1A receptor cells were tested for agonist-induced ERK1/2-phosphorylation using 

the SureFire ERK1/2-Phosphorylation Alpha LISA assay kit according to the manufacturer’s 

instruction (Perkin Elmer). After thawing, cells were cultured in medium (Advanced DMEM/F12 

with 1% FBS dialyzed, 400μg/mL G-418, 4 mM L-Glutamine). At the experiment cells were 

plated at 50, 000 cells/well of 96-well tissue culture plate and grown 7 hours in incubator (5% 

CO2, 37 °C), after this time the cells were starving (DMEM/F12 with 0, 1% BSA 

(immunoglobulin- and protease-free) for 12 hours. The serial dilutions of compounds were added 

and incubated for 15 minutes in 37 °C. The medium was removed, “lysis buffer” (70 µL) was 

added and the plate gently agitated on a plate shaker (10 minutes). The plates were freezing in -80 

°C. The next day, plate were thawing on plate shaker for 10 minutes and 10 µL were transferred 

to assay plates (384-OptiPlate, Perkin Elmer) in duplicate and 10 µL of reaction mix AlphaLISA 

SureFire Ultra assay (Perkin Elmer) were added. The plate were incubated for 2 hours in 22 °C. 

After incubation, the assay plate were measured in an EnVision multifunction plate reader (Perkin 

Elmer Life Science). Emax values were defined as the response of the ligand expressed as a 

percentage of the maximal response elicited by serotonin, determined by nonlinear regression 

using GraphPad Prism 6.0 software. pEC50 values correspond to the ligand concentration at which 

50% of its own maximal response was measured.  
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cAMP inhibition 

Tested and reference compounds were dissolved in dimethyl sulfoxide (DMSO) to the 

concentration of 10 mM. Dilutions were prepared in 96-well microplate in assay buffers. For 

5-HT1A receptors, adenylyl cyclase activity was determined using cryopreserved CHO-K1 cells 

with expression of the human serotonin 5-HT1A receptor.  

The functional assay was performed with the CHO-K1 cells with expression of the 5-HT1A human 

serotonin receptor where plasmid containing the coding sequence was transfected in. The cells 

were cultured under selective conditions (400 µg/mL Geneticin G418) (Perkin Elmer). Thawed 

cells were resuspended in stimulation buffer (HBSS, 5 mM HEPES, 0.5 IBMX, and 0.1% BSA at 

pH 7.4) at 2×105 cells/mL. The same volume (10 μl) of cell suspension was added to tested 

compounds with 10 µM forskolin. Samples were loaded onto a white opaque half area 96-well 

microplate. Cell stimulation was performed for 40 min at room temperature. After incubation, 

cAMP measurements were performed with homogeneous TR-FRET immunoassay using the 

LANCE Ultra cAMP kit (PerkinElmer, USA). 10 μL of EucAMP Tracer Working Solution and 

10 μL of ULight-anti-cAMP Tracer Working Solution were added, mixed, and incubated for 1 h. 

The TR-FRET signal was read on an EnVision microplate reader (PerkinElmer, USA). Emax values 

were defined as the response of the ligand expressed as a percentage of the maximal response 

elicited by serotonin, determined by nonlinear regression using GraphPad Prism 6.0 software. 

pEC50 values correspond to the ligand concentration at which 50% of its own maximal response 

was measured.  
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β-arrestin recruitment 

Test and reference compounds were dissolved in dimethyl sulfoxide (DMSO) at a concentration 

of 10 mM. Serial dilutions were prepared in 96-well microplate in DMEM medium with 10% FBS 

added and 8 concentrations were tested. 

The HTR1A-bla U2OS receptor cells contain the human Serotonin Type 1A receptor linked to 

a TEV protease site and a Gal4-VP16 transcription factor, were tested for agonist-induced using 

the Tango LiveBLAzer assay kit according to the manufacturer’s instruction (Life Technologies). 

After thawing, cells were cultured in medium (McCoy’s 5A with 10% FBS dialyzed, 0.1 mM 

NEAA, 25 mM HEPES, 1mM Sodium Pyruvate, 100 μg/mL G-418, 100 U/mL 

Penicillin/Streptomycin Antibiotic, 200 μg/mL Zeocin, 50 μg/mL Hygromycin). At the experiment 

cells were plated at 10, 000 cells/well of 384-well black, clear bottom, tissue culture plate and 

grown 12 hours in incubator (5% CO2, 37 °C) in DMEM medium with 10% FBS added. The serial 

dilutions of compounds were added and incubated for 5 hours (5% CO2,  37 °C). After this time, 

8 µL of reaction mix were added. The plate were incubated for 2 hours in 22 °C. After incubation, 

the assay plate were measured in an FLUOstar Optima a multifunction plate reader (Perkin Elmer 

Life Science). Emax values were defined as the response of the ligand expressed as a percentage of 

the maximal response elicited by serotonin, determined by nonlinear regression using GraphPad 

Prism 6.0 software. pEC50 values correspond to the ligand concentration at which 50% of its own 

maximal response was measured.  

Calcium mobilization assay 

CHO-K1 cells with stable expression of human 5HT1A receptor were cultured according to the 

manufacturer’s instruction (Perkin Elmer) in standard medium (Advanced DMEM/F12 with 1% 
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FBS dialyzed, 400μg/mL G-418, 4 mM L-Glutamine). At the experiment cells were plated at 

60,000 cells/well of 96-well tissue culture plate and grown 12 hours and incubated (5% CO2, 

37 °C). Cells after grown in 96-well plates, were washed two times with HBSS assay buffer (137 

mM NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4, 

1.0 mM MgCl2, 10 mM glucose, 10 mM HEPES, 2 mM Probenecid, 0.1% BSA with pH adjusted 

to 7.4 using 1.0 M HCl). Next, the 3 µM Fluo-4AM in loading buffer containig 0,04% w/v Pluronic 

F-127 at 100 µL was added to each well and the plate was incubated at 37 °C for 1 h. Cells were 

washed two times with the assay buffer and 100 μl of the assay buffer was dispensed to each well. 

Fluorescence readings (ex 485 nm, 520 nm) were performed with the Omega POLARStar 

microplate reader (BMG Labtech, Germany). After recording the baseline, 50 µL of a 3-fold 

dilution of the tested compounds was added to each well and kinetic was measured for 180 seconds 

with 2-second intervals. Emax values were defined as the response of the ligand expressed as a 

percentage of the maximal response elicited by serotonin, determined by nonlinear regression 

using GraphPad Prism 6.0 software. pEC50 values correspond to the ligand concentration at which 

50% of its own maximal response was measured.97 

In vivo and ex vivo pharmacodynamic studies 

Animals 

The experiments were performed on male Wistar rats (170–200 g) obtained from an accredited 

animal facility at the Jagiellonian University Medical College, Krakow, Poland. The animals were 

housed in group of four in controlled environment (ambient temperature 21  2 °C; relative 

humidity 50–60%; 12 h light/dark cycles (lights on at 8:00). Standard laboratory food (LSM-B) 

and filtered water were freely available. Animals were housed for a period of 6 days in 

polycarbonate Makrolon type 3 cages (dimensions 26.5×15×42 cm, ‘open top’) without 
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enrichment environment (only wooden shavings litter). Each animal was assigned randomly to 

treatment groups and only used once (no repeated use of animals). All the experiments were 

performed by two observers unaware of the treatment applied between 9:00 and 14:00 on separate 

groups of animals. All procedures involving animals and their care were conducted in accordance 

with current European Community and Polish legislation on animal experimentation. Additionally, 

efforts were made to minimize animal suffering and to use only the number of animals necessary 

to produce reliable scientific data. All experimental procedures involving animals were conducted 

in accordance with European Union (Directive 2010/63/EU) and Polish legislation acts concerning 

animal experimentation and approved by the II Local Ethics Committee for Experiments on 

Animals in Cracow, Poland (approval number: 108/2016). All efforts were made to minimize 

suffering and to reduce the number of animals used in the experiments.  

Drugs 

All drugs were dissolved in distilled water immediately before administration in a volume of 2 

mL/kg. The examined compound was administered orally 60 and 15 min before tests. In 

antagonism experiments, WAY100635 (Tocris, UK) was administered subcutaneously (s.c.) 75 

min. and 30 min before testing, respectively. Control animals received vehicle (distilled water) 

according to the same schedule.  

Forced swim test (FST) 

The experiment was carried out according to method of Porsolt et.al.85 On the first day of an 

experiment, the animals were individually gently placed in Plexiglas cylinders (40 cm high, 18 cm 

in diameter) containing 17 cm of water maintained at 23–25 °C for 15 min. On removal from 

water, the rats were placed for 30 min in a Plexiglas box under a 60 W bulb to dry. On the following 

day (24 h later), the rats were re-placed in the cylinder after administration of test compounds and 
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the total duration of immobility was recorded during the 5-min test period. Immobility was 

considered to occur when no additional activity was observed other than that necessary to keep the 

rat’s head above the water.98 Fresh water was used for each animal.  

Flat body posture 

Observations were made from 55 to 65 min after p.o. treatment according to the method described 

by Kleven et al.99 Animals were observed individually during each 10 min period; every 15 s with 

a period of 10 s of observation per animal. Flat body posture (FBP) was scored present (1) if it 

occurred during the entire observation period; otherwise, the score was 0. 

Spontaneous locomotor activity  

The experiment was performed using Motor Monitor System (Campden Instruments, Ltd., UK) 

consisted of two SmartFrame Open Field stations (40 x 40 x 38 cm) with 16 x 16 beams, located 

in sound attenuating chambers and connected to PC software by control chassis. Individual 

vehicle- or drug-injected animals were gently placed in the center of the station. An automated 

Motor Monitor System recorded ambulation (in X and Y axis), the number of rearing episodes, 

and total distance covered by a rat for 5 min. 

Ex vivo studies of the pERK1/2 level in prefrontal cortex 

Experimental design 

In the time-course study, compound 17, or vehicle, was administered orally at the dose of 2.5 

mg/kg and the animals were decapitated at the following time points after administration: 5, 15, 

30, and 60 minutes (n = 6–8 rats per each time point). In the dose-effect study, compound 17 was 

administered p.o. at different doses (0.04, 0.16, 0.63 and 2.5 mg/kg; n = 6–8 rats per each dose), 

then rats were decapitated 15 minutes after administration. 
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pERK1/2 and total ERK1/2 measurement in brain tissue 

Brains of the rats were removed immediately after decapitation, cooled on dry ice and prefrontal 

cortex was isolated. After tissue dissection and storage in -80 °C, the tissue was thawed on dry ice 

and homogenized with a TissueRuptor homogenizer in 0.35 mL of buffer lysis (Perkin Elmer) with 

protease inhibitor cocktail added. After homogenization the tissue were immediately frozen in 

liquid nitrogen, defrosted on ice and homogenized again. The tissue lysates were centrifuged at 13 

000 rpm for 20 min at 4 ºC, and the pellets were discarded. The total protein concentrations in the 

lysates were determined using a BCA (bicinchoninic acid) assay (Sigma Aldrich) with bovine 

serum albumin as the standard. Subsequently, the supernatant fluid was transferred to another tube 

and stored at -80 °C until phosho-ERK1/2 and total-ERK1/2 were tested. The next day probes 

were thawing for 20 minutes on ice and 10 µL of homogenates containing 10 µg proteins were 

transferred to assay plates (384-OptiPlate, Perkin Elmer) in duplicate. The 10 µL of reaction mix 

AlphaLISA SureFire Ultra assay (Perkin Elmer) were added. The plates were incubated for 2 hours 

in 22 °C. After incubation, the assay plates were measured in an EnVision multifunction plate 

reader (Perkin Elmer Life Science). All samples were tested in duplicates. The results were 

calculated as a percent of control after dividing the phosho-ERK1/2 by total-ERK1/2. 

Statistical analysis 

The data of behavioral studies were evaluated by an analysis of variance: one-way ANOVA (when 

one drug was given) or two-way ANOVA (when two drugs were used) followed by Bonferroni’s 

post hoc test (statistical significance set at p<0.05). For the time-course and dose-effect studies, 

the value of pERK1/2 was divided by  the  corresponding value of total-ERK1/2 for each sample, 

then  the ratios were used for statistical analysis of variance (ANOVA) followed by Bonferroni's 

post hoc (p<0.05 was considered statistically significant). The data were expressed as the mean ± 
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SEM (2 measures for each rat per group). The mean value of the control group was set at 100% 

(control value) and all data were expressed as a percentage relative to the control value.  

In vivo pharmacokinetic studies 

Analytical method 

Extraction procedure 

Serum samples (100 l) containing compound 17 were spiked with 10 L of internal standard 

solution (compound 16). The samples were alkalized with 100 L of 1 M sodium hydroxide 

solution, vortex-mixed and extracted with 1 mL of ethyl acetate/hexane (30/70, v/v) mixture on a 

shaker (VXR Vibrax, IKA, Germany) for 15 min. After centrifugation (TDx Centrifuge, Abbott 

Laboratories, USA), the organic layers were transferred into new tubes containing 100 L of a 

methanol and 0.1 M sulfuric acid (10/90, v/v) mixture. Then the samples were shaken and 

centrifuged again. Finally, 10-70 L of each acidic layer were injected into the HPLC system. 

Equipment and chromatographic conditions 

The HPLC system consisted of a P100 pump (Thermo Separation Products, San Jose, CA, USA), 

an L-2200 autosampler, and an L-2420 UV/VIS detector (Merck-Hitachi). EZChrome Elite v. 3.2 

software (Merck Hitachi) was used for data acquisition. The pump was used under isocratic 

conditions on a manual mode. The chromatographic separation of compound 17 and the internal 

standard was achieved at room temperature (22  1 oC) on the SupelcosilTM LC-PCN column 

250×4.6 mm (Sigma-Aldrich, Germany) with 5 m particles, protected with the Supelcosil™ LC-

PCN guard column (Sigma-Aldrich, Germany). The mobile phase consisted of 25 mM potassium 

dihydrogen phosphate buffer, pH 4.6:methanol: acetonitrile (51/40/9, v/v/v). The flow rate was 1.0 

mL/min and the detection  wavelength was set at  205 nm. 
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Validation of the assay was performed according to the FDA guideline (Bioanalytical method 

validation).100 This included selectivity, linearity, accuracy and precision, limit of detection (LOD) 

and limit of quantitation (LOQ), recovery, and stability.  

Pharmacokinetic study 

In order to assess pharmacokinetics and brain penetration of compound 17, blood samples and 

brains were harvested following each pharmacological experiment up to 60 min after dosing. The 

rats were sacrificed by decapitation.  

Blood was allowed to clot for 15 min at room temperature, and then centrifuged (12000 rpm for 5 

min). The obtained serum and brains were stored frozen at –80 oC until analysis.  

Pharmacokinetic and PK/PD analysis 

Serum  concentration versus time data were analyzed by a non-compartmental approach. The 

maximum concentration (Cmax) and the time to reach peak concentration (Tmax) following oral 

dosing were obtained directly from the concentration versus time data. The terminal elimination 

rate constant (λz) was assessed by linear regression. Terminal half-life (t0.5λz) was calculated as 

ln2/λz. Area under the concentration-time curve from the time of dosing to infinity (AUC0-∞) was 

calculated by the linear trapezoidal rule. The extrapolated terminal area was defined as Cn/λz, 

where Cn is the last data point. Apparent volume of distribution (Vz/F) during terminal phase was 

estimated as Dosepo/(AUCinfλz), where F is the fraction of dose absorbed. Data were presented 

as mean±SEM. The simple Emax or sigmoid inhibitory Emax models were fitted to effect-

concentration data  using Phoenix WinNonlin v. 7.0 (Pharsight Corporation, a Certara Company, 

Princeton, NJ, USA).  
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test were included. This material is available free of charge on the ACS Publications website at 

http://pubs.acs.org. 
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ABBREVIATIONS 

ADME, absorption distribution metabolism and excretion; BBB, blood brain barrier; cAMP – 

cyclic adenosine monophosphate; CNS MPO, Central Nervous System Multiparameter 

Optimization; ERK1/2, extracellular signal–regulated kinase 1/2; F13640 (befiradol), {[1-(3-

chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl]methyl}[(5-methylpyridin-2-yl)methyl]amine; 

F13714, 6-[({[1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-yl]methyl}amino)methyl]-N,3-

dimethylpyridin-2-amine; 1 (F15599), {[1-(3-chloro-4-fluorobenzoyl)-4-fluoropiperidin-4-

yl]methyl}[(5-methylpyrimidin-2-yl)methyl]amine; FBP, flat body; FPT, forepaw treading; Fsp3, 

ratio of sp3 carbons to the total number of carbons within the molecule; FST, forced swimming 

test (Porsolt test); IFD, induced fit docking, LE, ligand efficiency; LELP, ligand efficiency-

dependent lipophilicity; LLE, lipophilic ligand efficiency; LLR, lower lip retraction; mPCT, 

medial prefrontal cortex; PAINS, Pan-Assay INterference compoundS; PBS, phosphate-buffered 

saline; PFC, prefrontal cortex; Ro5, Lipinski’s rule of five; SGF, simulated gastric fluid; SIF, 

simulated intestinal fluid; TLC, thin layer chromatography WAY-100635, N-[2-[4-(2-

methoxyphenyl)piperazin-1-yl]ethyl]-N-pyridin-2-ylcyclohexanecarboxamide;  
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