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Abstract 

 

N-Methyl-D-aspartate receptors (NMDARs) are crucial for the normal function of 

the central nervous system (CNS), and fundamental in memory and learning-

related processes. The over-activation of these receptors is associated with 

numerous neurodegenerative and psychiatric disorders. Therefore, NMDAR is 

considered a relevant therapeutic target for many CNS disorders. 

Herein, we report the synthesis and pharmacological evaluation of a new 

scaffold with antagonistic activity for NMDAR. Specifically, a chemical library of 

seventeen 1-amino-2-indanol tetracyclic lactams was synthesized and screened 

as NMDAR antagonists. The compounds were obtained by asymmetric 

synthesis using enantiopure 1-amino-2-indanols as chiral inductors, and their 

stereochemistry was proven by x-ray crystallographic analysis of two target 

compounds. Most compounds reveal NMDAR antagonism, and eleven 

compounds display IC50 values in the same order of magnitude of memantine, a 

clinically approved NMDAR antagonist. Docking studies suggest that the novel 

compounds can act as NMDAR channel blockers since there is a compatible 

conformation with MK-801 co-crystallized with NMDAR channel. In addition, we 

show that the tetracyclic 1-amino-2-indanol derivatives are brain permeable and 

non-toxic, and we identify promising hits for further optimization as modulators 

of the NMDAR function. 

 

Keywords: 1-amino-2-indanol, antagonism, CNS, enantiopure lactams, NMDA 

receptor. 

 



 

1. Introduction 

 

The natural amino acid L-glutamate, the most important excitatory 

neurotransmitter in the central nervous system (CNS), is responsible for the 

activation of many ionotropic glutamate receptors (iGluRs).1 This family of 

receptors, widely expressed in the CNS, are ligand-gated ion channels found on 

pre- and postsynaptic cell membranes that mediate excitatory 

neurotransmission. The iGluRs family comprises four subtypes of membrane 

proteins, considering its affinities for the agonists: NMDA (N-methyl-D-

aspartate), AMPA (α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate), KA 

(kainic acid) and δ-receptors.2 Despite the iGluRs subtypes have different 

neurophysiological roles in the CNS, they share the same modular layered 

architecture which is composed by four distinct domains. A extracellular domain 

that comprises the amino-terminal domain (ATD) layer and the ligand-binding 

domain (LBD) layer, a transmembrane domain (TMD) and an intracellular 

carboxyl-terminal domain (CTD). NMDARs are heterotetramers and typically 

contain two GluN1 and two GluN2 subunits, the last ones subdivided in four 

types (GluN2A-GluN2D) and essential for the receptor operation. NMDARs are 

crucial for the development of the CNS, and have pivotal roles in many 

important processes as learning, memory and synaptic plasticity.2, 3 However, 

abnormal expression levels or overactivation of these receptors lead to 

excitotoxicity, that are subsequent implicated in neurological disorders and 

pathological conditions.4, 5 Therefore, NMDARs are considered relevant 

therapeutic targets for many disorders as stroke,6 Huntington’s,7 Parkinson’s,8 



and Alzheimer’s9 diseases, schizophrenia,10 epilepsy11 and depression.12 There 

are several features that distinguish NMDARs from other glutamate receptors 

as the need of two molecules of glycine (co-agonist) and two molecules of 

glutamate (agonist) to be activated, the high permeability to Ca2+ and the 

voltage-dependent behavior by extracellular Mg2+.13 When a large amount of 

Ca2+ enters in the neurons occurs loss of synaptic function and, consequently, 

neuronal cell death. Clinically, this cell death is correlated with the progressive 

loss of cognition and memory and associated to neurodegenerative diseases 

and pathological conditions.3 The use of NMDAR antagonists to modulate the 

receptor function is a promising therapeutic approach.14 The antagonists can be 

labelled according to their target within the receptor: inside the ion channel 

(channel blockers), acting on the agonist binding site (competitive) or at specific 

sites that provide modulation of the channel functions (noncompetitive). 

Contrary to the promising results of preclinical studies, the clinical trials with 

drugs targeting the NMDAR have still a limited success. Some clinical 

candidates have poor efficacy and, in most of the cases, the side effects are 

unacceptable (e.g. NMDAR channel blocker MK-801 (1), Figure 1).3, 15-17 

Currently, it is argued that there is no need of potent NMDAR antagonists to 

suppress the receptor activity while maintaining its normal physiological 

functions.18 Memantine (2) and amantadine (3) (Figure 1) are two examples of 

FDA-approved NMDAR channel blockers, currently used in the clinic, with 

moderate potency and well tolerated.19 However, these drugs only accomplish 

symptomatic relief, having poor impact on the disease’s progression. Thus, 

there is still a lack of therapeutically options for the treatment of pathologies 



related with the overactivation of the NMDAR and continuous efforts on the field 

are needed. 

  

 

Figure 1 – Chemical structures of NMDAR channel blockers MK-801 (1), 

memantine (2) and amantadine (3). 

 

Due to new information about the structural features of the NMDAR,20-25 there 

was an increased interest on the development of new scaffolds targeting these 

receptors. In the last years we identified several aromatic amino alcohol-derived 

bicyclic lactams (compounds 4-5, Figure 2)26-29 with antagonist properties of the 

NMDAR and activities in the same order of magnitude of memantine (2, Figure 

1).  

 

Figure 2 – Phenylalaninol and tyrosinol-derived bicyclic lactams 4-5 previously 

developed by our research group.26-29 

 

Encouraged by our results, we decided to evaluate the impact of a more rigid 

scaffold on the modulation of the NMDAR activity as many known antagonists, 

acting on the ionic channel, have chemical structures with limited molecular 

mobility (e.g. MK-801 (1), memantine (2), amantadine (3), Figure 1). To achieve 



this purpose, we decided to synthesize 1-amino-2-indanol-derived lactams to try 

to enhance the NMDAR blockade (Figure 3). The rigid cis-1-amino-2-indanol 

moiety has been used not only in asymmetric synthesis, as well as in the design 

of bioactive molecules (e.g. human immunodeficiency virus protease inhibitors, 

aggrecanase inhibitors and malarial Plasmepsin inhibitors).30-32 However, this 

scaffold was never used for the design of CNS agents. The target compounds 

were designed considering different substituents on the phenyl ring at position 

C-3a and the insertion of a small group on the lactam ring (position C-3). For 

the most active derivatives, the effect of the stereochemistry on the NMDAR 

Ca2+ influx was also evaluated. 

 

Figure 3 – Design of new NMDAR antagonists based on previous hit 

compounds. 

 

2. Results and discussion 

 

Following the common trend of restraining the structural flexibility of possible 

NMDAR antagonists, we envisioned the value of cis-1-amino-2-indanols in the 

preparation of complex rigid stereoisomers. Chiral-induced cyclocondensation 

reactions between cis-1-amino-2-indanols (6 and 7) and different oxocarboxylic 



acids (8a-k) allowed the formation of rigid enantiopure tetracyclic compounds 

9a-j, 9ka-kb, 10c-e and 10ka-kb (Schemes 1-4).  

 

 

Scheme 1 – Synthesis of (1S,2R)-(-)-cis-1-amino-2-indanol-derived lactams 9a-

j. 

 

First, we prepared compound 9a with a piperidone ring, and compound 9b with 

a pyrrolidone ring, to evaluate the ring size influence on the NMDAR blockage. 

Compound 9a was obtained in 64% yield starting from (1S, 2R)-(−)-cis-1-amino-

2-indanol (6) and 4-benzoylbutyric acid (8a) (Scheme 1).  

Then we prepared (1S,2R)-(-)-cis-1-amino-2-indanol-derived pyrrolidone 

lactams containing different substituents at the para position on C-3a phenyl 



ring ( halogens and small alkylic groups). Using this synthetic methodology 

enantiopure tetracyclic lactams 9b-j were obtained in high yields (65-98%), 

starting from commercially available reagents (Scheme 1). In all reactions the 

formation of only one diastereoisomer was observed by thin-layer 

chromatography (TLC) and proton nuclear magnetic resonance (1H NMR).  

To evaluate the impact of a small group on the lactam ring (position C-3) we 

synthesized a pyrrolidone disubstituted derivative by cyclocondensation 

reaction of 4-(4-chlorophenyl)-3-methyl-4-oxobutanoic acid with (1S,2R)-(-)-cis-

1-amino-2-indanol. In this reaction, two diastereoisomers (9ka and 9kb) were 

obtained in 42 and 31% yields, respectively (Scheme 2).  

For the most active (1S,2R)-(-)-cis-1-amino-2-indanol derivatives we also 

prepared the corresponding enantiomers 10 (Schemes 3-4). 

 

Scheme 2 – Synthesis of (1S,2R)-(-)-cis-1-amino-2-indanol pyrrolidone 

derivatives 9ka and 9kb. 

 

The stereochemistry of the target compounds was established by 13C nuclear 

magnetic resonance (NMR) and X-ray crystallography. The absolute 

stereochemistry of the target molecules was determined by X-ray 

crystallography of 9a and 10kb derivatives (Figure 4) (CIF data can be found in 

SI). For compound 9a, with a piperidone ring, the C-9a signal appears at 96.2 

ppm. While for pyrrolidone derivatives 9b-j, 9ka-kb, 10c-e, 10j and 10ka-kb, 



the C-3a chemical shift appears between 102.0 and 104.2 ppm, in agreement 

with previously reported phenylalaninol oxazolopyrrolidone lactams.28  

                 

9a      10kb  

Figure 4 - X-ray crystallographic structures of compounds 9a and 10kb. 

 

The potential of compounds 9a-k to act as NMDAR antagonists was evaluated 

by measuring the NMDAR-induced Ca2+ influx (Figure 5). The biological assay 

was performed with in vitro cultures of embryonic rat cortical neurons using a 

Ca2+-sensitive fluorescent dye (Fluo-4). Specifically, a screening at 30 µM was 

performed to test the ability of the novel cis-1-amino-2-indanol-derivatives to 

block Ca2+ entry. Compound 9a, with a piperidone ring instead of a pyrrolidone 

ring, was less active than the counterpart 9b suggesting the importance of a 

pyrrolidone ring for the NMDAR antagonism. Considering this information, a 

small library of (1S,2R)-(−)-cis-1-amino-2-indanol derivatives containing a 

pyrrolidone ring was prepared, exploring the chemical space of the C-3a phenyl 

ring (Scheme 1). We also decided to evaluate the impact of a small group in the 

pyrrolidone ring (Scheme 2). From this set of compounds, five of them (9d-e, 9j, 



9ka and 9kb) showed higher inhibitory effect than memantine (2). Compound 

9c, with a para-fluorine substituent, had the same effect on Ca2+ influx 

compared to the positive control (2). The presence of halogens at C-3a phenyl 

ring improved blocking of Ca2+ entry (9d-e, 9j, 9ka and 9kb vs 9b), with para-

chlorine leading to highest activity (compounds 9d and 9kb). Compounds 

containing a para-methyl sulfonyl group (9h) and para-methoxy group 

(compounds 9g and 9i), showed low or even no effect on the Ca2+ influx. 

However, the presence of a para-methyl on the phenyl ring at position C-3a 

resulted in a moderate effect on the Ca2+-entry blockage (9f vs 9b). This effect 

was augmented by the introduction of a meta-chlorine substituent leading to the 

disubstituted phenyl derivative 9j (9j vs 9b). The introduction of a methyl 

substituent at the pyrrolidone ring (position 3) (9ka and 9kb) did not improved 

the activity compared with the unsubstituted derivative (9d). 

 

 

Figure 5 - Effect of 30 µM of cis-1-amino-2-indanol-derived compounds in the 

NMDA-induced Ca2+ influx using in vitro cultures of embryonic rat cortical 

neurons. Data are mean ± SEM in triplicates, ***p < 0.001, ** p < 0.01, * p < 

0.05, respect to the NMDA-induced Ca2+ increase in absence of compounds. 

 

 



For the most promising compounds the corresponding enantiomers (10c-e, 10j, 

10ka and 10kb) were synthesized starting from (1R,2S)-(+)-cis-1-amino-2-

indanol (Schemes 3-4). Except for compounds 10j and 10kb, all compounds 

had higher inhibitory effect than memantine (2). However, most (1R,2S)-(+)-cis-

1-amino-2-indanol derivatives were less active than the corresponding 

enantiomers (10d vs 9d, 10e vs 9e, 10j vs 9j, 10ka vs 9ka and 10kb vs 9kb).  

 

Scheme 3 - Synthesis of (1R,2S)-(+)-cis-1-amino-2-indanol-derived lactams 

10c-e and 10j. 

 

 

Scheme 4 – Synthesis of (1R,2S)-(-)-cis-1-amino-2-indanol pyrrolidone 

derivatives 10ka and 10kb. 

 

The most active NMDAR blockers (9c-f, 9j, 9ka, 9kb, 10c-e and 10ka) were 

further assayed at different concentrations to assess their concentration-



dependent blocking profile, and all of them showed higher potency than 

memantine (2) and the previously reported hit compound 5 (27 µM),29 with IC50 

values ranging from 10 to 24 μM (Table 1). Moreover, their cytotoxicity was 

evaluated in human hepatocellular carcinoma HepG2 and human embryonic 

kidney Hek293T cell lines (in vitro models for liver and kidney cytotoxicity)33 

(Table 1). Except for compound 19ka, no decrease of cell viability was 

observed up to 100 µM of the tested compounds, indicating that these 

compounds are non-toxic at these conditions. 

 

Table 1 - Calcium NMDAR channel blockade and cytotoxic effect on Hek293T 

and HepG2 cells for the most active compounds. 

a Each IC50 value is the mean ± SEM of triplicates of at least four different 

experiments; b NE - not evaluated; c Each IC50 value is the mean ± SEM of 

triplicate of at least three different experiments. 

Compound NMDAR channel blockade 

IC50 (µM)a 

Hek293T 
IC50 (µM)c 

HepG2 
IC50 (µM)c 

9c 17 ± 3 >100 >100 

9d 17 ± 1 >100 >100 

9e 16 ± 1 >100 >100 

9f 24 ± 2 NEb NEb 

9j 12 ± 4 >100 >100 

9ka 13 ± 4 46±3 34±9 

9kb 17 ± 7 >100 >100 

10c 15 ± 3 >100 >100 

10d 13 ± 4 >100 >100 

10e 11 ± 1 >100 >100 

10ka 23 ± 3 NEb NEb 

2 (memantine) 30 ± 13 NEb NEb 



 

The brain penetration of five of the most promising compounds (9c-e and 10d-

e) was predicted using the in vitro PAMPA-BBB assay described by Di et al.,34 

and, partially, modified by Rodríguez-Franco et al. for assaying molecules with 

limited water-solubility.35-37 The permeability of compounds (Pe) through a lipid 

extract of porcine brain was determined at room temperature using PBS:ethanol 

(70:30) as solvent. In the same assay, ten commercial drugs with known CNS 

penetration were also tested and their permeability values were normalized to 

the reported PAMPA-BBB data. As previously established by Di et al.,34 

compounds with Pe > 4.0·10-6 cm·s-1 would be able to cross the BBB (CNS+), 

whereas those displaying Pe < 2.0·10-6 cm·s-1 would not reach the CNS (CNS-). 

Between these values, the predicted CNS permeability remains uncertain 

(CNS+/-). As shown in Table 2, all tested compounds revealed good CNS-

permeability in this in vitro model and thus, it is expected they could reach their 

biological targets in the CNS. 

 

Table 2 - Prediction of permeability properties of selected compounds by a 

PAMPA-BBB assay represented as Pe (10-6 cm s-1) values. 

 

 

 

 

 

 

Compound Pe (10-6 cm s-1) CNS Prediction 

9c  24.2 ± 1.21 CNS+ 

9d  19.2 ± 1.68 CNS+ 

9e  12.3 ± 0.34 CNS+ 

10d  15.8 ± 0.61 CNS+ 

10e  11.2 ± 1.03 CNS+ 



Finally, to obtain structural clues about the mechanism of action of 1-amino-2-

indanol-derived NMDAR antagonists, we performed molecular docking studies 

of the most active compounds using the X-ray crystal structure of the 

GluN1/GluN2B ATD NMDAR (PDB code 5UN1) using the molecular docking 

program SMINA and the VINA scoring function to rank molecules. To check if 

the docking parameters and computational procedure could reproduce 

experimental results, first the co-crystallized molecule was re-docked. The 

docking pose obtained was quite close to the experimental one, with a RMSD of 

0.65 Å and a binding affinity of -7.4 k cal mol-1. To further extend the validation, 

four other molecules classified as NMDAR channel blockers were also tested: 

phencyclidine, R-ketamine, lanicemine and memantine (2). The results are 

summarized in Table 3 and reproduce quite well the trend between binding 

affinity and inhibition constant.  

 

Table 3 - Binding affinities and experimental inhibition constants of the five 

tested molecules. 

Name Binding affinity  

(k cal mol-1) 

Experimental ki  

(nM) 

MK-801 (1) - 7.4 37.2 38 

Phencyclidine - 7.4 59 39 

R-Ketamine - 6.4 659 39 

Lanicemine (AZD6765) - 6.1 560–1480 40 

Memantine (2) - 6.1 540 41 

 

 



Then, all molecules were docked using the same molecular docking procedure 

and compound 10e, with a binding affinity of -8.8 k cal mol-1 is used as example 

(Figure 6). The docking pose of compound 10e was compared to the 

crystallographic pose of MK-801 (1) inside the NMDAR ion channel. Commonly, 

the hydrophobic benzene rings of the target compounds tend to occupy the 

same positions of the benzene rings of MK-801 (1), with the hydrophilic nitrogen 

central core, shielded by this hydrophobic layer, oriented towards the 

intracellular space or a similar orientation as MK-801 but slightly located closer 

to the geometrical center of the helix bundle (towards the intracellular 

environment). Therefore, the molecules tend to interact with nearby “greasy” 

hydrophobic residues (e.g. Ala, Val, Met, Leu). 

 

 

Figure 6 - Top ranked docking pose of compound 10e (cyan) and 

crystallographic pose of MK-801 (1) (green). The central pocket is represented 

by a green surface in lipophilic regions and pink in hydrophilic regions. The 

chains E, F, G and H are colored in cyan, pink, orange and magenta, 

respectively. 



 

A flexible alignment of two of the most active molecules assayed by molecular 

docking (9j, and 10e – see supporting information) together with MK-801, was 

also executed in MOE (Figure 7) and clearly show that the target compounds 

can assume a conformation that is compatible and follows closely the 

conformation of the channel blocker and co-crystallized molecule MK-801 (1).  

 

 

Figure 7 - Superposition of MK-801 (1) (CPK representation and C atoms in 

green) with 9j (yellow), and 10e (orange). 

  



3. Conclusion 

 

In summary, we described a new family of enantiopure cis-1-amino-2-indanol 

tetracyclic lactams and its potential to antagonize the NMDAR. The effect of the 

new compounds on the NMDA-induced Ca2+ increase was evaluated using in 

vitro cultures of embryonic rat cortical neurons. Several compounds showed to 

have NMDAR antagonist response and an improved activity compared with our 

previous described hits. Additionally, in vitro permeation assays and molecular 

docking results indicated that the tetracyclic lactams might be able to cross the 

blood–brain barrier and reach the NMDAR by interacting directly in the ion 

channel in a way similar to MK-801 and other channel blockers. The combined 

results showed the potential use of cis-1-amino-2-indanol-derived tetracyclic 

lactams as NMDAR antagonists and can provide new insights into the 

development of new therapeutic options for CNS diseases related with the 

overactivation of these receptors. 

 

4. Experimental Section  

 

4.1 Chemistry 

 

General Methods 

All reagents and solvents were obtained from commercial suppliers and were 

used without further purification. Analysis Merck Silica Gel 60 F254 plates were 

used as analytical thin layer chromatography and flash chromatography was 

performed on Merck Silica Gel (200- 400 mesh). 1H and 13C NMR spectra were 



recorded at 300 and 75 MHz, respectively, on a Bruker 300 Ultra-Shield. 1H and 

13C NMR chemical shifts are reported in parts per million (ppm, δ) referenced to 

the solvent used and the proton coupling constants (J) in hertz (Hz). Spectra 

were assigned using appropriate COSY, DEPT, HMQC and HMBC sequences. 

Melting points were determined using a Kofler camera Bock monoscope M. 

Optical rotations were measured using a JASCO P-2000 automatic digital 

polarimeter. Elemental analysis was performed in a Flash 2000 CHNS–O 

analyzer (ThermoScientific, UK), and results were within ± 0.4% of the 

theoretical values. New compounds showed purity ⩾95% by LC–MS, performed 

on a Waters Alliance 2695 HPLC with a SunFire ™ C18 column (100 × 2.1 mm; 

5 μm) at 35 °C, using as mobile phase 30 % solution A (Milli-Q water containing 

0.5 % formic acid (v/v)) and 70 % solution B (acetonitrile), at a flow rate of 0.2 

mL/min and employing a photodiode array detector to scan wavelength 

absorption from 210 to 600 nm; MS experiments were performed on a 

Micromass® Quattro Micro triple quadrupole mass spectrometer (Waters®, 

Ireland) with an electrospray ion source in positive ion mode (ESI+), operating 

at 120 °C, capillary voltage of 3.0 kV and source voltage of 30 V, at the 

Structural Analysis Laboratory, Faculty of Pharmacy, University of Lisbon. 

 

General procedure for cyclocondensation reactions 

To a suspension of cis-1-amino-2-indanol (1.0 eq.) in toluene (0.13 M) was 

added the appropriate oxocarboxylic acid (1.0 – 1.2 eq.). The mixture was 

heated at reflux for 10-24 h under Dean-Stark apparatus, until total consumption 

of the starting aminoalcohol. The reaction mixture was concentrated in vacuo 



and the residue obtained was dissolved in EtOAc. The organic phase was 

washed with saturated aqueous solution of NaHCO3 and brine, dried over 

Na2SO4, filtered and concentrated in vacuo. The residue was purified by silica 

gel flash chromatography (elution with AcOEt and n-hexane). 

 

(4bS,9aS,10aR)-9a-phenyl-4b,7,8,9,9a,10a-hexahydro-6H,11H-

indeno[1',2':4,5]oxazolo[3,2-a]pyridin-6-one (9a): Following the general 

procedure, to a solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (103 mg, 

0.689 mmol, 1.0 eq.) in toluene (5 mL) was added 4-benzoylbutyric acid (8a) 

(142 mg, 0.737 mmol, 1.1 eq.). Reaction time: 23 h. The residue was purified by 

silica gel flash chromatography (EtOAc/n-hexane 1:1) to yield the title 

compound as a white crystalline solid (132 mg, 64 %); mp 166-167 °C; [𝛼]𝐷
21 = + 

64.5 (c = 0.001, CHCl3); 1H NMR (300 MHz, CDCl3) δH 7.63 (d, J = 7.6 Hz, 1H), 

7.17 – 7.08 (m, 1H), 7.04 – 6.89 (m, 6H), 6.63 (d, J = 7.6 Hz, 1H), 6.10 (d, J = 

7.3 Hz, 1H, CH-N), 5.13 (ddd, J = 7.9, 7.3, 2.3 Hz ,1H, CH-O), 3.05 (dd, J = 

17.9, 8.0 Hz, 1H), 2.67 – 2.40 (m, 3H), 2.27 – 2.21 (m, 1H), 1.98 – 1.88 (m, 1H), 

1.76 – 1.65 (m, 1H), 1.43 – 1.26 (m, 1H); 13C NMR (75 MHz, CDCl3) δc 168.7 

(C=O), 142.2 (ArC), 140.9 (ArC), 140.1 (ArC), 128.3 (ArC), 127.4 (ArC), 127.0 

(ArC), 126.9 (ArC), 126.3 (ArC), 126.2 (ArC), 123.9 (ArC), 96.2 (C-9a), 79.5 

(CH-O), 64.1 (CH-N), 39.3 (CH2), 37.4 (CH2), 30.6 (CH2), 15.7 (CH2); Anal. 

Calcd. [Found: C, 78.84 %; H, 6.34 %; N, 4.68 %, C20H19NO2 requires C, 78.66 

%; H, 6.27 %; N, 4.59 %]. 

 



(3aS,4aS,9bS)-3a-phenyl-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (9b): Following the general procedure, to a 

solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (100 mg, 0.670 mmol, 1.0 eq.) 

in toluene (5 mL) was added 3-benzoylpropionic acid (8b) (131 mg, 0.737 

mmol, 1.1 eq.). Reaction time: 24 h. The residue was purified by silica gel flash 

chromatography (EtOAc/n-hexane 1:3) to yield the title compound as a white 

crystalline solid (184 mg, 94 %); mp 116-119 °C; [𝛼]𝐷
21 = + 114.4 (c = 0.001, 

CHCl3); 1H NMR (300 MHz, CDCl3) δH 7.38 (d, J = 7.7 Hz, 1H), 7.15 – 7.03 (m, 

3H), 7.02 – 6.89 (m, 4H), 6.71 (d, J = 7.5 Hz, 1H), 5.82 (d, J = 6.5 Hz, 1H, CH-

N), 5.14 (m, 1H, CH-O), 3.10 (dd, J = 17.9, 7.6 Hz, 1H), 2.88 – 2.71 (m, 2H), 

2.68 – 2.44 (m, 2H), 2.24 – 2.16 (m, 1H); 13C NMR (75 MHz, CDCl3) δc 179.2 

(C=O), 143.2 (ArC), 141.3 (ArC), 138.6 (ArC), 128.3 (ArC), 127.4 (ArC), 127.2 

(ArC), 126.9 (ArC), 125.6 (ArC), 124.5 (ArC), 124.2 (ArC), 102.8 (C-3a), 82.5 

(CH-O), 64.3 (CH-N), 39.3 (CH2), 36.2 (CH2), 32.0 (CH2); Anal. Calcd. [Found: 

C, 78.19 %; H, 5.77 %; N, 4.92 %, C19H17NO2•0.05H2O requires C, 78.08 %; H, 

5.91 %; N, 4.79 %]. 

 

(3aS,4aR,9bS)-3a-(4-fluorophenyl)-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (9c): Following the general procedure, to a 

solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (60 mg, 0.402 mmol, 1.0 eq.) 

in toluene (3 mL) was added 3-(4-fluorobenzoyl)propionic acid (8c) (100 mg, 

0.483 mmol, 1.2 eq.). Reaction time: 23 h. The residue was purified by silica gel 

flash chromatography (EtOAc/n-hexane 1:1) to yield the title compound as a 

white crystalline solid (110 mg, 89 %); mp 109-110 °C; [𝛼]𝐷
21 = + 99.0 (c = 



0.001, CHCl3); 1H NMR (300 MHz, CDCl3) δH 7.35 (d, J = 7.5 Hz, 1H), 7.13 – 

6.96 (m, 4H), 6.74 (d, J = 7.5 Hz, 1H), 6.69 – 6.58 (m, 2H), 5.82 (d, J = 6.5 Hz, 

1H, CH-N), 5.12 (ddd, J = 7.4, 6.6, 1.7 Hz, 1H, CH-O), 3.08 (dd, J = 17.3, 7.3 

Hz, 1H), 2.88 – 2.71 (m, 2H), 2.68 – 2.45 (m, 2H), 2.16 (ddd, J = 13.4, 9.8, 3.3 

Hz, 1H); 13C NMR (75 MHz, CDCl3) δc 179.3 (C=O), 161.8 (d, JC–F = 244.4 Hz), 

141.2 (ArC), 139.2 (d, JC–F = 3.1 Hz), 138.5 (ArC), 128.5 (ArC), 127.1 (ArC), 

126.4 (d, JC–F = 8.2 Hz), 125.5 (ArC), 124.3 (ArC), 114.2 (d, JC–F = 21.3 Hz), 

102.4 (C-3a), 82.5 (CH-O), 64.5 (CH-N), 39.3 (CH2), 36.1 (CH2), 31.9 (CH2); 

Anal. Calcd. [Found: C, 73.92 %; H, 4.92 %; N, 4.51 %, C19H16FNO2 requires C, 

73.77 %; H, 5.21 %; N, 4.53 %]. 

 

(3aS,4aR,9bS)-3a-(4-chlorophenyl)-3,3a,4a,9b-tetrahydro-5H-

indeno[1,2dd]pyrrolo[2,1-b]oxazol-1(2H)-one (9d): Following the general 

procedure, to a solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (70 mg, 0.469 

mmol, 1.0 eq.) in toluene (3.5 mL) was added 3-(4-chlorobenzoyl)propionic acid 

(8d) (120 mg, 0.563 mmol, 1.2 eq.). Reaction time: 23 h. The residue was 

purified by silica gel flash chromatography (EtOAc/n-hexane 1:1) to yield the 

title compound as a white crystalline solid (122 mg, 80 %); mp 149-151 °C; 

[𝛼]𝐷
21 = + 73.2 (c = 0.001, CHCl3); 1H NMR (300 MHz, CDCl3) δH 7.36 (d, J = 7.4 

Hz, 1H), 7.18 – 6.84 (m, 6H), 6.76 (d, J = 7.3 Hz, 1H), 5.82 (d, J = 6.5 Hz, 1H, 

CH-N), 5.12 (ddd, J = 7.2, 6.5, 1.7 Hz , 1H, CH-O), 3.11 (dd, J = 17.9, 7.3 Hz, 

1H), 2.97 – 2.33 (m, 4H), 2.15 (ddd, J = 13.5, 9.7, 3.4 Hz, 1H); 13C NMR (75 

MHz, CDCl3) δc 179.2 (C=O), 141.9 (ArC), 141.2 (ArC), 138.4 (ArC), 133.0 

(ArC), 128.5 (ArC), 127.5 (ArC), 127.1 (ArC), 126.0 (ArC), 125.5 (ArC), 124.4 



(ArC), 102.3 (C-3a), 82.5 (CH-O), 64.5 (CH-N), 39.3 (CH2), 36.0 (CH2), 31.9 

(CH2); Anal. Calcd. [Found: C, 70.35 %; H, 4.99 %; N, 4.37 %, C19H16ClNO2 

requires C, 70.05 %; H, 4.95 %; N, 4.30 %]. 

 

(3aS,4aR,9bS)-3a-(4-bromophenyl)-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (9e): Following the general procedure, to a 

solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (60 mg, 0.402 mmol, 1.0 eq.) 

in toluene (3 mL) was added 3-(4-bromobenzoyl)propionic acid (8e) (114 mg, 

0.442 mmol, 1.1 eq.). Reaction time: 15 h. The residue was purified by silica gel 

flash chromatography (EtOAc/n-hexane 1:1) to yield the title compound as a 

white crystalline solid (133 mg, 89 %); mp 169-171  °C; [𝛼]𝐷
21 = + 31.6 (c = 

0.001, CHCl3); 1H NMR (300 MHz, CDCl3) δH 7.36 (d, J = 7.4 Hz, 1H), 7.13 – 

6.89 (m, 6H), 6.76 (d, J = 7.4 Hz, 1H), 5.82 (d, J = 6.4 Hz, 1H, CH-N), 5.12 

(ddd, J = 7.4, 6.4, 1.6 Hz, 1H, CH-O), 3.11 (dd, J = 17.9, 7.4 Hz, 1H), 2.88 – 

2.37 (m, 4H), 2.15 (ddd, J = 13.4, 9.7, 3.4 Hz, 1H); 13C NMR (75 MHz, CDCl3) 

δc 179.3 (C=O), 142.4 (ArC), 141.2 (ArC), 138.4 (ArC), 130.5 (ArC), 128.6 

(ArC), 127.1 (ArC), 126.3 (ArC), 125.6 (ArC), 124.4 (ArC), 121.3 (ArC), 102.3 

(C-3a), 82.6 (CH-O), 64.5 (CH-N), 39.3 (CH2), 36.0 (CH2), 31.9 (CH2); Anal. 

Calcd. [Found: C, 61.58 %; H, 4.51 %; N, 3.81 %, C19H16BrNO2 requires C, 

61.64 %; H, 4.36 %; N, 3.78 %]. 

 

(3aS,4aR,9bS)-3a-(p-tolyl)-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (9f): Following the general procedure, to a 

solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (60 mg, 0.402 mmol, 1.0 eq.) 



in toluene (3 mL) was added 3-(4-methylbenzoyl) propionic acid (8f) (90 mg, 

0.442 mmol, 1.2 eq.). Reaction time: 15 h. The residue was purified by silica gel 

flash chromatography (EtOAc/n-hexane 1:1) to yield the title compound as a 

white crystalline solid (120 mg, 98 %); mp 121-123 °C; [𝛼]𝐷
21 = + 63.5 (c = 0.001, 

CHCl3); 1H NMR (300 MHz, CDCl3) δH 7.40 (d, J = 7.5 Hz, 1H), 7.10 (t, J = 7.4 

Hz, 1H), 7.02 – 6.90 (m, 3H), 6.81 – 6.70 (m, 3H), 5.79 (d, J = 6.6 Hz, 1H, CH-

N), 5.14 (ddd, J = 7.5, 6.6, 1.9 Hz, 1H, CH-O), 3.08 (dd, J = 17.8, 7.5 Hz, 1H), 

2.86 – 2.66 (m, 2H), 2.66 – 2.41 (m, 2H), 2.25 – 2.19 (m, 1H), 2.15 (s, 3H, CH3); 

13C NMR (75 MHz, CDCl3) δc 179.1 (C=O), 141.3 (ArC), 140.2 (ArC), 138.7 

(ArC), 136.8 (ArC), 128.2 (ArC), 128.0 (ArC), 126.9 (ArC), 125.6 (ArC), 124.4 

(ArC), 124.3 (ArC), 102.8 (C-3a), 82.5 (CH-O), 64.2 (CH-N), 39.2 (CH2), 36.6 

(CH2), 32.1 (CH2), 20.9 (CH3); LRMS m/z (ESI+) calculated for C20H19NO2: 

305.1, found 306.1 [M+H]+; HPLC purity ≥ 95 %. 

 

(3aS,4aR,9bS)-3a-(4-methoxyphenyl)-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (9g): Following the general procedure, to a 

solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (80 mg, 0.523 mmol, 1.0 eq.) 

in toluene (4 mL) was added 3-(4-methoxybenzoyl)propionic acid (8g) (119 mg, 

0.575 mmol, 1.1 eq.). Reaction time: 15 h. The residue was purified by silica gel 

flash chromatography (EtOAc/n-hexane 1:1) to yield the title compound as a 

white crystalline solid (145 mg, 86 %); mp 163-165 °C; [𝛼]𝐷
21 = + 61.6 (c = 

0.001, CHCl3); 1H NMR (300 MHz, CDCl3) δH 7.39 (d, J = 7.2 Hz, 1H), 7.10 (t, J 

= 7.3 Hz, 1H), 7.04 – 6.93 (m, 3H), 6.74 (d, J = 7.5 Hz, 1H), 6.54 – 6.44 (m, 

2H), 5.78 (d, J = 6.6 Hz, 1H, CH-N), 5.13 (ddd, J = 7.4, 6.5, 1.9 Hz, 1H, CH-O), 

3.65 (s, 3H, OCH3), 3.08 (dd, J = 17.9, 7.5 Hz, 1H), 2.81 – 2.45 (m, 4H), 2.24 – 



2.12 (m, 1H); 13C NMR (75 MHz, CDCl3) δc 179.2 (C=O), 158.5 (ArC), 141.3 

(ArC), 138.7 (ArC), 135.4 (ArC), 128.3 (ArC), 126.9 (ArC), 125.8 (ArC), 125.5 

(ArC), 124.3 (ArC), 112.7 (ArC), 102.7 (C-3a), 82.5 (CH-O), 64.2 (CH-N), 55.1 

(OCH3), 39.3 (CH2), 36.5 (CH2), 32.1 (CH2); LRMS m/z (ESI+) calculated for 

C20H19NO3: 321.1, found 322.1 [M+H]+; HPLC purity ≥ 95 %. 

 

(3aS,4aR,9bS)-3a-(4-(methylsulfonyl)phenyl)-3,3a,4a,9b-tetrahydro-5H-

indeno[1,2-d]pyrrolo[2,1-b]oxazol-1(2H)-one (9h): Following the general 

procedure, to a solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (80 mg, 0.536 

mmol, 1.0 eq.) in toluene (4 mL) was added 3-(4-

methylsulfonylbenzoyl)propionic acid (9h) (151 mg, 0.590 mmol, 1.1 eq.). 

Reaction time: 15 h. The residue was purified by silica gel flash chromatography 

(EtOAc/n-hexane 1:1) to yield the title compound as a white crystalline solid 

(175 mg, 88 %); mp 204-206 °C; [𝛼]𝐷
21 = + 57.8 (c = 0.001, CHCl3); 1H NMR (300 

MHz, CDCl3) δH  7.59 – 7.49 (m, 2H), 7.36 – 7.27 (m, 3H), 7.05 (t, J = 7.1 Hz, 

1H), 6.94 (t, J = 7.5 Hz, 1H), 6.69 (d, J = 7.5 Hz, 1H), 5.87 (d, J = 6.2 Hz, 1H, 

CH-N), 5.11 (ddd, J = 7.0, 6.2, 1.4 Hz, 1H, CH-O), 3.12 (dd, J = 18.0, 6.9 Hz, 

1H), 2.88 (s, 3H, SO2CH3), 2.85 – 2.48 (m, 4H), 2.19 (s, 1H). 13C NMR (75 

MHz, CDCl3) δc 179.4 (C=O), 149.4 (ArC), 141.2 (ArC), 139.1 (ArC), 138.1 

(ArC), 128.4 (ArC), 127.1 (ArC), 126.5 (ArC), 125.7 (ArC), 125.6 (ArC), 124.2 

(ArC), 102.0 (C-3a), 82.5 (CH-O), 64.7 (CH-N), 44.2 (SO2CH3), 39.2 (CH2), 35.0 

(CH2), 31.5 (CH2); Anal. Calcd. [Found: C, 65.10 %; H, 4.98 %; N, 3.70 %, S, 

8.44 %, C20H19NO4S requires C, 65.02 %; H, 5.18 %; N, 3.79 %; S, 5.68 %]. 

 



(3aS,4aR,9bS)-3a-(3-fluoro-4-methoxyphenyl)-3,3a,4a,9b-tetrahydro-5H-

indeno[1,2-d]pyrrolo[2,1-b]oxazol-1(2H)-one (9i): Following the general 

procedure, to a solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (80 mg, 0.536 

mmol, 1.0 eq.) in toluene (4 mL) was added 3-(3-fluoro-4-

methoxylbenzoyl)propionic acid (8j) (124 mg, 0.590 mmol, 1.1 eq.). Reaction 

time: 15 h. The residue was purified by silica gel flash chromatography 

(EtOAc/n-hexane 1:1) to yield the title compound as a white crystalline solid 

(163 mg, 94 %); mp 129-131 °C; [𝛼]𝐷
21 = + 62.8 (c = 0.001, CHCl3); 1H NMR (300 

MHz, CDCl3) δH 7.37 (d, J = 7.5 Hz, 1H), 7.14 – 6.95 (m, 2H), 6.86 – 6.69 (m, 

3H), 6.54 – 6.45 (m, 1H), 5.80 (d, J = 6.5 Hz, 1H, CH-N), 5.11 (ddd, J = 7.3, 6.4, 

1.7 Hz, 1H, CH-O), 3.72 (s, 3H, OCH3), 3.10 (dd, J = 18.0, 7.3 Hz, 1H), 2.88 – 

2.43 (m, 4H), 2.15 (ddd, J = 13.4, 9.8, 3.4 Hz, 1H); 13C NMR (75 MHz, CDCl3) 

δc 179.2 (C=O), 151.3 (d, JC-F = 244.2 Hz), 146.4 (d, JC-F = 10.8 Hz), 141.2 

(ArC), 138.5 (ArC), 136.5 (d, JC-F = 5.3 Hz), 128.5 (ArC), 127.0 (ArC), 125.5 

(ArC), 124.3 (ArC), 120.3 (d, JC-F = 3.6 Hz), 112.8 (d, JC-F = 19.6 Hz), 112.1 (d, 

JC-F = 2.1 Hz), 102.1 (C-3a), 82.5 (CH-O), 64.4 (CH-N), 56.1 (OCH3), 39.3 

(CH2), 36.0 (CH2), 31.9 (CH2); LRMS m/z (ESI+) calculated for C20H18FNO3: 

339.1, found 340.1 [M+H]+; HPLC purity ≥ 95 %. 

 

3aR,4aS,9bR)-3a-(3-chloro-4-methylphenyl)-3,3a,4a,9b-tetrahydro-5H-

indeno[1,2-d]pyrrolo[2,1-b]oxazol-1(2H)-one (9j): Following the general 

procedure, to a solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (13 mg, 0.089 

mmol, 1.0 eq.) in toluene (1.8 mL) was added 4-(3-chloro-4-methylphenyl)-4-

oxobutanoic acid (8j) (20 mg, 0.089 mmol, 1.0 eq.). Reaction time: 16 h. The 

residue was purified by silica gel flash chromatography (EtOAc/n-hexane 1:1) to 



yield the title compound as a pale white solid (20 mg, 65 %); mp 119-122 °C; 

[𝛼]𝐷
21 = + 75.2 (c = 0.001, CHCl3); 1H NMR (300 MHz, CDCl3) δH 7.38 (d, J = 7.6 

Hz, 1H), 7.12 (t, J = 7. Hz, 1H), 7.06 – 6.93 (m, 2H), 6.92 – 6.69 (m, 3H), 5.82 

(d, J = 6.4 Hz, 1H, CH-N), 5.11 (ddd, J = 7.3, 6.5, 1.7 Hz, 1H, CH-O), 3.11 (dd, 

J = 17.9, 7.3 Hz, 1H), 2.92 – 2.37 (m, 4H), 2.24 – 2.13 (m and s, 4H); 13C NMR 

(75 MHz, CDCl3) δc 179.2 (C=O), 142.7 (ArC), 141.2 (ArC), 138.5 (ArC), 134.8 

(ArC), 133.4 (ArC), 129.9 (ArC), 128.5 (ArC), 127.1 (ArC), 125.6 (ArC), 125.5 

(ArC), 124.3 (ArC), 122.9 (ArC), 102.2 (C-3a), 82.6 (CH-O), 64.5 (CH-N), 39.3 

(CH2), 36.0 (CH2), 31.9 (CH2), 19.5 (CH3); LRMS m/z (ESI+) calculated for 

C20H18ClNO2: 339.1, found 340.2 [M+H]+; HPLC purity ≥ 95 %. 

 

(3R,3aS,4aR,9bS)-3a-(4-chlorophenyl)-3-methyl-3,3a,4a,9b-tetrahydro-5H-

indeno[1,2-d]pyrrolo[2,1-b]oxazol-1(2H)-one (9ka) and (3S,3aS,4aR,9bS)-

3a-(4-chlorophenyl)-3-methyl-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (9kb): Following the general procedure, to a 

solution of (1S, 2R)-(−)-cis-1-amino-2-indanol (6) (35 mg, 0.235 mmol, 1.0 eq.) 

in toluene (1.8 mL) was added 4-(4-chlorophenyl)-3-methyl-4-oxobutanoic acid 

(8k) (59 mg, 0.258 mmol, 1.1 eq.). Reaction time: 16 h. The residue was 

purified by silica gel flash chromatography (EtOAc/n-hexane 1:1) to yield 9ka as 

a pale white solid (34 mg, 42 %); mp 90-91 °C; [𝛼]𝐷
21 = + 15.3 (c = 0.001, 

CHCl3); 1H NMR (300 MHz, CDCl3) δ 7.34 (d, J = 7.4 Hz, 1H), 7.13 – 6.88 (m, 

6H), 6.76 (d, J = 7.4 Hz, 1H), 5.84 (d, J = 6.3 Hz, 1H, CH-N), 5.05 (ddd, J = 6.9, 

6.6, 1.5 Hz, 1H, CH-O), 3.10 (dd, J = 17.4, 6.3 Hz, 1H), 2.88 (dd, J = 17.4, 8.4 

Hz, 2H), 2.37 (dqd, J = 8.4, 7.1, 5.4 Hz, 1H), 2.18 (dd, J = 17.4, 5.4 Hz, 1H), 

1.15 (d, J = 7.1 Hz, 3H, CH3). 
13C NMR (75 MHz, CDCl3) δc 179.8 (C=O), 141.8 



(ArC), 141.2 (ArC), 138.4 (ArC), 133.0 (ArC), 128.5 (ArC), 127.4 (ArC), 127.0 

(ArC), 126.2 (ArC), 125.6 (ArC), 124.4 (ArC), 103.2 (C-3a), 82.6 (CH-O), 65.2 

(CH-N), 40.5 (CH2), 39.5 (CH2), 39.4 (CH2), 14.0 (CH3); LRMS m/z (ESI+) 

calculated for C20H18ClNO2: 339.1, found 340.2 [M+H]+; HPLC purity ≥ 95 %; 

and 9kb as a pale white solid (24 mg, 31 %); mp 149-151 °C; [𝛼]𝐷
21 = + 56.3 (c = 

0.001, CHCl3); 1H NMR (300 MHz, CDCl3) δH 7.32 (d, J = 7.3 Hz, 1H), 7.15 – 

6.88 (m, 6H), 6.75 (d, J = 7.4 Hz, 1H), 5.81 (d, J = 6.4 Hz, 1H, CH-N), 5.19 

(ddd, J = 7.1, 6.4, 1.4 Hz, 1H, CH-O), 3.11 (dd, J = 17.8, 7.1 Hz, 1H), 2.86 (d, J 

= 17.8 Hz, 1H), 2.80 – 2.61 (m, 2H), 2.48 – 2.28 (m, 1H), 0.59 (d, J = 6.6 Hz, 

3H, CH3); 
13C NMR (75 MHz, CDCl3) δc 176.1 (C=O), 141.0 (ArC), 138.5 (ArC), 

138.0 (ArC), 133.2 (ArC), 128.5 (ArC), 127.3 (ArC), 127.1 (ArC), 125.5 (ArC), 

124.4 (ArC), 104.2 (C-3a), 83.3 (CH-O), 63.2 (CH-N), 42.0 (CH2), 41.3 (CH2), 

39.5 (CH2), 16.4 (CH3); LRMS m/z (ESI+) calculated for C20H18ClNO2: 339.1, 

found 340.2 [M+H]+; HPLC purity ≥ 95 %. 

 

(3aR,4aS,9bS)-3a-(4-fluorophenyl)-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (10c): Following the general procedure, to a 

solution of (1R, 2S)-(−)-cis-1-amino-2-indanol (7) (40 mg, 0.268 mmol, 1.0 eq.) 

in toluene (2 mL) was added 3-(4-fluorobenzoyl)propionic acid (8c) (58 mg, 

0.295 mmol, 1.1 eq.). Reaction time: 21 h. The residue was purified by silica gel 

flash chromatography (EtOAc/n-hexane 1:1) to yield the title compound as a 

pale white solid (73 mg, 88 %); mp 106-107 °C; [𝛼]𝐷
21 = - 71.2 (c = 0.001, CHCl3); 

1H NMR in accordance with the one obtained for compound 9c; LRMS m/z 

(ESI+) calculated for C29H16FNO2: 309.1, found 310.2 [M+H]+; HPLC purity ≥ 95 

%. 



 

(3aR,4aS,9bS)-3a-(4-chlorophenyl)-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (10d): Following the general procedure, to a 

solution of (1R, 2S)-(−)-cis-1-amino-2-indanol (7) (82 mg, mmol, 0.550 mmol, 

1.0 eq.) in toluene (4 mL) was added 3-(4-chlorobenzoyl)propionic acid (8d) 

(129 mg, 0.605 mmol, 1.1 eq.). Reaction time: 21 h. The residue was purified by 

silica gel flash chromatography (EtOAc/n-hexane 1:1) to yield the title 

compound as a pale white solid (159 mg, 89 %); mp 154-156 °C; [𝛼]𝐷
21 = - 76.9 

(c = 0.001, CHCl3); 1H NMR in accordance with the one obtained for compound 

9d; Anal. Calcd. [Found: C, 70.36 %; H, 4.49 %; N, 4.30 %, C19H16ClNO4 

requires C, 70.05 %; H, 4.95 %; N, 4.30 %]. 

 

(3aR,4aS,9bS)-3a-(4-bromophenyl)-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (10e): Following the general procedure, to a 

solution of (1R, 2S)-(−)-cis-1-amino-2-indanol (7) (82 mg, 0.550 mmol, 1.0 eq.) 

in toluene (4 mL) was added 3-(4-bromobenzoyl)propionic acid (8e) (155 mg, 

0.605 mmol, 1.1 eq.). Reaction time: 17 h. The residue was purified by silica gel 

flash chromatography (EtOAc/n-hexane 1:1) to yield the title compound as a 

white crystalline solid (178 mg, 87 %); mp 171-172 °C; [𝛼]𝐷
21 = - 49.2 (c = 0.001, 

CHCl3); 1H NMR in accordance with the one obtained for compound 9e; LRMS 

m/z (ESI+) calculated for C19H16BrNO2: 369.0, found 370.2 [M+H]+; HPLC purity 

≥ 95 %. 

 



(3aR,4aS,9bR)-3a-(3-chloro-4-methylphenyl)-3,3a,4a,9b-tetrahydro-5H-

indeno[1,2-d]pyrrolo[2,1-b]oxazol-1(2H)-one (10j): Following the general 

procedure, to a solution of (1R, 2S)-(−)-cis-1-amino-2-indanol (7) (32 mg, 0.214 

mmol, 1.0 eq.) in toluene (1.7 mL) was added 4-(3-chloro-4-methylphenyl)-4-

oxobutanoic acid (8j) (54 mg, 0.236 mmol, 1.1 eq.). Reaction time: 20 h. The 

residue was purified by silica gel flash chromatography (EtOAc/n-hexane 1:1) to 

yield the title compound as a pale white solid (55 mg, 75 %); mp 120-123 °C; 

[𝛼]𝐷
21 = - 67.7 (c = 0.001, CHCl3); 1H NMR in accordance with the one obtained 

for compound 9j; LRMS m/z (ESI+) calculated for C20H18ClNO2: 339.1, found 

340.2 [M+H]+; HPLC purity ≥ 95 %. 

 

(3S,3aR,4aS,9bR)-3a-(4-chlorophenyl)-3-methyl-3,3a,4a,9b-tetrahydro-5H-

indeno[1,2-d]pyrrolo[2,1-b]oxazol-1(2H)-one (10ka) and (3R,3aR,4aS,9bR)-

3a-(4-chlorophenyl)-3-methyl-3,3a,4a,9b-tetrahydro-5H-indeno[1,2-

d]pyrrolo[2,1-b]oxazol-1(2H)-one (10kb): Following the general procedure, to 

a solution of (1R, 2S)-(−)-cis-1-amino-2-indanol (7) (34 mg, 0.228 mmol, 1.0 

eq.) in toluene (1.8 mL) was added 4-(4-chlorophenyl)-3-methyl-4-oxobutanoic 

acid (8k) (57 mg, 0.251 mmol, 1.1 eq.). Reaction time: 18 h. The residue was 

purified by silica gel flash chromatography (EtOAc/n-hexane 1:1) to yield 10ka 

as a pale white solid (40 mg, 51 %); mp 88-90 °C; [𝛼]𝐷
21 = - 21.8 (c = 0.001, 

CHCl3); 1H NMR in accordance with the one obtained for compound 9ka; LRMS 

m/z (ESI+) calculated for C20H18ClNO2: 339.1, found 340.2 [M+H]+; HPLC purity 

≥ 95 %; and 10kb as a pale white solid (26 mg, 34 %); mp 147-150 °C; [𝛼]𝐷
21 = - 

44.7 (c = 0.001, CHCl3); 1H NMR in accordance with the one obtained for 



compound 9kb; LRMS m/z (ESI+) calculated for C20H18ClNO2: 339.1, found 

340.2 [M+H]+; HPLC purity ≥ 95 %. 

 

4.2  NMDAR antagonist activity 

The assessment of NMDA receptors blocking activity was tested in rat 

embryonary cortical neurons, following a procedure recently described42, with 

slight modifications. Female rats in the 18th day of pregnancy were sacrificed 

by decapitation, avoiding unnecessary suffering to animals. Thus, we have 

followed established protocols that fulfill the European Union Council Directive 

issued for these purposes, and approved by the Committee of ethics in Animal 

experimentation at the School of Medicine, Universidad Autonoma of Madrid, 

Spain. Rat embryos were immediately taken from wombs by caesarean 

operation and their brains were carefully extracted. After removing meninges, a 

central portion of the total cortex was isolated. Collected cortical tissues from 

several embryos were digested mechanically for 5 min. Then, the cells obtained 

were suspended in Neurobasal medium possessing 2% B-27, and finally 

seeded in 96-well black, clear-bottomed, plates at a density of 30 000 cells per 

well. These neurons cultures matured for 8–10 days until a dense neuronal 

network was evidenced by microscope. Once, cultures were ready for being 

used, neuronal medium was replaced by Krebs-HEPES with the following 

composition (in mM): 144 NaCl, 5.9 KCl, 2.5 MgCl2, 10 glucose, 10 HEPES, 2 

Ca2+; pH 7.4 at 37 º C, which was subsequently replaced by one similar with 3 

μM of Fluo-4/AM. At this way, cells fluorescent dye was allowed to load neurons 

for 45 min at 37 °C. Once within cells, the acetoxymethyl ester form of Fluo-4 

dye is hydrolyzed by intracellular esterases to form the Ca2+-sensitive, Fluo-4 in 



its carboxylate form, thus unable to leak to the extracellular media. After time 

loading time, cells were washed with Krebs-HEPES twice more, and incubated 

with compounds at the desired concentration for 10 min. Several wells were 

only incubated with vehicle (DMSO) to estimate maximal [Ca2+]i elevation upon 

NMDA 10 μM injection, by opening of the NMDA-sensitive glutamate receptors. 

The [Ca2+]i dependent elevation of fluorescence was appraised in a 

fluorescence multi-wells plate reader (FLUOstar Optima, BMG, Germany), 

where wavelengths of excitation and emission were 485 and 520 nm, 

respectively. The experiments were carried out at room temperature. 

Fluorescence was recorded along NMDA injection. At the end of the 

experiment, Triton X-100 (5%) was applied to obtain the maximal fluorescence, 

i.e. Fmax, in each well. Then, MnCl2 1M was applied to obtain the basal 

fluorescence, i.e. Fmin, in each well. With these values, data were represented 

as percentage of fluorescence increase respect to control, according to the 

formula ΔF/ ΔFcontrol ×100, where ΔF and ΔFcontrol ([Ca2+]i of neurons only 

incubated with vehicle) are the percent increases of fluorescence with respect 

to the Fmax−Fmin interval in each well. 

 

4.3 In Vitro toxicity 

Cytotoxicity was assessed in two cell lines, using 3-(4,5-dimethyl-2-thiazolyl)- 

2,5-diphenyl-2H-tetrazolium bromide (MTT), as described previously.43 Cells 

were obtained from the American Type Culture Collection: HEK 293T – human 

embryonic kidney epithelial cell line (ATCC® CRL-3216™) and HepG2 a human 

derived liver hepatocellular carcinoma cell line (ATCC® HB-8065™). Cell 



culture medium with DMSO and doxorubicin were used as controls. IC50’s were 

determined by a non-linear regression using GraphPad PRISM software. 

 

4.4 In Vitro Blood–Brain Barrier Permeation Assay (PAMPA-BBB) 

Prediction of the brain penetration was evaluated using a parallel artificial 

membrane permeation assay for the blood-brain barrier (PAMPA-BBB), in a 

similar manner as previously described.44-46 Pipetting was performed with a 

semi-automatic pipettor (CyBi®-SELMA) and UV reading with a microplate 

spectrophotometer (Multiskan Spectrum, Thermo Electron Co.). Commercial 

drugs, phosphate buffered saline solution at pH 7.4 (PBS), and dodecane were 

purchased from Sigma-Aldrich, Acros, and Fluka, respectively. Millex filter units 

(PVDF membrane, diameter 25 mm, pore size 0.45 μm) were acquired from 

Millipore. The porcine brain lipid (PBL) was obtained from Avanti Polar Lipids. 

The donor microplate was a 96-well filter plate (PVDF membrane, pore size 

0.45 μm) and the acceptor microplate was an indented 96-well plate, both from 

Millipore. The acceptor 96-well microplate was filled with 200 μL of PBS:ethanol 

(70:30) and the filter surface of the donor microplate was impregnated with 4 μL 

of porcine brain lipid (PBL) in dodecane (20 mg mL-1). Compounds were 

dissolved in PBS: ethanol (70:30) at 100 μg mL-1, filtered through a Millex filter, 

and then added to the donor wells (200 μL). The donor filter plate was carefully 

put on the acceptor plate to form a sandwich, which was left undisturbed for 120 

min at 25 ºC. After incubation, the donor plate was carefully removed and the 

concentration of compounds in the acceptor wells was determined by UV-Vis 

spectroscopy. Every sample was analyzed at five wavelengths, in four wells and 

at least in three independent runs, and the results are given as the mean ± 



standard deviation. In each experiment, 10 quality control standards of known 

CNS permeability were included to validate the analysis set. 

 

4.5 Molecular Docking 

The Protein Data Bank NMDAR crystal structure 5UN1 (www.rcsb.org) was 

used for testing the molecules as channel blockers. The 5UN1 PDB structure 

was loaded and prepared/protonated in MOE47 after deleting everything but 

chains E,F,G and H. These chains and the co-crystallized ligand MK-801 (1) of 

chain G were saved separately as PDB files. Both files were then converted to 

PDBQT format using python scripts included in the autodock MGLTools 

package. The SMINA48 docking program was used to re-dock the MK-801 (1) 

co-crystallized molecule using the VINA scoring function, the crystallographic 

coordinates of the MK-801 (1)  molecule to define the docking box, the 

exhaustiveness set at 100 and using all other parameters as default. All 

molecules were built, prepared and minimized in MOE (default force field and 

parameters) and each PDB file was converted to the respective PDBQT file 

format using the same python script as for MK-801 (1). The flexible alignment 

module of MOE was used to study the conformation space of the molecules 

using a flexible description, and default parameters. All docking results were 

analyzed using MOE and pymol 2.3.0 (www.pymol.org). 
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Appendix A. Supplementary data 

Supplementary data associated with this article can be found in the online 

version. These data include: X-ray crystallographic data for compounds 9a, and 

10kb; Binding affinities of the tested molecules obtained by molecular docking; 

1H and 13C NMR spectra for compounds 9a, 9e, 10e, and 10kb. 
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