
 

Original article 

revista.iq.unesp.br 

| Vol. 47 | n. 2 | 2022 | 

 
 
 

17                                   Eclética Química Journal, vol. 47, n. 2, 2022, 17-35 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v47.2.2022.p17-35 
 

Levetiracetam analogs: chemoenzymatic synthesis, absolute 

configuration assignment and evaluation of cholinesterase inhibitory 

activities 
 
Cintia Duarte de Freitas Milagre1+ , Bruno Sergio do Amaral1 , João Marcos Batista Junior2,3 , Adriana 
Ferreira Lopes Vilela4 , Carmen Lúcia Cardoso4 , Humberto Marcio Santos Milagre1  

 
1. São Paulo State University, Institute of Chemistry, Araraquara, Brazil. 
2. Federal University of São Carlos, Department of Chemistry, São Carlos, Brazil. 
3. Federal University of São Paulo, Institute of Science and Technology, São José dos Campos, Brazil. 
4. University of São Paulo, Faculty of Philosophy, Sciences and Letters, Ribeirão Preto, Brazil. 
 
+Corresponding author: Cintia Duarte de Freitas Milagre, Phone: +55 16 33019668, Email address: cintia.milagre@unesp.br 
 

 

ARTICLE INFO 

 

Article history: 

Received: July 19, 2021 

Accepted: September 14, 2021 

Published: April 01, 2022 

 

Section Editor: Assis Vicente Benedetti 

 

 

Keywords 

1. N-heterocycles 

2. N-alkylation 

3. biocatalysis 

4. electronic circular dichroism (ECD) 

 

 

 
 

ABSTRACT: A chemoenzymatic approach for the 

synthesis of α-N-heterocyclic ethyl- and phenylacetamides, 

levetiracetam analogs, is described. Eight nitrile substrates 

were prepared through the N-alkylation of heterocycles (2-

pyrrolidinone, 2-piperidinone, 2-oxopiperazine and 1-

methylpiperazine) directly from hydroxyl group of ethyl and 

phenyl α-hydroxynitriles with yield of 35−71% after 12 h. 

Twenty nitrile hydratases (NHases) were screened and 

showed that the N-derivatives lactam substrates led to their 

correspondent amides by Co-type NHase with conversion and 

enantiomeric excess of up to 47.5 and 52.3% for (S)-

enantiomer, while the piperazine substrates underwent 

spontaneous decomposition by retro-Strecker reaction. In 

order to avoid a retro-Strecker reaction of α-aminonitriles, 

ionic liquids and polyethylene glycol (PEG400) were 

evaluated as alternative green solvents to aqueous buffered 

solutions in different proportions. Temperature was another 

parameter investigated during reaction-medium engineering 

for process optimization. However, unconventional reaction 

media and low temperature significantly reduced the NHase  

activity. The absolute configuration of α-N-heterocyclic ethyl- and phenylacetamides, some of which were new 

compounds, was determined using electronic circular dichroism (ECD) spectroscopy. Additionally, their potential as 

cholinesterase’s inhibitors was evaluated. 
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1. Introduction 
 

N-heterocycles are a key structural unit, which are 

vastly distributed among natural products and 

biomolecules, such as DNA and RNA, and correspond 

to more than 70% of all pharmaceuticals and 

agrochemicals (Liu et al., 2019; Saini et al., 2013). In 

addition, they play an important role in materials 

science, photonics, supramolecular and polymer 

chemistry (Chen et al., 2019; Hong et al., 2016). 

Therefore, given their importance, there is an increasing 

interest in synthesizing compounds bearing an N-

heterocyclic scaffold. An interesting example in 

pharmaceuticals is levetiracetam (((2S)-2-

oxopyrrolidin-1-yl)butanamide, Keppra) (Fig. 1), an 

antiepileptic drug that contains a pyrrolidinone unit and 

is commercialized by UCB Pharma, with sales over € 

790 million in 2018, where € 221 million corresponded 

to the US market, € 216 million to the European market 

and € 352 million to international markets. Its patent in 

Japan expired in 2020, which impacted the US sales net 

by generic competition (UCB, 2019). In 2020, the 

continued generic erosion in the US has been 

compensated by recovery from a local, one-time rebate 

adjustment in Europe and continued growth in 

international markets, where in Japan the UCB team 

took over distribution of E Keppra from their former 

partner, reporting net sales of € 788 million. The 

incorporation of levetiracetam in the Brazilian public 

health care system (Sistema Único de Saúde, SUS) was 

approved in December of 2017 (Brazil, 2017). 

During levetiracetam discovery and development, a 

structure-activity-based study by Kenda et al. (2004) 

showed that the amide moiety, as well as the C4-

aliphatic chain, is essential for its pharmacological 

activity. Moreover, the asymmetric center should have 

(S) absolute configuration and pyrrolidinone is 

preferable over piperazine or N-aliphatic derivatives. To 

this end, several synthetic routes to levetiracetam have 

been described in the literature (Anuradha and Preeti, 

2013; Chaudhry et al., 2014; Krasowski and McMillin, 

2014; Lyseng-Williamson, 2011a; 2011b; Narczyk et 

al., 2019; Tucker et al., 2009; Uges and Vecht, 2010). 

However, many of these are long, require an excess of 

chemicals and solvents that commonly results in the 

loss of material and use hazardous reagents. It may also 

involve extreme temperatures (from –78 to 200 °C), 

protection/deprotection steps and the need of either 

chromatographic separation or chemical resolution 

leading to low-efficiency processes from economic and 

environmental perspectives. 

Nowadays, complementary catalytic alternatives to 

stoichiometric reagents for chemical transformations, 

such as chemoenzymatic synthetic strategies, are 

mature and widely adopted in the industrial 

manufacturing of fine chemicals and active 

pharmaceutical ingredients, with the aim of making 

organic synthesis greener (Bisogno et al., 2017; Hönig 

et al., 2017; Sheldon and Pereira, 2017; Souza et al., 

2017). Commercially, levetiracetam is currently 

produced via a chemoenzymatic process, where the 

biocatalytic step corresponds to the kinetic resolution of 

a racemic 2-pyrrolidinonylnitrile catalyzed by an 

engineered nitrile hydratase (94% enantiomeric excess 

[ee], 43% yield), followed by enantiomeric enrichment 

(> 99% ee) through recrystallization and recycling of 

the undesired (R)-enantiomer by base-mediated 

racemization (Fig. 1) (Tucker et al., 2009). 

Nitrile hydratases (NHase, EC 4.2.1.84) are 

metalloproteins that contain either non-heme iron(III) or 

non-corrin cobalt(III) centers in their active site—or 

zinc in the case of NHases from Myrothecium 

verrucaria—and catalyze the hydration of nitrile into 

the corresponding amide, without formation of 

carboxylic acid as a coproduct. The enzyme consists of 

α- and β-subunits, with the active site being located at 

the interface of the two subunits (D’Antona and 

Morrone, 2010). The metal cofactor is bound to the α-

subunit, and although the substrate is linked to this 

subunit, the individual subunit has no catalytic activity 

(Nelp et al., 2014). The Fe-type NHase exhibits 

photoreactivity regulated by nitric oxide (NO), while 

the Co-type NHase does not. Empirical observations 

relate preferential substrate affinity of Fe-type NHase 

for small aliphatic nitriles, while Co-type NHase 

displays preferential affinity for aromatic nitriles due to 

the differences in their substrate binding pockets 

(Miyanaga et al., 2004; van Pelt et al., 2011). Initial 

studies indicated a low stereoselectivity for NHases, 

where the stereoselective conversion of a nitrile to the 

corresponding carboxylic acid was conducted by 

amidases (EC 3.2.1.4) or nitrilases (EC 3.5.5.1), which 

are other important enzymes in the pathways of nitrile 

metabolism in nature (Shen et al., 2012). However, 

even if a poor stereoselectivity is detected for an 

NHase, it can be engineered through directed evolution, 

rational design, or combined approaches to generate 

enzymes with higher stereoselectivity. In addition, the 

enantioselectivity can be further improved by medium 

engineering (Tao et al., 2010). The opportunities, as 

well as many of the challenges, come together in the 

hydration of bulky nitriles. 
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Figure 1. Chemoenzymatic route to levetiracetam using nitrile hydratase (NHase). 

Source: Elaborated by the authors using data from Tucker et al. (2009). 

 

In this work, a set of 20 commercially available 

NHases had their substrate scope and enantioselectivity 

evaluated towards an ethyl and phenylacetonitrile series 

of α-N-substituted heterocycles to assess potential 

biological activities. Initially, the synthetic route used 

inexpensive aldehydes (propionaldehyde and 

benzaldehyde) to build α-hydroxynitriles, which had 

their hydroxyl group substituted by a better leaving 

group, such as chlorine, with subsequent substitution of 

chlorine by N-heterocycles (2-pyrrolidinone, 2-

piperidinone, 2-oxopiperazine and 1-methylpiperazine). 

However, it was found that the direct N-alkylation of 

these heterocycles could be achieved in high yields 

directly from the α-hydroxynitriles, thus shortening the 

route in one step. In addition to the Co-type and Fe-type 

NHases screening, medium engineering focusing on 

evaluation of solvent systems to avoid a retro-Strecker 

reaction in aqueous buffered media, as well as the 

temperature influence, was investigated. The absolute 

configuration of α-N-heterocyclic ethyl- and 

phenylacetamides, some of which were new 

compounds, was determined using electronic circular 

dichroism (ECD) spectroscopy. Finally, an inhibition 

assay for acetylcholinesterase was carried out using the 

freshly prepared α-N-heterocyclic ethyl- and 

phenylacetamides. 

 

2. Experimental 
 

Unless otherwise noted, all reagents and solvents 

obtained from commercial suppliers were used without 

further purification. The 20 nitrile hydratases were 

obtained from Prozomix Limited (Prozomix, 2020). 

Macherey-Nagel Gel 60 F254 plates were used for 

analytical thin layer chromatography (TLC) and 

visualization under UV light (254 nm) for aromatic 

compounds or spray reagents (phosphomolybdic acid 

ethanol solution or p-anisaldehyde–sulfuric acid 

solution) for aliphatic compounds. Dry-column flash 

chromatography was performed on silica Gel (230–400 

mesh) (Casey et al., 1990). 1H and 13C nuclear magnetic 

resonance (NMR) spectra were recorded on a Bruker–

Fourier 300 operating in 300.19 and 75.48 Hz, 

respectively, in deuterated chloroform (CDCl3) or 

deuterated dimethylsulfoxide (DMSO-d6) 19F NMR 

spectra were recorded on a Bruker Avance 400 

operating in 376.48 Hz in DMSO-d6. All NMR 

chemical shifts were expressed in ppm and coupling 

constants (J) in Hertz (Hz), using the solvent signal as 

internal standard. Fourier transform infrared (FT-IR) 

were recorded in Thermo Scientific Nicolet iS5 and the 

scan range was from 4000 to 500 cm–1 in KBr pellet. 

Melting points (MPs) were measured on a digital device 

Microquímica MQAPF-302, with a resolution of 0.1 °C 

in coverslips. 

Enzymatic reactions conversions were determined 

by Shimadzu GC-2010 Plus gas chromatography (GC) 

equipped with an auto-injector AOC-20i, fitted with a 

flame ionization detector (FID) and a fused silica 

capillary column Rtx-5 RESTEK 30 m × 0.25 mm × 

0.25 µm. Temperature program: 80 °C (3 min), gradient 

30 °C min–1 to 280 °C (5 min). Tinjector = 260 °C, 
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Tdetector= 300 °C. H2 was used as carrier gas at a column 

flow rate of 1.22 mL min–1. Gas chromatography-mass 

spectrometry analysis (GC-MS) was performed on a 

Shimadzu GC-2010 plus GC coupled to a Shimadzu 

MSQP 2010 Plus mass-selective detector in electron 

ionization (EI, 70 eV) mode. The GC-MS oven was 

fitted with a fused silica capillary column DB-5 J&W 

Scientific 30 m × 0.25 mm × 0.25 µm. The same gas 

chromatography-flame ionization detector (GC-FID) 

analysis conditions were employed for GC-MS 

analysis, but with helium as carrier gas. 

Enantiomeric excesses (ees) were determined by 

high-performance liquid chromatography (HPLC). 

Jasco analytical instruments modular HPLC system 

contained Jasco PU-2089 pump, a Jasco AS-2055 

injector, a Jasco MD-2010 diode array detector and a 

Jasco CD-2095 circular dichroism. Enantiomeric 

separation of 5a, 5b and 9b were performed using the 

Chiralcel OD-H column (250 × 4.6 mm, 5 µm, Daicel) 

in isocratic elution mode with a mixture of n-

hexane/propan-2-ol 90:10 (v/v) as mobile phase. The 

enantiomeric separation of 9a was performed using the 

Chiralcel IC column (250 × 4.6 mm, 5 µm, Daicel) in 

isocratic elution with a mixture of hexane/propan-2-ol 

70:30 (v/v) as mobile phase. Flow rate was 1.0 mL min–

1 and circular dichroism operating in 220 nm. Retention 

times were: (+)-(R)-5a 18.0 min; (−)-(S)-5a 24.3 min, 

(R)-5b 18.7 min; (S)-5b 30.0 min, (R)-9a 31.9 min; (S)-

9a 42.2 min, (S)-9b 19.8 min; (R)-9b 24.7 min. The 

compound (−)-(S)-5a was confirmed with authentical 

standard levetiracetam ≥ 98% (Sigma-Aldrich, Saint, 

Louis, MO, USA) by high-performance liquid 

chromatography/diode array detector coupled with 

circular dichroism detection (HPLC-DAD-CD) 

analysis. The ECD spectra of each enantiomer of 5b, 9a 

and 9b eluting from the chiral HPLC were measured in 

the Jasco CD-2095 detector by trapping in a 3.0 cm 

quartz cell through a switching valve. The spectra were 

average computed over three instrumental scans, and 

the intensities are presented in terms of ellipticity values 

(mdeg). The ECD spectra were baseline corrected by 

subtraction from a measurement obtained for the same 

solvent used, as described above. 

 

2.1 General procedure for the synthesis of 2-

hydroxybutanenitrile (2) 
 

The aliphatic α-hydroxynitrile 2 was synthetized 

from propionaldehyde 1 (1 mmol), sodium cyanide 

(1 mmol) and NaHSO3 (1 mmol) according to the 

Young et al. (2003) procedure. The crude product was 

purified by dry-column flash chromatography 

(heptane/EtOAc gradient), furnishing 2 as a colorless 

liquid (70% yield). Infrared (KBr) ν/cm–1 3431, 2976, 

2941, 2883, 2248, 1463, 1123, 1104, 1059, 1025, 982; 

MS (EI 70 eV) m/z (%): 59 (30), 58 (30), 57 (100), 56 

(30); 1H NMR (300.19 MHz, CDCl3) δ 4.44 (t, 1H, J 

6.6 Hz, CH), 1.96–1.80 (m, 2H, CH2), 1.10 (t, 3H, J 7.4 

Hz, CH3); 13C NMR (75.48 MHz, CDCl3) δ 119.93 (C0), 

62.48 (CH), 28.49 (CH2), 8.91 (CH3). 

Caution: all procedures involving sodium cyanide 

were performed in a well-ventilated lab-hood equipped 

with a calibrated HCN detector. NeutraliMass 

spectrometryzation of HCN-containing waste was 

performed with commercial bleach (14% sodium 

hypochlorite solution). The wastes were then stored 

over a large excess of bleach for disposal. 

 

2.2 Procedure for the synthesis of α-halonitriles 

(3 and 7) 
 

Based on Choi et al. (2016), 0.335 mg of phosphoryl 

bromide (1.17 mmol) was weighed in a round bottom 

flask and closed with a rubber septum. With a glass 

syringe, 450 µL of anhydrous benzene, 195 µL of 

pyridine (2.4 mmol) and 85 mg of 2 (1 mmol) were 

added. The reaction mixture was stirred at room 

temperature for 24 h and the solvent was evaporated 

under reduced pressure. The residue was diluted in 10 

mL of EtOAc and the crude mixture was washed with 

water (3 × 10 mL). The organic phase was dried over 

anhydrous MgSO4 and the solvent was evaporated, 

furnishing 3 as a purple liquid (15% yield). Mass 

spectrometry analysis (EI 70 eV) m/z (%): 121 (12), 119 

(12), 81 (13), 79 (13), 68 (83), 52 (16), 41 (100), 39 

(57). 

The 2-chloro-2-phenylacetonitrile 7 was synthetized 

from mandelonitrile 6 (1 mmol), pyridine (1.1 mmol) 

and SOCl2 (1.1 mmol) in chloroform, according to the 

Zhang et al. (2013) procedure. The crude product was 

purified by dry-column flash chromatography 

(hexane/EtOAc gradient), furnishing 7 as a yellow oil 

(63% yield). Mass spectrometry analysis (EI 70 eV) m/z 

(%): 59 (30), 58 (30), 57 (100), 56 (30); 1H NMR 

(300.19 MHz, CDCl3) δ 7.58–7.53 (m, 2H, Ar-H), 

7.48–7.45 (m, 3H, Ar-H), 5.56 (s, 1H, CH). 

 

2.3 General procedure for the synthesis of α-

substituted N-heterocyclic nitriles (4a–b and 8a–

b) 
 

The reactions were carried out using Teflon-lined 

stainless-steel autoclave and equipped with a magnetic 

stirrer, based on the method described by Jenner (1989). 
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In a typical experiment, RuCl3.xH2O (3.5 mol%) 

dissolved in 1 mmol of α-hydroxynitrile (2-

hydroxybutanenitrile 2 or mandelonitrile 6) and 5 mmol 

of nucleophile 2-pyrrolidinone a or 2-piperidinone b 

were introduced into the polytetrafluoroethylene 

(PTFE)-lined stainless steel synthesis autoclave. The 

autoclave was closed and heated up to 150 °C for 12 h 

with magnetic stirring and endogenous pressure. The 

reaction mixture was cooled down to room temperature 

followed by addition of 5 mL of EtOAc, filtration 

through filter paper and washing with water basified 

with NaOH at pH 10 (2 × 3 mL). The organic phase 

was dried over anhydrous MgSO4 and the solvent was 

evaporated under reduced pressure to give a crude 

mixture (brown oil), which was purified by dry-column 

flash chromatography (heptane/EtOAc gradient). 

2-(2-oxopyrrolidin-1-yl)butanenitrile (4a): orange 

oil, 38% yield. Purification by dry silica 

chromatography, 100% EtOAc, IR (KBr) ν/cm–1 3515, 

2976, 2938, 2881, 2243, 1690, 1417, 1281, 1216, 933, 

814, 642, 567; MS (EI 70 eV) m/z (%): 152 (M ), 124 

(21), 123(100), 112 (37), 84 (17), 69 (66), 68 (35), 41 

(50); 1H NMR (300.19 MHz, CDCl3) δ 5.01 (t, 1H, J 

8.1 Hz, CH), 3.58–3.36 (m, 2H, CH2
*), 2.43 (t, 2H, J 

8.0 Hz, CH2*), 2.23–2.00 (m, 2H, CH2*), 2.00–1.84 (m, 

1H, CH2), 1.84–1.67 (m, 1H, CH2), 1.03 (t, 3H, J 7.4 

Hz, CH3); 13C NMR (75.48 MHz, CDCl3) δ 174.88 

(C0*), 117.12 (C0), 44.32 (CH), 43.56 (CH2*), 30.47 

(CH2*), 24.97 (CH2*), 17.92 (CH2), 10.23 (CH3); *2-

oxopyrrolidin-1-yl hydrogens and carbons. 

2-(2-oxopiperidin-1-yl)butanenitrile (4b): orange oil, 

39% yield. Purification by dry silica chromatography, 

heptane/EtOAc 1:9, IR (KBr) ν/cm–1 3527, 2936, 2878, 

2240, 1651, 1487, 1348, 1289, 1178, 1069, 980, 930, 

554; MS (EI 70 eV) m/z (%): 166 (M ), 151 (35), 138 

(32), 137 (36), 109 (100), 99 (72), 98 (79), 82 (34), 67 

(32), 55 (75), 41 (39); 1H NMR (300.19 MHz, CDCl3) δ 

5.67 (t, 1H, J 8.2 Hz, CH), 3.54–3.52 (m, 1H, CH2*), 

3.35–3.25 (m, 1H, CH2*), 2.46 (t, 2H, J 6.5 Hz, CH2*), 

1.93–1.70 (m, 6H, 2CH2* and CH2), 1.03 (t, 3H, J 7.4 

Hz, CH3); 13C NMR (75.48 MHz, CDCl3) δ 169.87 

(C0*), 117.77 (C0), 46.04 (CH), 43.98 (CH2*), 32.31 

(CH2*), 24.25 (CH2*), 23.04 (CH2), 21.05 (CH2*), 

10.20 (CH3); *2-oxopiperidin-1-yl hydrogens and 

carbons. 

2-(2-oxopyrrolidin-1-yl)-2-phenylacetonitrile (8a): 

brown oil, 42% yield. Purification by dry silica 

chromatography, heptane/EtOAc 2:8, IR (KBr) ν/cm–1 

3426, 2923, 2243, 1687, 1493, 1455, 1411 1263, 947, 

743, 701; MS (EI 70 eV) m/z (%): 200 (M ), 145 (51), 

144 (57), 117 (74), 116 (64), 104 (25), 89 (34), 77 (11); 
1H NMR (300.19 MHz, CDCl3) δ 7.46–7.38 (m, 5H, 

Ar-H), 6.47 (s, 1H, CH), 3.56–3.44 (m, 1H, CH2*), 

3.14–3.04  (m, 1H, CH2*), 2.58–2.36 (m, 2H, CH2*), 

2.20–1.91 (m, 2H, CH2*); 13C NMR (75.48 MHz, 

CDCl3) δ 174.69 (C0*), 131.67 (C0, Ar-C), 129.54 (Ar-

CH, 3C), 127.27 (Ar-CH, 2C), 115.75 (C0, CN), 46.66 

(CH), 43.23 (CH2*), 30.40 (CH2*), 17.65 (CH2*); *2-

oxopyrrolidin-1-yl hydrogens and carbons. 

2-(2-oxopiperidin-1-yl)-2-phenylacetonitrile (8b): 

brown oil, 45% yield. Purification by dry silica 

chromatography, heptane/EtOAc 3:7, IR (KBr) ν/cm–1 

3520, 2939, 2244, 1641, 1485, 1273, 1171, 1076, 981, 

921, 821, 725, 695, 651, 544; MS (EI 70 eV) m/z (%): 

214 (M ), 170 (47), 158 (46), 116 (61), 104 (29), 89 

(33), 55 (43); 1H NMR (300.19 MHz, CDCl3) δ 7.50–

7.32 (m, 5H, Ar-H), 7.21 (s, 1H, CH), 3.48–3.36 (m, 

1H, CH2*), 3.03–2.90 (m, 1H, CH2*), 2.64–2.42 (m, 

2H, CH2*), 1.92–1.72 (m, 4H, CH2*); 13C NMR (75.48 

MHz, CDCl3) δ 169.93 (C0*), 132.04 (C0, Ar-C), 

129.36 (Ar-CH, 3C), 127.38 (Ar-CH, 2C), 116.30 (C0, 

CN), 47.99 (CH), 43.81 (CH2*), 32.46 (CH2*), 22.99 

(CH2*), 21.12 (CH2*); *2-oxopiperidin-1-yl hydrogens 

and carbons. 

 

2.4 General procedure for the synthesis of α-

substituted N-heterocyclic nitriles (4c–d and 8c–

d) 
 

Based on Altenkämper et al. (2009), 1 mmol of 2-

hydroxybutanenitrile 2 or mandelonitrile 6 was 

dissolved in 0.5 mL acetonitrile (HPLC grade) and 3 

mmol of 2-oxopiperazine c or 1-methylpiperazine d 

were added. The mixture was heated under reflux for 5–

8 h (for reactions with 2-hydroxybutanenitrile) and 20–

24 h (for reactions with mandelonitrile). After removing 

the acetonitrile under reduced pressure, 5 mL EtOAc 

was added, and the crude mixture was washed with a 

saturated solution of K2CO3 (3 × 3 mL). The organic 

phase was dried over anhydrous MgSO4, and the 

solvent was evaporated to yield the expected product. 

2-(3-oxopiperazin-1-yl)butanenitrile (4c): white 

solid, 20% yield. Melting point 114–115 °C; IR (KBr) 

ν/cm–1 3266, 2975, 2940, 2883, 2798, 2227, 1664, 

1347, 1170, 1077, 855, 753, 622; MS (EI 70 eV) m/z 

(%): 167 (M ), 138 (98), 110 (100), 99 (31), 97 (27), 

42 (82), 41 (35); 1H NMR (300.19 MHz, CDCl3) δ 6.37 

(bs, 1H, NH), 3.56–3.12 (m, 5H, CH and 2CH2*), 2.96–

2.84 (m, 1H, CH2*), 2.75–2.58 (m, 1H, CH2*), 1.94–

1.75 (m, 2H, CH2), 1.08 (t, 3H, J 7.4 Hz, CH3); 13C 

NMR (75.48 MHz, CDCl3) δ 168.31 (C0*), 116.21(C0, 

CN), 58.76 (CH), 53.28 (CH2*), 46.39 (CH2*), 41.18 

(CH2*), 24.43 (CH2), 10.64 (CH3); *3-oxopiperazin-1-

yl hydrogens and carbons. 
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2-(4-methylpiperazin-1-yl)butanenitrile (4d): yellow 

oil, 38% yield. Infrared (KBr) ν/cm–1 2937, 2878, 2797, 

2222, 1456, 1377, 1285, 1167, 1010, 859, 809; MS (EI 

70 eV) m/z (%): 167 (M ), 141 (3), 140 (4), 111 (13), 

99 (100), 70 (31), 56 (66); 1H NMR (300.19 MHz, 

CDCl3) δ 3.39 (dd, 1H, J 8.6, 7.1 Hz, CH), 2.82–2.67 

(m, 2H, CH2*), 2.64–2.40 (m, 6H, CH2*), 2.32 (s, 3H, 

CH3*), 1.91–1.66 (m, 2H, CH2), 1.06 (t, 3H, J 7.4 Hz, 

CH3); 13C NMR (75.48 MHz, CDCl3) δ 117.02 (C0), 

59.55 (CH), 54.82 (CH2*, 4C), 45.85 (CH3*), 24.47 

(CH2), 10.76 (CH3); *4-methylpiperazin-1-yl hydrogens 

and carbons. 

2-(3-oxopiperazin-1-yl)-2-phenylacetonitrile (8c): 

white solid, 22% yield. Melting point 173–175 °C; IR 

(KBr) ν/cm–1 3439, 3208, 2972, 2893, 2849, 2231, 

1666, 1497, 1334, 1156, 1069, 758, 710, 521; MS (EI 

70 eV) m/z (%): 215 (M ), 186 (7), 171 (9), 145 (16), 

116 (73), 99 (100), 89 (25), 43 (29), 42 (64); 1H NMR 

(300.19 MHz, DMSO-d6) δ 7.91 (s, 1H, NH), 7.51–7.39 

(m, 5H, Ar-H), 5.52 (s, 1H, CH), 3.26–3.05 (m, 3H, 

CH2*), 2.85 (d, 1H, J 15.9 Hz, CH2*), 2.74–2.62 (m, 

1H, CH2*), 2.62–2.53 (m, 1H, CH2*); 13C NMR (75.48 

MHz, DMSO-d6) δ 166.42 (C0*), 132.54 (C0, Ar-C), 

128.96 (Ar-CH, 3C), 127.75 (Ar-CH, 2C), 115.48 (C0, 

CN), 59.57 (CH), 53.16 (CH2*), 45.42 (CH2*), 40.02 

(CH2*); *3-oxopiperazin-1-yl hydrogens and carbons. 

2-(4-methylpiperazin-1-yl)-2-phenylacetonitrile 

(8d): yellow solid, 71% yield. Melting point 63–64 °C; 

IR (KBr) ν/cm–1 3442, 3064, 2946, 2827, 2792, 2223, 

1450, 1285, 1144, 1010, 914, 812, 736, 700; MS (EI 70 

eV) m/z (%): 215 (M ), 116 (10), 99 (100), 70 (19), 56 

(60), 44 (37), 42 (26); HRMS (ESI) m/z, observed: 

216.1489; C13H17N3 [M+H]+ requires: 216.1495; 1H 

NMR (300.19 MHz, CDCl3) δ 7.56–7.47 (m, 2H, Ar-

H), 7.45–7.33 (m, 3H, Ar-H), 4.82 (s, 1H, CH), 2.63 

(m, 4H, CH2*), 2.47 (m, 4H, CH2*), 2.31 (s, 3H, CH3*); 

13C NMR (75.48 MHz, CDCl3) δ 133.10 (C0, Ar-C), 

129.01 (Ar-CH, 3C), 128.09 (Ar-CH, 2C), 115.45 (C0, 

CN), 62.14 (CH), 54.87 (CH2*, 4C), 45.89 (CH3*); *4-

methylpiperazin-1-yl hydrogens and carbons. 

 

2.5 General procedure for the synthesis of 

racemic amides (5a–b, 5d, 9a–b and 9d) 
 

Based on González-Vera et al. (2005), 1 mmol of 

the corresponding α-substituted N-heterocyclic nitriles 

(4a–b, 4d and 8a–b and 8d) were dissolved in 4 mL 

CH2Cl2 and followed by addition of 1.7 mL 

concentrated H2SO4. The mixture was stirred at room 

temperature (at different reaction times according to 

each compound, as shown below). After that, the 

reaction mixture was taken to an ice bath, neutralized 

with NaOH and extracted with EtOAc (3 × 10 mL). The 

organic phases were combined, dried over anhydrous 

MgSO4 and the solvent was evaporated under vacuum. 

Further purification was not necessary. 

2-(2-oxopyrrolidin-1-yl)butanamide (5a): reaction 

time 4 h, white solid, 80% yield. Melting point 116–117 

°C; IR (KBr) ν/cm–1 3392, 3320, 3255, 3204, 2966, 

2922, 2871, 1677, 1271, 1442, 694, 629; MS (EI 70 eV) 

m/z (%): 170 (M ), 126 (100), 98 (12), 69 (28), 58 

(13), 41 (26); 1H NMR (300.19 MHz, CDCl3) δ 6.33 

(bs, 1H, CONH2), 5.46 (bs, 1H, CONH2), 4.45 (dd, 1H, 

J 8.8, 6.9 Hz, CH), 3.49–3.35 (m, 2H, CH2*), 2.54–2.35 

(m, 2H, CH2*), 2.12–1.89 (m, 3H, CH2* and CH2), 

1.78–1.61 (m, 1H, CH2), 0.91 (t, 3H, J 7.4 Hz, CH3); 
13C NMR (75.48 MHz, CDCl3) δ 176.26 (C0*), 172.41 

(C0), 56.30 (CH), 44.07 (CH2*), 31.20 (CH2*), 21.15 

(CH2*), 18.28 (CH2), 10.62 (CH3); *2-oxopyrrolidin-1-

yl hydrogens and carbons. 

2-(2-oxopiperidin-1-yl)butanamide (5b): reaction 

time 60 h, brown solid, 21% yield. Melting point 106–

108 °C; IR (KBr) ν/cm–1 3351, 3204, 2947, 2872, 1675, 

1626, 1465, 1419, 1288, 1181, 976, 668; MS (EI 70 eV) 

m/z (%): 184 (M ), 167 (7), 141 (10), 140 (100), 112 

(25), 70 (12), 55 (24), 41 (13); 1H NMR (300.19 MHz, 

CDCl3) δ 6.33 (bs, 1H, CONH2), 5.33 (bs, 1H, 

CONH2), 5.00 (dd, 1H, J 8.5, 7.3 Hz, CH), 3.32–3.17 

(m, 2H, CH2*), 2.59–2.30 (m, 2H, CH2*), 2.00–1.65 

(m, 6H, 2CH2* and CH2), 0.91 (t, 3H, J 7.4 Hz, CH3); 
13C NMR (75.48 MHz, CDCl3) δ 172.74 (C0*), 171.48 

(C0), 57.37 (CH), 43.40 (CH2*), 32.64 (CH2*), 23.25 

(CH2*), 20.94 (CH2*), 20.13 (CH2), 10.58 (CH3); *2-

oxopiperidin-1-yl hydrogens and carbons. 

2-(4-methylpiperazin-1-yl)butanamide (5d): 

Reaction time 22 h, orange oil, 28% yield. Infrared 

(KBr) ν/cm–1 3357, 2962, 2798, 1671, 1459, 1284, 

1172, 1010, 866, 640; MS (EI 70 eV) m/z (%): 185 (M

), 142 (10), 141 (100), 98 (50), 70 (65), 56 (21), 42 

(29); 1H NMR (300.19 MHz, CDCl3) δ 6.77 (bs, 1H, 

CONH2), 5.57 (bs, 1H, CONH2), 2.82 (dd, 1H, J 7.4, 

5.2, CH), 2.76–2.48 (m, 8H, 4CH2*), 2.36 (s, 3H, 

CH3*), 1.83–1.65 (m, 2H, CH2), 0.99 (t, J 7.5, CH3); 
13C NMR (75.48 MHz, CDCl3) δ 175.86 (C0), 70.62 

(CH), 55.48 (4CH2*), 45.88 (CH3*), 21.56 (CH2), 11.03 

(CH3); *4-methylpiperazin-1-yl hydrogens and carbons. 

2-(2-oxopyrrolidin-1-yl)-2-phenylacetamide (9a): 

reaction time 20 h, white solid, 96% yield. Melting 

point 156–157 °C; IR (KBr) ν/cm–1 3383, 3314, 3257, 

3201, 2964, 2924, 2872, 1674, 1423, 1270, 702, 619, 

549; MS (EI 70 eV) m/z (%): 174 (100), 131 (36), 106 

(18), 91 (19), 77 (9), 70 (1); 1H NMR (300.19 MHz, 

CDCl3) δ 7.41–7.35 (m, 5H, Ar-H), 5.94 (bs, 1H, 

CONH2), 5.89 (s, 1H, CH), 5.75 (bs, 1H, CONH2), 

3.78–3.65 (m, 1H, H-12), 3.10–2.98 (m, 1H, CH2*), 
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2.56–2.30 (m, 2H, CH2*), 2.09–1.99 (m, 1H, CH2*), 

1.971.82 (m, 1H, CH2*); 13C NMR (75.48 MHz, 

CDCl3) δ 175.82 (C0*), 171.44 (C0), 134.33 (C0, Ar-C), 

129.30 (Ar-CH, 2C), 129.12 (Ar-CH, 2C), 128.88 (Ar-

CH, 1C), 58.74 (CH), 45.02 (CH2*), 31.08 (CH2*), 

18.19 (CH2*); *2-oxopyrrolidin-1-yl hydrogens and 

carbons. 

2-(2-oxopiperidin-1-yl)-2-phenylacetamide (9b): 

reaction time 60 h, brown solid, 58% yield. Melting 

point 154–155 °C; IR (KBr) ν/cm–1 3313, 3161, 2960, 

2869, 1697, 1613, 1484, 1412, 1296, 1178, 740, 701, 

516; MS (EI 70 eV) m/z (%): 232 (M ), 215 (12), 189 

(17), 188 (100), 91 (45), 82 (20), 55 (18); 1H NMR 

(300.19 MHz, CDCl3) δ 7.47–7.30 (m, 5H, Ar-H), 6.34 

(s, 1H, CH), 5.92 (bs, 1H, CONH2), 5.64 (bs, 1H, 

CONH2), 3.52–3.38 (m, 1H, CH2*), 2.96–2.84 (m, 1H, 

CH2*), 2.60–2.39 (m, 2H, CH2*), 1.90–1.60 (m, 4H, 

2CH2*); 13C NMR (75.48 MHz, CDCl3) δ 171.70 (C0*), 

171.10 (C0), 134.52 (C0, Ar-C), 129.70 (Ar-CH, 2C), 

128.96 (Ar-CH, 2C), 128.65 (Ar-CH, 1C), 60.34 (CH), 

45.27 (CH2*), 32.57 (CH2*), 23.30 (CH2*), 21.04 

(CH2*); *2-oxopiperidin-1-yl hydrogens and carbons. 

2-(4-methylpiperazin-1-yl)-2-phenylacetamide (9d): 

reaction time 23 h, brown solid, 85% yield. Melting 

point 163–165 °C; IR (KBr) ν/cm–1 3405, 3176, 2949, 

2795, 1655, 1449, 1291, 1157, 1011, 854, 692, 663; MS 

(EI 70 eV) m/z (%): 233 (M ), 190 (14), 189 (100), 

146 (13), 91 (37), 70 (35), 56 (16), 42 (22); 1H NMR 

(300.19 MHz, CDCl3) δ 7.39–7.28 (m, 5H, Ar-H), 6.85 

(bs, 1H, CONH2), 5.62 (bs, 1H, CONH2), 3.86 (s, 1H, 

CH), 2.57 (m, 8H, 4CH2*), 2.35 (s, 3H, CH3*); 13C 

NMR (75.48 MHz, CDCl3) δ 174.02 (C0), 135.55 (C0, 

Ar-C), 128.94 (Ar-CH, 2C), 128.85 (Ar-CH, 2C), 

128.59 (Ar-CH, 1C), 75.75 (CH), 55.10 (4CH2*), 45.54 

(CH3*); *4-methylpiperazin-1-yl hydrogens and 

carbons. 

 

2.6 Enzymatic activity assay 
 

Five microliters of NHases were suspended in 1 mL 

of Na-phosphate buffer (0.1 mol L–1, pH 7.00) in an 

Eppendorf tube followed by addition of n-butanenitrile 

(1 mg, 14.5 mol). The reaction was allowed to proceed 

for 1 min at 25 °C and 1000 rpm. After this period, the 

reaction was interrupted by the addition of 500 µL of 

EtOAc and the organic phase was analyzed by GC-FID. 

The enzymatic activity was measured by monitoring the 

n-butanenitrile consumption through the analytical 

curve (y = 20972x + 7121.9, R2 = 0.990). All enzymatic 

assays were performed in Na-phosphate buffer enriched 

with 0.8 µg L–1 of CoCl3.6H2O and 0.8 µg L–1 

FeCl3.6H2O. Before performing the enzymatic assays 

with Fe-type NHases, the enzymes were light 

reactivated by incubating them in Na-phosphate buffer 

(0.1 mol L–1, pH 7.0) on ice bath under sunlight for 

1.5 h. 

 

2.7 General procedure for NHase-catalyzed 

synthesis of amides in buffered aqueous medium 
 

In an Eppendorf tube, 1 mL of Na-phosphate buffer 

(0.1 mol L–1, pH 7.00), 10 µL of NHases, and 5 mol of 

substrate (4a–d and 8a–d) were added. The reactions 

were allowed to proceed for 48 h at 25 °C and 

1000 rpm. After that, 500 µL EtOAc was added and the 

mixture vortexed and centrifuged at 5000 rpm for 

1 min. The organic phase was analyzed by GC-FID to 

determine the conversion rates. Enantiomeric excesses 

were determined by HPLC-DAD-CD (EtOAc was 

eliminated under mild heating, 35 °C, and samples were 

dissolved in propan-2-ol). Control assays were carried 

out under the same experimental conditions; however, 

in the absence of the NHases. 

 

2.8 General procedure for ionic liquids synthesis 
 

Ionic liquids have been synthesized in two steps. 

Firstly 1-butyl-3-methylimidazolium chloride 

(BMIM.Cl) was prepared. Then, a metathesis reaction 

between the salt containing the corresponding anion and 

an alkali metal cation gave the ionic liquid (IL) of 

interest. 

 

2.8.1 Synthesis of 1-butyl-3-methylimidazolium 

chloride  
 

N-methylimidazole and 1-chlorobutane were 

refluxed in acetonitrile following the same procedure 

described by Dupont et al. (2002) furnishing BMIM.Cl. 

The white solid highly hygroscopic was obtained in 

88% yield and stored under N2. 1H NMR (300.19 MHz, 

DMSO-d6) δ 9.14 (s, 1H, CH*), 7.73 (dt, 2H, J 20.3, 1.7 

Hz, CH*), 4.15 (t, 2H, J 7.2 Hz, CH2), 3.84 (s, 3H, 

CH3*), 1.84–1.67 (m, 2H, CH2), 1.33–1.13 (m, 2H, 

CH2), 0.90 (t, 3H, J 7.3 Hz, CH3); 13C NMR (75.48 

MHz, DMSO-d6) δ 136.70 (CH*), 123.60 (CH*), 

122.28 (CH*), 48.42 (CH2), 35.73 (CH3*), 31.39 (CH2), 

18.78 (CH2), 13.30 (CH3); *3-methylimidazolium 

hydrogens and carbons. 
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2.8.2 General procedure for the synthesis of the 

ionic liquids of interest 
 

An equimolar mixture of salt (NaBF4, KPF6 or 

LiNTf2) and BMIM.Cl was vigorously stirred at room 

temperature for 24 h in excess of acetone. The reaction 

mixture was filtered in celite column and concentrated 

under reduced pressure and mild heating (30 °C). The 

obtained viscous liquid was dissolved in CH2Cl2 and 

washed with water (3×). The organic phase was dried 

over anhydrous MgSO4 under stirring for 1 h, followed 

by solvent evaporation under reduced pressure giving 

the IL. 

1-butyl-3-methylimidazolium tetrafluoroborate 

(BMIM.BF4): 1H NMR (300.19 MHz, DMSO-d6) δ 

9.06 (s, 1H, CH*), 7.74 (t, 1H, J 1.8 Hz, CH*), 7.67 (t, 

1H, J 1.7 Hz, CH*), 4.13 (t, 2H, J 7.2 Hz, CH2), 3.82 (s, 

3H, CH3*), 1.82–1.67 (m, 2H, CH2), 1.23 (dq, 2H, J 

14.5, 7.3 Hz, CH2), 0.88 (t, 3H, J 7.3 Hz, CH3); 13C 

NMR (75.48 MHz, DMSO-d6) δ 136.51 (CH*), 123.65 

(CH*), 122.30 (CH*), 48.54 (CH2), 35.76 (CH3*), 

31.38 (CH2), 18.81 (CH2), 13.30 (CH3). 19F NMR 

(376.48 MHz, DMSO-d6) δ –148.29, –148.34; DSC –67 

°C (Tg, crystallization temperature) and –74 °C (Tm, 

melting temperature); *3-methylimidazolium hydrogens 

and carbons. 

1-butyl-3-methylimidazolium hexafluorophosphate 

(BMIM.PF6): 1H NMR (300.19 MHz, DMSO-d6) δ 9.07 

(s, 1H, CH*), 7.74 (t, 1H, J 1.8 Hz, CH*), 7.67 (t, 1H, J 

1.7 Hz, CH*), 4.13 (t, 2H, J 7.2 Hz, CH2), 3.82 (s, 3H, 

CH3*), 1.84–1.63 (m, 2H, CH2), 1.23 (m, 2H, CH2), 

0.88 (t, 3H, J 7.3 Hz, CH3); 13C NMR (75.48 MHz, 

DMSO-d6) δ 136.52 (CH*), 123.65 (CH*), 122.29 

(CH*), 48.54 (CH2), 35.76 (CH3*), 31.37 (CH2), 18.80 

(CH2), 13.29 (CH3). 19F NMR (376.48 MHz, DMSO-d6) 

δ –70.20 (d, J 711.4 Hz); DSC –64 °C (Tg) and 6 °C 

(Tm); *3-methylimidazolium hydrogens and carbons. 

1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (BMIM.NTf2): 1H 

NMR (300.19 MHz, DMSO-d6) δ 9.07 (s, 1H, CH*), 

7.74 (t, 1H, J 1.8 Hz, CH*), 7.67 (t, 1H, J 1.7 Hz, 

CH*), 4.13 (t, 2H, J 7.2 Hz, CH2), 3.82 (s, 3H, CH3*), 

1.81–1.66 (m, 2H, CH2), 1.32–1.15 (m, 2H, CH2), 0.88 

(t, 3H, J 7.3 Hz, CH3); 13C NMR (75.48 MHz, DMSO-

d6) δ 136.53 (CH*), 123.65 (CH*), 122.30 (CF3), 

121.65 (CH*), 117.36 (CF3), 48.54 (CH2), 35.77 

(CH3*), 31.38 (CH2), 18.80 (CH2), 13.29 (CH3); 19F 

NMR (376.48 MHz, DMSO-d6) δ –78.73 (s); DSC –85 

°C (Tg) and –2.5 °C (Tm); *3-methylimidazolium 

hydrogens and carbons. 

 

2.9 General procedure for NHase-catalyzed 

synthesis of amides in nonconventional media 
 

The reactions were carried out under monophasic 

system (buffer: PEG400 and BMIM.BF4) or biphasic 

system (buffer: BMIM.PF6 and BMIM.NTf2). The final 

volume of all reactions was 1 mL. The ratios of buffer: 

ionic liquids were 10, 20, 40 and 80% (v/v) and buffer 

PEG400 were 10, 25, 50, 95 and 100% (v/v). 

In an Eppendorf tube 1 mL of buffer: 

nonconventional media solution was added, followed 

by 10 µL of PRO-NHASE(001) or PRO-NHASE(015) 

and 5 mol of substrate (4a–d and 8a–d). The reactions 

were allowed to proceed for 48 h at 25 °C and 

1500 rpm. After that 500 µL of Et2O was added to 

BMIM.BF4, BMIM.PF6 and PEG400 reactions, and 

500 µL EtOAc to BMIM.NTf2 reactions. The mixture 

was vortexed and centrifuged at 5000 rpm for 1 min. 

The organic phase was analyzed by GC-FID for 

conversion measurements. 

 

2.10 Electronic circular dichroism calculations 

 

All density functional theory (DFT) and time-

dependent-DFT (TDDFT) calculations were carried out 

at 298 K in the gas phase with the Gaussian 09 (2016) 

software. Calculations were performed for the 

arbitrarily chosen S-configuration for 5b and 9a–9b. 

The conformational searches were carried out at the 

molecular mechanics level of theory with the Monte 

Carlo algorithm employing the MM+ force field, 

incorporated in HyperChem 8.0.10 software. Initially, 

for compound (S)-5b, ten conformers with a relative 

energy (rel E.) within 6 kcal mol–1 were selected and 

geometry optimized at the B3LYP/6-31G(d) level. The 

six conformers with rel E. < 1.8 kcal mol–1 were 

selected for UV and ECD spectral calculations. 

Regarding (S)-9a and (S)-9b, the conformational 

searches resulted in six conformers for both 

compounds, with rel E. within 6 kcal mol–1, which were 

geometry optimized at the B3LYP/6-31G(d) level. The 

four and two conformers, respectively, with rel E. < 2.0 

kcal mol–1 were selected for UV and ECD spectral 

calculations. Vibrational analysis at the B3LYP/6-

31G(d) level resulted in no imaginary frequencies for 

all conformers, confirming them as real minima. The 

TDDFT was employed to calculate the excitation 

energy (in nm) and rotatory strength R in the dipole 

velocity (Rvel in cgs units: 10−40 esu2 cm2) form, at the 

CAM-B3LYP/TZVP level. The calculated rotatory 

strengths from the first 30 singlet → singlet electronic 

transitions were simulated into an ECD curve using 
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Gaussian bands with a bandwidth of σ 0.25 eV. The 

predicted wavelength transitions were multiplied with a 

scaling factor of 0.99, determined by the best agreement 

between experimental and calculated UV spectra. The 

Boltzmann factor for each conformer was calculated 

based on Gibbs free energies. 

 

2.11 Cholinesterase inhibition screening assays 
 

The N-heterocycles compounds (5a, 5b, 9a and 9b) 

were submitted to cholinesterases inhibition screening 

assay using the simultaneous on-flow dual parallel 

enzyme assay system (Seidl et al., 2019). 

Acetylcholinesterase from Electrophorus electricus 

(eeAChE) and butyrylcholinesterase from human serum 

(BChE) were immobilized independently onto fused 

silica capillary (0.1 mm I.D × 0.375 mm × 30 cm), as 

previously described elsewhere (Vilela et al., 2018), 

formed the capillary bioreactors AChE-ICER) and 

BChE-ICER, where ICER means immobilized capillary 

enzyme reactor. 

The on-flow dual parallel enzyme assay was carried 

out on a LC system (Nexera Shimadzu) consisting of 

three LC 20AD pumps, a SIL-20A auto-sampler, a 

DGU-20A degasser, a CTO-20A oven, and a CBM-20A 

system controller. The LC system was coupled with an 

AmaZon speed ion trap (IT) mass spectrometry (MS) 

instrument (Bruker Daltonics) equipped with an 

electrospray ionization (ESI) interface source, operating 

in a positive mode (scan m/z 50–250). 

The two ICER and the MS instrument were 

interfaced through two 10-port two-position high-

pressure switching valves (Valco Instruments Co. Inc.) 

(Seidl et al., 2019). 

The dual system assay consisted of three steps. 

Briefly, after sample injection, valves (A and B) in 

position 1, the reactive content of each ICER was 

transferred to the storage (step 1). In step 2, with both 

valves (A and B) in position 2, pump B directed the 

enzymatic reaction of eeAChE-ICER for analysis in the 

MS. Meanwhile, the reactive content of huBChE-ICER 

was held in storage. In step 3, while valve A was 

switched to position 1 again, valve B was kept in 

position 2. In this position, the huBChE-ICER 

enzymatic reaction content held in storage was flushed 

by pump B and finally analyzed in the MS. Detailed 

system configuration description, MS parameters, assay 

inhibition are described in Seidl et al. (2019). 

Data acquisition was carried out using the Bruker 

Data Analysis Software (version 4.3). All analyses were 

performed at room temperature (21 °C). The enzymatic 

reaction was monitored by direct quantification of 

acetylcholine hydrolysis product, choline (Ch) [M + H]+ 

m/z 104 (Seidl et al., 2019; Vilela et al., 2018). 

N-heterocycles samples were solubilized in 

methanol to a stock solution of 1.00 mmol L–1 for each 

compound. Tacrine was used as standard cholinesterase 

inhibitor. 

The assay inhibition was prepared with 10 µL of 

each stock solution (100 µmol L–1 final concentration), 

20 µL of acetylcholine (ACh) solution (70 µmol L–1 

final concentration) and 70 µL of ammonium acetate 

solution (15.0 mmol L–1, pH 8.0). Solutions were 

prepared in duplicate and 20 µL aliquots were used for 

injection. Negative (absence of ACh) and positive 

(presence of ACh and absence of ligand) controls were 

analyzed between each sample. Percentage inhibition 

displayed by each sample was calculated by comparison 

between the area of enzymatic activity in the presence 

of the inhibitor (Pi) and absence (P0), according to the 

following Eq. 1: 

 

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  [1 − (
𝑃𝑖−𝑆𝑏

𝑃0−𝑆𝑏
)]  𝑥 100 (1) 

 

where P is the attained peak area of Ch produced: (Pi) in 

the presence of the tested compound; (P0) in the 

absence of the tested compound, and Sb is Ch 

quantified during spontaneous ACh hydrolysis. Sb was 

determined by injecting the reaction mixture into an 

empty open tubular silica capillary (blank analysis to 

quantify spontaneous ACh hydrolysis). 

 

3. Results and discussion 
 

3.1 Synthesis of α-substituted N-heterocyclic 

nitriles 
 

The first proposed retrosynthetic analysis of the 

target α-substituted N-heterocyclic nitriles (4a–d and 

8a–d) is outlined in Fig. 2. However, it was found that 

4a–d and 8a–d could be obtained directly from the 

corresponding α-hydroxynitriles (2 and 6) via N-

alkylation. 

Whereas α-hydroxynitrile 6 is inexpensive and 

commercially available, the α-hydroxynitrile 2 was 

readily prepared from propanaldehyde 1 and a cyanide 

donor. Aiming at a safer and greener cyanide donor for 

the synthesis of 2, the reaction proposed by Wen et al. 

(2012) was evaluated, which uses trimethylsilyl cyanide 

(TMSCN) and a quaternary ammonium as a phase 

transfer catalyst. However, the obtained yield of 49% 

was not sufficient for the first synthetic step (data not 

shown). Thus, the classical approach by addition of 
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sodium cyanide in the presence of sodium bisulfite was 

used, with yield of 70% for 2 (Young et al., 2003). 

It is well known that hydroxyl group is a poor 

leaving group (LG) and is usually replaced by a better 

one, such as tosyl, mesyl, or halogens. However, in 

order to avoid a functional group manipulation step, a 

direct alkylation of the following N-heterocycles was 

attempted: a, 2-pyrrolidinone; b, 2-piperidinone; c, 2-

oxopiperazine; and d, 1-methylpiperazine with α-

hydroxynitriles (Altenkämper et al., 2009; Jenner, 

1989). The results are shown in Tab. 1. The main 

advantages of the direct N-alkylation strategy are the 

reduction in the number of reaction steps and the 

generation of fewer residues. 

 

 
Figure 2. Retrosynthetic route to α-substituted N-heterocyclic amides. 

 

Table 1. N-heterocyclic alkylation with α-hydroxynitrile and α-halonitrile. 

 

Entry α-Substituted nitrile N-heterocycle Product Reaction time (h) Yield (%)c 

1 2 a, 2-pyrrolidinonea 4a 12 50 

2 2 b, 2-piperidinonea 4b 12 52 

3 2 c, 2-oxopiperazineb 4c 12 40 

4 2 d, 1-methylpiperazineb 4d 12 60 

5 6 a, 2-pyrrolidinonea 8a 12 42 

6 6 b, 2-piperidinonea 8b 12 48 

7 6 c, 2-oxopiperazineb 8c 12 35 

8 6 d, 1-methylpiperazineb 8d 12 71 

9 3 d, 1-methylpiperazineb 4d 10 59 

10 7 c, 2-oxopiperazineb 8c 24 27 

11 7 d, 1-methylpiperazineb 8d 20 75 
aGeneral conditions: α-hydroxynitrile (1 mmol), N-heterocycle (5 mmol) and RuCl3.xH2O (3.5 mol%) at 150 °C (autoclave); 
bgeneral conditions: α-hydroxynitriles (1 mmol, 0.5 mL ACN solution), N-heterocycle (3 mmol) and heating under reflux; 
cisolated yields. 

 

The N-alkylation of both piperazine derivatives, 2-

oxopiperazine and 1-methylpiperazine, with α-

hydroxynitriles 2 and 6, proceeded smoothly in the 

presence of acetonitrile (ACN) under reflux, with yields 

of 35–71%, after 12 h (Tab. 1, entries 3, 4, 7, and 8). 

However, under the same conditions no alkylation was 

observed for 2-pyrrolidinone and 2-piperidinone, and 

the starting materials were quantitatively recovered 

after 24 h. These results could be rationalized by the 

fact that lactams are less basic than amines, as it can be 

https://revista.iq.unesp.br/index.php/ecletica
https://doi.org/10.26850/1678-4618eqj.v47.2.2022.p17-35


Original article 

revista.iq.unesp.br 

27                                   Eclética Química Journal, vol. 47, n. 2, 2022, 17-35 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v47.2.2022.p17-35 

seen for the heterocycle c in which the N-alkylation 

occurred through the amine moiety and not in the amide 

moiety. Also, reactions with d showed better yields than 

c, since the first one is more basic. To circumvent the 

lack of N-alkylation with the lactam heterocycles a and 

b, a reaction using RuCl3 as catalyst in an autoclave was 

studied. By carrying out the reaction under 3.5 mol% of 

catalyst load and 150 °C, moderate yields (42–52%, 

Tab. 1, entries 1, 2, 5, and 6) of the desired products 

were obtained after 12 h. 

To compare the efficiency of N-alkylation of α-

hydroxynitriles and α-halonitriles, the chlorination of 

mandelonitrile 6 was performed using thionyl chloride 

and pyridine as catalyst (Zhang et al., 2013) under 

reflux and obtained the 2-chloro-2-phenylacetonitrile 7 

in 63% yield. The N-alkylation of 7 was carried out 

under the same reaction conditions previously described 

for the α-hydroxynitriles. Again, in the absence of 

ruthenium catalyst, the reaction proceeded only for the 

piperazine derivatives c and d, with yields in the same 

range of the ones obtained with the directly N-

alkylation of 6 (Tab. 1, entries 10 and 11). Even with a 

better LG, the lactams a and b nucleophilicity were not 

sufficient and the ruthenium catalyst was necessary to 

afford the correspondent pyrrolidinone and piperidinone 

derivatives, 8a and 8b, in moderate yields. The 

chlorination of aliphatic α-hydroxynitrile 2 failed after 

many attempts using thionyl chloride under different 

reaction conditions. Then, the bromination of 2 was 

performed with phosphoryl bromide and pyridine as 

catalyst (Choi et al., 2016) at room temperature and the 

2-bromobutanenitrile 3 in 15% yield was obtained. The 

N-alkylation of 3 was carried out only with piperazine d 

due to the low yield in the halogenation step (Tab. 1, 

entry 9). The comparison between the N-alkylation of 

α-hydroxynitriles and α-halonitriles stress the better 

performance of the shorter route leading to a better 

overall yield and generating fewer residues. 

With the α-substituted N-heterocyclic nitriles 

successfully synthesized by directly replacement of α-

hydroxynitriles, the scope of enzymatic nitrile hydration 

was then investigated with a series of Fe-type and Co-

type nitrile hydratases. 

 

3.2 Synthesis of α-substituted N-heterocyclic 

amides 
 

The racemic amides were synthesized via classical 

acid catalysis (H2SO4) in dichloromethane (González-

Vera et al., 2005) and used as standards for the 

development of chiral chromatographic methods. The 

results are shown in Tab. 2. 

 

Table 2. Hydration of α-substituted N-heterocyclic nitriles to corresponding amidesa. 

 

Entry α-Substituted nitrile Product Reaction time (h) Yield (%)b 

1 4a 5a 4 80 

2 4b 5b 60 21 

3 4c 5c 60 n.r. 

4 4d 5d 22 28 

5 8a 9a 20 96 

6 8b 9b 60 58 

7 8c 9c 60 n.r. 

8 8d 9d 23 85 
aGeneral conditions: α-substituted N-heterocyclic nitriles (1 mmol), dichloromethane (4 mL) and concentrated sulfuric acid 

(30 equivalents, 1.7 mL) at room temperature and over magnetic agitation; bisolated yields; n.r. = no reaction. 

 

In all cases, no further purification step was 

necessary after extraction of the products. The nitriles 

4c and 8c did not lead to the formation of the desired 

products 5c and 9c, respectively. Both compounds are 

insoluble in the reaction medium and, even when the 

reactions were carried out in the presence of DMSO as 

a cosolvent, there was no product formation. 
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Except for levetiracetam 5a, to the best of authors 

knowledge this is the first time that the α-substituted-N-

heterocyclic amides 5b, 5d, 9a, 9b, and 9d have been 

synthesized and characterized, as well as their 

respective α-substituted-N-heterocyclic nitriles 4b–d, 

8a–d. 

 

3.3 Enzymatic reactions with NHases 
 

3.3.1 Nitrile hydratase activity 
 

Twenty NHases commercially available from 

Prozomix Ltd (Prozomix, 2020) were purchased. For 

characterization, their activities were monitored by GC-

FID using n-butanenitrile as a substrate. One unit of 

enzymatic activity was defined as the amount (mol) of 

n-butanamide formed from n-butanenitrile, per minute, 

per milliliter of enzyme solution in 0.1 mol L–1 

phosphate buffer containing 0.8 µg L–1 of Co(III) or 

Fe(III), pH 7.0, at 25 °C. The results are shown in 

Tab. 3. 

All enzymes were active for n-butanenitrile as a 

substrate (scaffold of aliphatic substrates 4a–d) which 

revealed that all commercial NHases show catalytic 

activity under the reaction conditions (pH, temperature, 

agitation, buffer and cofactors). 

 

 

Table 3. Units of enzyme activity of NHasesa from n-butanenitrileb. 
Entry Nitrile hydratase Type U mL–1c 

1 PRO-E256 Fe 881 

2 PRO-E257 Co 530 

3 PRO-E258 Co 554 

4 PRO-E259 Co 687 

5 PRO-NHASE(001) Fe 1878 

6 PRO-NHASE(002) Co 450 

7 PRO-NHASE(003) Co 701 

8 PRO-NHASE(004) Co 1 

9 PRO-NHASE(007) Co 111 

10 PRO-NHASE(008) Co 2052 

11 PRO-NHASE(009) Fe 1338 

12 PRO-NHASE(010) Co 14 

13 PRO-NHASE(011) Co 302 

14 PRO-NHASE(012) Fe 3 

15 PRO-NHASE(013) Co 534 

16 PRO-NHASE(014) Co 1 

17 PRO-NHASE(015) Co 348 

18 PRO-NHASE(016) Co 443 

19 PRO-NHASE(017) Co 284 

20 PRO-NHASE(018) Co >2895 
aProzomix (Prozomix, 2020); bgeneral conditions: n-butanenitrile (14.5 mol) and 5 µL of NHase in a final volume of 1 mL 

with Na-phosphate buffer (0.1 mol L–1, pH 7.00, containing 0.8 µg L–1 of Co(III) or Fe(III)) at 25 °C, 1 min and 1000 rpm; cone 

unit (U) was defined as the amount of the enzyme that catalyzes the conversion of 1 µmol of substrate per minute. 

 

3.3.2 Screening of commercial NHase 
 

All enzymatic experiments were carried out in 

phosphate buffered aqueous solution, using 10 L of 

commercial enzyme preparation and 0.25 mmol of 

substrate and analyzed by GC-FID. It was observed that 

for N-derivatives of 2-oxopiperazine (substrates 4c and 

8c) and 1-methylpiperazine (substrates 4d and 8d), the 

expected products were not formed. Moreover, the 

substrate control experiment (reaction in absence of the 

enzyme) revealed that these substrates undergo a rapid 

and spontaneous decomposition by retro-Strecker 

reaction, leading to the formation of aldehyde and 

cyanide, which is an inhibitor of NHases (Yasukawa et 

al., 2011). The results for N-derivatives of 2-

pyrrolidinone (substrates 4a and 8a) and 2-piperidinone 

(substrates 4b and 8b) are shown in Tab. 4. 
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Table 4. Substrate conversion (4a–b and 8a–b) and enantioselectivity of the commercial NHases in the hydration to 

5a–b and 9a–ba. 

 

Entry 

Nitrile hydratase 4a 4b 8a 8b 

Identification Type 
Conversiona 

(%) 

eeb 

(%) 

Conversiona 

(%) 

eeb 

(%) 

Conversiona 

(%) 

eeb 

(%) 

Conversiona 

(%) 

eeb 

(%) 

1 PRO-E256 Fe n.r. - n.r. - n.r. - n.r. - 

2 PRO-E257 
Co 1.0 n.d. 1.0 n.d. 5.2 

1.0 
(R) 

2.2 
5.2 
(R) 

3 PRO-E258 
Co 1.2 n.d. 1.1 n.d. 10.4 

2.4 

(R) 
5.4 

7.0 

(R) 

4 PRO-E259 
Co 4.8 

17.5 
(S) 

1.2 n.d. 4.7 
1.2 
(R) 

1.0 n.d. 

5 PRO-
NHASE(001) 

Fe n.r. - n.r. - n.r. - n.r. - 

6 PRO-
NHASE(002) 

Co 1.9 n.d. 2.4 n.d. 28.0 
3.9 
(R) 

8.6 
14.7 
(R) 

7 PRO-
NHASE(003) 

Co 1.1 n.d. 1.0 n.d. 5.2 
4.3 
(R) 

3.0 
14.5 
(R) 

8 PRO-
NHASE(004) 

Co 1.1 n.d. 1.0 n.d. 2.4 n.d. 2.3 n.d. 

9 PRO-
NHASE(007) 

Co n.r. - n.r. - 1.4 n.d. n.r. - 

10 PRO-
NHASE(008) 

Co n.r. - n.r. - 1.2 n.d. n.r. - 

11 PRO-
NHASE(009) 

Fe n.r. - n.r. - n.r. - n.r. - 

12 PRO-
NHASE(010) 

Co 32.0 1.8 (S) n.r. - n.r. - n.r. - 

13 PRO-
NHASE(011) 

Co 14.2 
20.6 
(S) 

7.1 7.9 (S) 13.5 
4.9 
(R) 

13.4 0 

14 PRO-
NHASE(012) 

Fe n.r. - n.r. - n.r. - n.r. - 

15 PRO-
NHASE(013) 

Co 5.0 
38.9 
(S) 

1.4 n.d. 3.3 
2.4 
(R) 

4.1 n.d. 

16 PRO-
NHASE(014) 

Co 2.4 n.d. 1.1 n.d. 14.9 
8.0 
(R) 

18.0 
3.7 
(S) 

17 PRO-
NHASE(015) 

Co 37.4 
52.3 
(S) 

8.4 
13.7 
(S) 

35.9 
9.6 
(R) 

47.5 
51.2 
(R) 

18 PRO-
NHASE(016) 

Co n.r. - n.r. - 3.8 n.d. 2.1 n.d. 

19 PRO-
NHASE(017) 

Co n.r. - n.r. - 6.4 
4.5 
(R) 

2.4 
17.3 
(R) 

20 PRO-
NHASE(018) 

Co 5.6 0 2.0 n.d. n.r. - 1.9 n.d. 

General conditions: substrate (5 mol) and 10 µL of NHase (Prozomix, 2020) in a final volume of 1 mL with Na-phosphate 

buffer (0.1 mol L–1, pH 7.00, containing 0.8 µg L–1 of Co(III) or Fe(III)) at 25 °C, 48 h and 1000 rpm; n.r. = no reaction was 

observed; n.d. = not determined; aconversion of substrate analyzed by GC-FID; benantiomeric excess of product analyzed by 

LC-UV-CD. The ee and conversion are relative measurements and only chromatographic bands with a signal-to-noise ratio 

higher than 5:1 were considered. 

 

The Co-type enzyme PRO-NHASE(015) showed the 

best performance for the conversion of all 2-

pyrrolidinone and 2-piperidinone nitrile derivatives to 

the corresponding amides, with highest conversion and 

ee observed for 5a. Despite the low conversions 

observed, PRO-NHASE(011) and PRO-NHASE(013) 

accepted both aliphatic and aromatic substrates, while 
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PRO-NHASE(010) was selective to 4a. On the other 

hand, no conversion was observed for substrates 4a, 4b, 

8a, and 8b, with all four evaluated Fe-type NHases 

(Tab. 4, entries 1, 5, 11 and 14). These results are in 

accordance with the literature in which Co-type NHase 

has a broader substrate scope and greater activity than 

Fe-type NHase (Prasad and Bhalla, 2010). These 

differences occur because a tryptophan residue in Co-

type is substituted by a tyrosine residue in Fe-type, near 

the active site (Kumar and Grapperhaus, 2014; Mitra 

and Holz, 2007). Still, Fe-type preferentially hydrate 

aliphatic nitriles and Co-type shows preference to 

aromatic nitriles (Prasad and Bhalla, 2010) and the four 

Fe-type used in this work indeed hydrated n-

butanenitrile (Tab. 3). 

These results from the enzymatic reactions using 

NHases are weak from a synthetic point of view. 

Although NHase is largely employed for the industrial 

production of acrylamide and nicotinamide (Jiao et al., 

2020; Wang, 2015), the application of the wild-type 

enzyme can be limited by its narrow substrate 

specificity, low enantioselectivity, unsatisfactory 

catalytic activity, inhibition at a high concentration of 

substrate and low thermostability (Bhalla et al., 2018; 

Gong et al., 2017; Prasad and Bhalla, 2010; Supreetha 

et al., 2019; Wang, 2009). To address these issues, 

protein engineering is the major tool to improve nitrile 

hydratases features for application in organic synthesis 

(Wang, 2015). The biocatalytic process to produce 

levetiracetam 5a is a good example. A screening was 

performed with approximately 30 NHases that showed 

low enantioselectivity and moderate conversions. The 

best result was obtained with the NHase from 

Bradyrhizobium japonicum, in which 20% conversion 

and 60% ee were observed. This enzyme was 

engineered to improve its enantioselectivity. Then, the 

reaction medium engineering was carried out, leading to 

43% yield and 94% ee which was increased to > 99% 

ee upon recrystallization (Tao et al., 2010). 

Regarding non-engineered NHases, a recent work 

has studied the substrates scope of Co-type NHase from 

Rhodococcus rhodochrous ATCC BAA 870. The 

authors evaluated 67 substrates that differ in size from 

small (90 Da) to large (325 Da), in which 32 showed 50 

to 100% conversion, 9 showed 16 to 50%, 5 showed 5 

to 15% and 21 showed 0 to 5%. The nitrile conversion 

was influenced by overall size of the substrate and 

steric hindrance around the cyano group (Mashweu et 

al., 2020). Other report prepared three sugar nitriles 

derivatives from 2-acetamido-2-deoxy-β-D-

glucopyranosides and none of them was hydrated to the 

corresponding amide by NHase from Rhododoccus equi 

A4 (Carmona et al., 2006). 

Although the observed ee values obtained herein are 

still not satisfactory, all evaluated NHase showed a 

clear preference for (S) aliphatic substrates and (R) 

aromatic ones. This is a good starting point for further 

biocatalyst engineering (van Pelt et al., 2011). 

The stereoselectivity of the enzymatic conversions 

of compounds 4a–4b and 8a–8b was determined using 

chiral chromatography coupled with an ECD detector. 

The absolute configurations of the eluting enantiomers 

of 5b and 9a–9b were determined by comparing the 

ECD spectra obtained after trapping them in the 

detector with TDDFT calculations at the CAM-

B3LYP/TZVP level. The calculations were carried out 

in order to investigate the influence of both ethyl and 

phenyl sidechains, as well as that of the N-heterocyclic 

substituents, on their chiroptical properties. All 

calculations performed for the (S)-configuration of 5b 

and 9a–9b resulted in a negative cotton effect at around 

240 nm, which is in accordance with the literature data 

for levetiracetam (5a) (Fig. S73–S75) (Li and Si, 2011). 

Regarding compound 5a, no ECD spectra were 

recorded, and the elution order was determined by 

comparing the retention times of each enantiomer with 

that of a commercial standard. 

The PRO-NHASE(015) was selected for further 

investigation of medium engineering based on its best 

results of conversion and enantioselectivity. 

 

3.3.3 Effect of temperature 
 

It is well known that some NHase catalyzed 

reactions operate at low temperatures. The balance 

between reactivity and enantioselectivity for 

engineering the NHase from Bradyrhizobium 

japonicum conducted the final process at 4 °C, for 

example, in levetiracetam bioanalytical production (Tao 

et al., 2010). 

 

Table 5. Influence of temperature in the conversion of 

4a–b and 8a–b into the respective amides catalyzed by 

PRO-NHASE(015) NHase. 

Substrate 
Conversion (%) 

15 °C 25 °C 

4a 5.5 37.4 

4b 1.5 8.4 

8a 8.0 35.9 

8b 4.5 47.5 

 

In order to explore the effect of temperature, 

reactions at both 15 and 25 °C were carried out in 

parallel and in the same experimental conditions for 4a–

b and 8a–b. The decrease of 10 °C in the reaction 

temperature drastically reduced the conversion rates, as 
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shown in Tab. 5. Therefore, for the additional evaluated 

parameter, solvent effect, reactions were performed at 

25 °C. 

 

3.3.4 Effect of solvent 
 

The control reactions experiments revealed that 4c–

d and 8c–d undergo spontaneous decomposition by 

retro-Strecker reaction (section 3.3.2). As an attempt to 

prevent this undesired and competitive reaction, two 

solvent systems, which are also environmentally 

friendly systems, were explored—ionic liquids (IL) and 

polyethylene glycol (PEG). 

The 1-butyl-3-methylimidazolium (BMIM) ionic 

liquids are the most widely used for biocatalysis and, 

therefore, the ILs BMIM.BF4 (water-miscible), 

BMIM.PF6 (water-immiscible) and BMIM.NTf2 (water-

immiscible) were chosen for these experiments 

(Cantone et al., 2007). The IL system was composed of 

a combination of phosphate buffered solutions and 

increasing concentrations of the ILs BMIM.BF4, 
BMIM.PF6, and BMIM.NTf2 in a range of 10–80% for 

each one. In a control experiment using substrates 4a–b 

and 8a–b and PRO-NHASE(015), no amide formation 

was observed and suggests that the ILs could be 

inhibiting the NHase activity. Interestingly, the 

substrates 4c–d and 8c–d were not decomposed in any 

reaction media containing ionic liquids. 

The second solvent system evaluated was aqueous 

buffered solution with increasing concentrations of 

PEG400 10–100%. The reactions performed with 

substrate 4a showed that, unlike the IL systems, the 

PRO-NHASE(015) was active in all proportions of 

PEG, even at 100%. However, the PEG significantly 

reduced the activity of this enzyme, with conversion 

decreasing from 38 to 20% in PEG400 concentrations of 

0–10%, and declining to 2% with PEG400 

concentrations higher than 50% (data not shown). In 

contrast to the ionic liquid system, the substrates 4c–d 

and 8c–d were decomposed in all proportions of buffer: 

PEG400 and the retro-Strecker products were observed. 

No amide formation was detected for 4c–d and 8c–d. 

 

3.4 Cholinesterases inhibition screening assays 
 

The enzymes acetylcholinesterase (AChE) and 

butyrylcholinesterase (BChE) are omnipresent 

cholinesterases (ChE) among animals and have gained 

attention due to its important role in central and 

peripheral cholinergic neurotransmission, reducing 

cholinergic neuron activity, one of the event features of 

Alzheimer’s disease (AD) (Kuca et al., 2016). Epilepsy 

and AD are frequently associated with neurological 

disorders, and both can appear simultaneously in the 

patient. In addition, a study reported the ameliorating of 

epileptic patients with nootropic effect by AChE 

inhibitors (Ahmad et al., 2019). Similarly, brivaracetam 

(an analogue of levetiracetam) epilepsy drug is effective 

in treatment of memory impairment in AD mice 

(Ahmad et al., 2019). Also, was demonstrated that 

carbamazepine, a classical antiepileptic drug, inhibited 

39% AChE of brain from zebrafish (Siebel et al., 2010). 

The use of levetiracetam 5a has been studied to 

control seizures in people with AD (Giorgi et al., 2017; 

U.S Department of Health and Human Services, 2014). 

Sola et al. (2015) evaluated the AChE and BChE 

inhibitory activity of (S)-5a and it was found to be 

potent human acetylcholinesterase (hAChE) and human 

butyrylcholinesterase (hBChE) inhibitor, exhibiting IC50 

values of 76 and 241 nmol L–1 for hAChE and hBChE, 

respectively, which were indirectly determined based 

on colorimetric assay using Ellman’s reagent and 

thiocholine-derivatives as substrate. 

In the light of this interesting dual AChE/BChE 

inhibitory activity, the anticholinesterase potential of 

the synthetized compounds 5b and 9a–9b were verified 

using the simultaneous on-flow dual parallel enzyme 

assay system (Seidl et al., 2019). A label-free assay 

based on immobilized capillary enzyme reactor (ICER) 

allowed the direct monitoring of substrate consumption 

and product formation in real-time by LC-MS, 

employing the natural substrate of AChE, acetylcholine. 

Table 6 presents the inhibition percentage of all 

compounds tested at a concentration of 100 µmol L–1, 

using tacrine as a positive control. 

 

Table 6. Inhibition of eeAChE-ICER and huBChE-

ICER activities by tacrine (positive control; 

100 mol L–1) and N-heterocycles samples 

(100 mol L–1). 

Samples 

% inhibition 

eeAChE-ICER ± 

SEMb 

hBChE-ICER ± 

SEMb 

Tacrinea 100 100 

5a 10 ± 2 32 ± 2 

5b 0 0 

9a 5 ± 1 0 

9b 10 ± 1 0 
aReference for AChE and BChE inhibition; bMean ± standard 

error of the mean (SEM, n = 2). 

 

The racemic amides indicated low inhibitory effect 

when compared to tacrine, with emphasis only on 5a 

that presented in increasing selectivity and potency to 

BChE, with 31.9% inhibition and 9.5 % for AChE. 
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4. Conclusions 
 

The attempt of stereoselective synthesis of α-

substituted-N-heterocyclic amides was demonstrated 

and their absolute configurations were assigned using 

ECD. The N-alkylation of 2-pyrrolidinone, 2-

piperidinone, 2-oxopiperazine and 1-methylpiperazine 

was achieved directly from α-hydroxynitriles, which are 

usually either commercially available or easily 

prepared, thus reducing the number of synthetic steps, 

and minimizing the product waste. As expected, the 

substrate specificity varied greatly among the nitrile 

hydratases, highlighting the importance of the initial 

screening assays. The importance of amides as end 

products and chiral building blocks instigates the 

development and optimization of better biocatalysts 

through protein engineering to satisfactory applications 

in greener organic synthesis. Although the 

stereoselectivity was low, the products of enzymatic 

reactions showed a clear preference of NHases for (S)-

aliphatic substrates and (R)-aromatic ones. The use of 

unconventional reaction media (ILs and PEG400) that 

have been used successfully for many enzymes proved 

to be impractical for the commercial NHases used in 

this work. None of the racemic levetiracetam 

derivatives exhibit inhibitory effect on 

acetylcholinesterase, exemplifying the role of 

stereochemistry in biological activities. 
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