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2 | Introduction 

 

1. Introduction 

 
In the Supplementary Material the summary of the preparative experimental work is 

presented. Each research topic from the dissertation is separated into different chapters 

here, starting with methods and materials followed by the detailed preparation 

descriptions and compound characterization.  

The spectra and other analytical figures are not attached to this document, they can be 

found in the connecting article or its supporting information file. Also, the additional 

experiments and experimental descriptions (nanofiltration, pKa measurements, QM 

calculations, etc.) are not collected here, instead they can be read in the individual 

research papers. At the end, the most important connecting references are shown in the 

bibliography. In the document, the numbers denoting the individual chemical compounds 

are the same as in the dissertation. 

The manuscripts of the four main published articles are attached to the dissertation as 

an Appendix following the Supplementary Material. 
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2. Pyridine-, and piperidine-based crown ethers, 

camphorsulfonamides 

 

 

Publications: 

 

[KIP-3] Kisszékelyi, P.; Nagy, S.; Tóth, B.; Zeller, B.; Hegedűs, L.; Mátravölgyi, B.; 

Grün, A.; Németh, T.;  Huszthy, P.; Kupai, J.: Synthesis and recovery of 

pyridine- and piperidine-based camphorsulfonamide organocatalysts used for 

Michael addition reaction, Period. Polytech. Chem. Eng. 2018, 62, 489–496. (IF: 

1.382; DOI: 10.3311/PPch.12719, contribution by the author: 80%) 

 

[KIP-4] Kupai, J.; Kisszékelyi, P.; Rojik, E.; Dargó, G.; Hegedűs, L.; Bezzegh, D.; 

Maszler, P.; Szabó, L.; Németh, T.; Balogh, Gy. T.; Huszthy, P.: Synthesis and 

determination of pKa values of new enantiopure pyridino- and piperidino-18-

crown-6 ethers, Arkivoc 2016, iv, 130–151. (IF: 1.031; DOI: 

10.3998/ark.5550190.p009.592, contribution by the author: 70%, independent 

citations: 2)  

 

2.1 Methods and materials 
 
IR spectra were recorded on a Bruker Alpha-T FT-IR spectrometer. Optical rotations 

were taken on a Perkin-Elmer 241 polarimeter which was calibrated by measuring the 

optical rotations of both enantiomers of menthol. NMR spectra were recorded in CDCl3 

either on a Bruker DRX-500 Avance spectrometer (at 500 MHz for 1H and at 125 MHz 

for 13C spectra) or on a Bruker 300 Avance spectrometer (at 300 MHz for 1H and at 75 

MHz for 13C spectra) and it is indicated in each individual case. Mass spectra were 

recorded on CAMAG TLC-MS Interface (HPLC pump: Shimadzu LC-20AD Prominence 

SQ MS: Shimadzu LCMS-2020 MS settings: Detector Voltage: 1.10 kV, m/z: 105-1000, 

Scan speed: 1075 u/sec, DL temperature: 250 °C, Nebulizing Gas Flow: 1.5 L/min, 

Drying Gas Flow: 15 L/min. eluent: acetonitrile: 0.1 v/v% formic acid 95:5, 1.500 

mL/min). LC-MS was performed on an HPLC system using Gemini RP C18 column (150 

× 4.6 mm, 3 μm, 256 nm, 40 °C, 0.6 mL/min, gradient elution: water (0.1% NH4HCO3) 
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– MeCN (0.1% NH4HCO3 + 8% water) in ESI mode. Elemental analyses were 

performed on a Vario EL III instrument (Elementanalyze Corp., Germany) in the 

Microanalytical Laboratory of the Department of Organic Chemistry, Institute for 

Chemistry, L. Eötvös University, Budapest, Hungary. Melting points were taken on a 

Boetius micro-melting point apparatus and they are uncorrected. Starting materials were 

purchased from Sigma Aldrich Chemical Company unless otherwise noted. The 10% 

Pd/C (Selcat Q) catalyst was manufactured in accordance with a patent of Szilor Fine 

Chemicals (Budapest, Hungary).[1] The dispersion of the catalyst, determined by H2-, O2- 

and CO-chemisorption measurements, is D = 0.50. Silica gel 60 F254 (Merck) and 

aluminium oxide 60 F254 neutral type E (Merck) plates were used for TLC. Aluminium 

oxide (neutral, activated, Brockman I) and silica gel 60 (70–230 mesh, Merck) were used 

for column chromatography. Ratios of solvents for the eluents are given in volumes (mL 

mL-1). Evaporations were carried out under reduced pressure unless otherwise stated.  

 

2.2 Pyridino-crown ethers 

 
General procedure for the preparation of the enantiopure, amide type pyridino-crown 

ethers:  

To pyridinedicarboxylic acid 8 (2.08 mmol) was first added a catalytic amount of pure 

DMF (two drops) followed by dropwise addition of thionyl chloride (5.16 mL, 8.46 g, 

70.75 mmol), and the resulting mixture was stirred at reflux temperature under Ar for 6 

h. The volatile components were evaporated and the traces of SOCl2 were removed by 

repeated distillation of toluene from the mixture. The crude product was used in the next 

step without further purification. Mixtures of diamine (S,S)-10 or (S,S)-11 (2.08 mmol) 

and TEA (0.78 mL, 5.62 mmol) in pure and dry toluene (390 mL) and the above prepared 

pyridine-2,6-dicarbonyl dichloride 9 (2.08 mmol) in pure and dry toluene (390 mL) were 

added simultaneously over a 5 h period to vigorously stirred pure and dry toluene (120 

mL) at 0 °C. After the addition, the reaction mixture was stirred at rt for 30 hours and 

then filtered. The volatile components were evaporated, the residue was taken up in DCM 

(200 mL), and the solution was shaken with water (200 mL). The aqueous layer was 

extracted with DCM (3×200 mL). The combined organic phase was dried over MgSO4, 

filtered and the solvent was evaporated. The crude product was purified as described 



Pyridine-, and piperidine-based crown ethers, camphorsulfonamides | 5  
 

below for each compound to result in the optically active pyridino-crown ethers [(S,S)-1 

and (S,S)-2]. 

 
(4S,14S)-(–)-4,14-Dimethyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1]heneicosa-

1(21),17,19-triene-2,16-dione [(S,S)-1]: 

Crown ether (S,S)-1 was prepared as described above in the 

General procedure. The crude product was purified by column 

chromatography on neutral aluminium oxide using 

EtOH/toluene 1:80 mixture as an eluent to yield (S,S)-1 (307 mg, 

42%) as white crystals.  

 

Mp: 165–167 °C; Rf: 0.58 (alumina TLC, EtOH/toluene 1:20); [𝛼]𝐷
25 = –65 (c 1.03, 

CHCl3); IR (KBr) νmax 3419, 2962, 2922, 2853, 1659, 1643,1583, 1570, 1537, 1447, 1423, 

1410, 1377, 1363, 1356, 1346, 1261, 1103, 1018, 801 cm–1; 1H NMR (500 MHz, CDCl3) 

δ (ppm) 1.32 (d, 6H, J = 7 Hz), 3.49–3.51 (m, 2H), 3.62–3.66 (m, 8H), 3.86–3.90 (m, 

2H), 4.32–4.35 (m, 2H), 7.94 (t, 1H, J = 8 Hz), 8.25 (d, 2H, J = 8 Hz), 8.29 (d, 2H, J = 8 

Hz, shaking with D2O amide protons shifted to 8.56 ppm); 13C NMR (75.5 MHz, CDCl3) 

δ (ppm) 18.00, 45.65, 70.38, 72.29, 74.02, 125.10, 138.69, 149.23, 162.97; MS calcd for 

C17H25N3O5: 351.2, found (M+H)+ : 352.2; Anal. calcd for C17H25N3O5: C, 58.11; H, 7.17; 

N, 11.96. Found: C, 58.07; H, 7.19; N, 11.94. 

 

(4S,14S)-(–)-4,14-Diisobutyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1]heneicosa-

1(21),17,19-triene-2,16-dione [(S,S)-2]: 

Crown ether (S,S)-2 was prepared as described above in 

the General procedure. The crude product was purified 

by column chromatography on neutral aluminium oxide 

using EtOH/toluene 1:160 mixture as an eluent to yield 

(S,S)-2 (43 mg, 15%) as a pale yellow oil. 

  

Rf: 0.55 (alumina TLC, EtOH/toluene 1:20); [𝛼]𝐷
25 = –132 (c 1.54, CHCl3); IR (neat) νmax 

3407, 2954, 2925, 2868, 1671, 1568, 1518, 1469, 1444, 1385, 1366, 1356, 1337, 1260, 

1247, 1168, 1111, 1031, 999, 962, 846, 805, 755, 734, 687, 668, 650, 620, 572, 562  

 

 



6 | Pyridine-, and piperidine-based crown ethers, camphorsulfonamides 

 

cm–1; 1H NMR (500 MHz, CDCl3) δ (ppm) 0.96 (d, 6H, J = 7 Hz, diastereotopic methyl 

groups), 0.99 (d, 6H, J = 7 Hz, diastereotopic methyl groups), 1.52–1.57 (m, 2H), 1.60–

1.66 (m, 2H), 1.69–1.75 (m, 2H), 3.62–3.70 (m, 10H), 3.94–3.98 (m, 2H), 4.35–4.38 (m, 

4H), 8.00 (t, 1H, J = 8 Hz), 8.25 (d, 2H, J = 9 Hz, shaking with D2O, amide protons shifted 

to 8.53 ppm), 8.34 (d, 2H, J = 8 Hz); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 22.78, 25.12, 

41.28, 48.00, 70.36, 72.49, 72.80, 125.08, 138.71, 149.26, 162.98; MS calcd for 

C23H37N3O5: 435.3, found (M+H)+ : 436.3; Anal. calcd for C23H37N3O5: C, 63.42; H, 8.56; 

N, 9.65. Found: C, 63.29; H, 8.63; N, 9.54. 

 

2.3 Piperidino-crown ethers 
 

General procedure for hydrogenation of the enantiopure amide type pyridino-crown 

ethers:  

The hydrogenation reactions were carried out in a 80 mL stainless steel autoclave 

(Technoclave, Budapest, Hungary) equipped with a magnetic stirrer (stirring speed: 1100 

rpm), at 20 bar hydrogen pressure and at 120 °C for 24 h. Typically, the reactor containing 

pyridino-crown ether (S,S)-1 and (S,S)-2 (1 mmol), 10% Pd/C (Selcat Q) catalyst (0.15 g) 

and MeOH (20 mL) was flushed with nitrogen and hydrogen, then charged with hydrogen 

to the specified pressure. After the hydrogenation was completed (24 h), the catalyst was 

filtered off and the solvent was removed. The residue was purified by column 

chromatography on silica gel using MeOH/acetonitrile 1:10 mixture as an eluent to yield 

(R,S,S,S)-3 (174 mg, 57%) as a white crystal or (R,S,S,S)-4 (146 mg, 48%) as a colorless 

oil. Physical and spectroscopic data of the products are the following: 

 

(1R,4S,14S,17S)-(–)-4,14-Dimethyl-6,9,12-trioxa-3,15,21-

triazabicyclo[15.3.1]heneicosane-2,16-dione [(R,S,S,S)-3]:  

Mp: 179–183 °C; Rf: 0.43 (alumina TLC, EtOH/toluene 1:20); 

[𝛼]𝐷
25 = – 24 (c 1.17, CHCl3); IR (KBr) νmax 3376, 3341, 3235, 

2962, 2863, 1666, 1620, 1556, 1510, 1454, 1384, 1370, 1303, 

1274, 1261, 1195, 1107, 1056, 921, 800 cm–1; 1H NMR (300 

MHz, CDCl3) δ (ppm) 1.22 (d, 3H, J 6 Hz); 1.24 (d, 3H, J 6 Hz); 1.40–1.55 (m, 2H); 

1.78–1.95 (m, 2H), 2.07–2.11 (m, 2H); 3.38–3.46 (m, 2H); 3.56–3.69 (m, 10H); 3.77–
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3.84 (m, 2H); 4.08–4.23 (m, 2H); 7.07 (br s., 2H, shaking with D2O, amide protons shifted 

to 7.30 ppm); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 17.82, 17.92, 24.20; 29.82, 30.06, 

44.61, 45.09, 60.98, 61.21, 70.28, 70.45, 71.76, 71.87, 73.79, 73.97, 172.56, 172.77; MS 

calcd for C17H31N3O5: 357.2, found (M+H)+ : 358.2; Anal. calcd for C17H31N3O5: C, 

57.12; H, 8.74; N, 11.76. Found: C, 57.05; H, 8.88; N, 11.72.  

 

(1R,4S,14S,17S)-(–)-4,14-Diisobutyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1] 

heneicosane-2,16-dione (R,S,S,S)-4:  

Rf: 0.45 (alumina TLC, EtOH/toluene 1:20); [𝛼]𝐷
25 = –

40 (c 1.02, CHCl3); IR (neat) νmax 3390, 3305, 3270, 

2952, 2925, 2867, 1649, 1522, 1469, 1453, 1385, 1366, 

1349, 1333, 1300, 1246, 1200, 1116, 1028, 950, 920, 

881, 816, 729, 645, 549, 503, 477 cm–1; 1H NMR (300 

MHz, CDCl3) δ (ppm) 0.94 (d, 12H, J = 6 Hz), 1.24–1.31 (m, 2H), 1.37–1.43 (m, 2H), 

1.53–1.64 (m, 4H), 1.81–1.96 (m, 2H), 2.06–2.13 (m, 2H), 3.19–3.29 (m, 2H), 3.54–3.67 

(m, 10H), 3.72–3.81 (m, 2H), 3.99–4.21 (m, 2H), 7.03–7.06 (d, 1H, shaking with D2O, 

amide proton disappeared), 7.11–7.14 (d, 1H, shaking with D2O, amide proton 

disappeared); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 22.76, 22.84, 22.94, 23.01, 24.36, 

25.27, 25.32, 29.82, 30.33, 40.71, 41.07, 46.86, 48.22, 61.17, 61.38, 70.51, 70.58, 71.73, 

71.85, 72.69, 73.28, 172.94, 172.96; MS calcd for C23H43N3O5: 441.3, found (M+H)+ : 

442.3; Anal. calcd for C23H43N3O5: C, 62.56; H, 9.81; N, 9.52. Found: C, 62.49; H, 9.85; 

N, 9.48. 

 

2.4 Pyridine-camphorsulfonamides 
 

 (+)-1-[(1S)-7,7-Dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl]-N-(6-methylpyridin-2-yl) 

methane sulfonamide [(S)-5]: 

To a solution of 2-amino-6-methylpyridine (12, 100 mg, 0.93 

mmol) and TEA (145 µL, 103 mg, 1.02 mmol) in DCM (10 mL) 

was added a solution of (1S)-(+)-10-camphorsulfonyl chloride 

(255 mg, 1.02 mmol) in DCM (10 mL) at 0 °C and the resulting 

mixture was stirred at room temperature overnight. After the reaction was completed, the 
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solution was poured into water (30 mL) and was extracted with DCM (3 × 30 mL). The 

combined organic phase was dried over anhydrous MgSO4, filtered and the solvent was 

evaporated. The crude product was purified by column chromatography on silica gel 

(MeOH/toluene 1:6) to give camphorsulfonamide (S)-5 (288 mg, 87 %) as an off-white 

solid.  

Mp: 101–102 °C (MeOH); Rf: 0.39 (silica TLC, MeOH/toluene 1:6); [𝛼]𝐷
25 = + 9.2 (c 

1.00, DCM); IR (KBr) νmax 3102 (νas, NH), 2956 (νas, CH), 2889 (νs , CH), 1740 (ν, C=O), 

1617 (ν, =CH, Py), 1579 (ν, =CH, Py), 1454 (δas, CH3), 1414 (δas, CH3; and βs, CH3), 1391 

(δs , CH3), 1351 (νas, SO2), 1272 (γ, C-N), 1124 (νs , SO2), 791 (γ, =CH, Py), 763 (γ, =CH, 

Py) cm-1; 1H NMR (300 MHz, CDCl3) δ (ppm) 0.86 (s, 3H, CH3), 1.09 (s, 3H, CH3), 1.44–

1.50 (m, 1H, camphor H-6), 1.93–1.99 (m, 2H, H-5 and 5'), 2.06–2.12 (m, 2H, H-6' and 

H-4), 2.29–2.37 (m, 2H, camphor H-3 and 3'), 2.50 (s, 3H, Py-CH3), 3.15 (d, J = 15 Hz, 

1H, CH2), 3.59 (d, J = 15 Hz, 1H, CH2), 6.65 (d, J = 7.5 Hz, 1H, pyridyl-H-3), 7.00 (d, J 

= 7.5 Hz, 1H, pyridyl-H-5), 7.56 (t, J = 7 Hz, 1H, pyridyl-H-4), 10.17 (br. s, 1H, NH); 

13C NMR (75.5 MHz, CDCl3) δ (ppm) 19.8 (camphor CH3), 19.9 (camphor CH3), 21.8 

(Py-CH3), 25.2 (camphor), 27.0 (camphor), 42.7 (camphor), 42.8 (camphor), 48.4 

(camphor), 50.2 (camphor), 58.7, 114.3 (pyridyl), 114.6 (pyridyl), 140.6 (pyridyl), 151.2 

(pyridyl), 153.3 (pyridyl), 215.9 (C=O); Anal. calcd for C16H22N2O3S: C, 59.60; H, 6.88; 

N, 8.69; S, 9.95. Found: C, 59.42; H, 6.97; N, 8.68; S, 9.99. 

(+)-(S)-N,N'-(Pyridine-2,6-diyl)bis(1-((1S)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-

yl)methanesulfonamide) [(S,S)-6]:  

To a solution of 2,6-diaminopyridine (13, 100 mg, 0.92 

mmol) and TEA (280 µL, 204 mg, 2.02 mmol) in DCM (10 

mL) was added a solution of (1S)-(+)-10-camphorsulfonyl 

chloride (505 mg, 2.02 mmol) in DCM (10 mL) at 0 °C and 

the resulting mixture was stirred at room temperature 

overnight. After the reaction was completed, the solution was poured into water (30 mL) 

and was extracted with DCM (3 × 30 mL). The combined organic phase was dried over 

anhydrous MgSO4, filtered and the solvent was evaporated. The crude product was 

purified by column chromatography on silica gel (IPA/toluene 1:5) to give 

biscamphorsulfonamide (S,S)-6 (409 mg, 83 %) as a pale yellow oil.  
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Rf: 0.42 (silica TLC, MeOH/toluene 1:6); [𝛼]𝐷
25 = + 1.4 (c 1.00, DCM); IR (film) νmax 

3250 (νas, NH), 2961 (ν, CH), 1735 (ν, C=O), 1598 (ν, =CH, Py), 1586 (ν, =CH, Py), 1459 

(ν, =CH, Py), 1415 (δas, CH3; and βs, CH3), 1332 (νas, SO2), 1137 (νs, SO2), 911 (γ, S-N), 

790 (γ, =CH, Py), 728 (βs , CH2) cm-1; 1H NMR (500 MHz, CDCl3) δ (ppm) 0.91 (s, 6H, 

2 × CH3), 1.07 (s, 6H, 2 × CH3), 1.44–1.50 (m, 2H, 2 × camphor H-6), 1.93–1.99 (m, 4H, 

2 × camphor H-5, H-5'), 2.02 – 2.09 (m, 2H, 2 × camphor H-6'), 2.11–2.13 (m, 2H, 2 × 

camphor H-4), 2.29–2.33 (m, 2H, 2 × camphor H-3), 2.38 – 2.43 (m, 2H, 2 × camphor H-

3'), 3.37 (d, J = 15 Hz, 2H, CH2), 3.94 (d, J = 15 Hz, 2H, CH2), 6.91 (d, J = 7.5 Hz, 2H, 

pyridyl-H-3 and H-5), 7.66 (t, J = 8 Hz, 1H, pyridyl-H-4), 8.26 (br. s, 2H, NH); 13C NMR 

(125 MHz, CDCl3) δ (ppm) 19.7 (CH3), 19.9 (CH3), 26.4 (camphor), 27.2 (camphor), 43.0 

(camphor), 48.9 (camphor), 51.0 (camphor), 59.2, 107.1 (pyridyl), 141.1 (pyridyl), 150.5 

(pyridyl), 215.8 (C=O); Anal. calcd for C25H35N3O6S2: C, 55.84; H, 6.56; N, 7.81; S, 

11.93. Found: C, 55.78; H, 6.62; N, 7.80; S, 11.95. 

 

2.5 Piperidine-camphorsulfonamide 
 
(+)-1-[(1S)-7,7-Dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl]-N-(6-methylpiperidin-2-yl) 

methane sulfonamide [(S)-7]: 

The hydrogenation reaction was carried out in an 80 mL stainless 

steel autoclave (Technoclave, Budapest, Hungary) equipped with 

a magnetic stirrer (stirring speed: 1100 rpm). The reactor 

containing sulfonamide (S)-5 (300 mg, 0.93 mmol), 10 % Pd/C 

(Selcat Q) catalyst (120 mg) and MeOH (20 mL) was flushed with nitrogen and hydrogen, 

then charged with hydrogen (12 bar) and heated to 80 °C. After the reaction was 

completed (8 h), the catalyst was filtered off and the solvent was removed to yield (S)-7 

(242 mg, 78 %) as a colorless oil. The product was used without further purification. 

  

Rf: 0.78 (silica TLC, DCM/MeOH 1:20); [𝛼]𝐷
25 = + 31.2 (c 1.00, DCM); IR (KBr) νmax 

3277 (νas, NH), 3158, 2960 (νas, CH), 2928, 2887 (νs , CH), 1738 (ν, C=O), 1596 (β, NH), 

1457 (δas, CH3; and βs , CH2), 1327 (νas, SO2), 1123 (νs , SO2), 813 (γ, NH) cm-1; 1H NMR 

(500 MHz, CDCl3) δ (ppm) 0.85 (s, 3H, camphor CH3), 1.07 (s, 3H, camphor CH3), 1.31 

(dd, J = 6.5, 3.8 Hz, 3H, piperidine CH3), 1.36–1.48 (m, 2H), 1.64–1.77 (m, 1H), 1.80–
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1.99 (m, 4H), 1.99–2.07 (m, 1H), 2.09 (t, J = 4.5 Hz, 1H), 2.31–2.58 (m, 5H), 2.95 (dd, J 

= 14.5, 3 Hz, 1H), 3.47 (d, J = 15 Hz, 1H, CH2), 3.48 (d, J  = 15 Hz, 1H, CH2), 3.54–3.64 

(m, 1H), 8.37 (d, J = 11.5 Hz, 1H, NH); 13C NMR (125 MHz, CDCl3) δ (ppm) 18.5, 18.6, 

19.8 and 19.8, 22.3, 24.3 and 24.4, 27.0, 29.5 and 29.6, 30.7 and 30.7, 42.6 and 42.6, 42.7 

and 42.7, 48.2 and 48.2, 49.2, 49.6 and 49.6, 50.7, 58.2 and 58.2, 215.8 and 216.0; Anal. 

calcd for C16H28N2O3S: C, 58.50; H, 8.59; N, 8.53; S, 9.76. Found: C, 58.48; H, 8.62; N, 

8.50; S, 9.79. 

 

3. Cinchona-decorated cyclodextrin 

Publication: 

 
[KIP-2] Kisszekelyi, P.; Alammar, A.; Kupai, J.; Huszthy, P.; Barabás, J.; Höltzl, T.; 

Szente, L.; Bawn, C.; Adams, R.; Szekely, G.: Asymmetric synthesis with 

cinchona-decorated cyclodextrin in a continuous-flow membrane reactor, J. 

Catal. 2019, 371, 255–261. (IF: 7.888; DOI: 10.1016/j.jcat.2019.01.041, 

contribution by the author: 80%, independent citations: 12) 

 

 

3.1 Methods and materials 
 
IR spectra were recorded on a Bruker Alpha-T FT−IR spectrometer. Optical rotations 

were taken on a PerkinElmer 241 polarimeter that was calibrated by measuring the optical 

rotations of both enantiomers of menthol. NMR spectra were recorded either on a Bruker 

DRX-500 Avance spectrometer (at 500 MHz for 1H and at 125 MHz for 13C spectra), on 

a Bruker 300 Avance spectrometer (at 300 MHz for 1H and at 75.5 MHz for 13C spectra), 

on a Bruker Avance III HD 600 spectrometer (at 600 MHz for 1H and at 150 MHz for 13C 

spectra) with a 5 mm DCH Cryoprobe, or on a Bruker Avance III spectrometer (at 500 

MHz for 1H and at 125 MHz for 13C spectra) with a 5 mm BBO probe as specified for 

each compound. Low resolution mass spectra (LC-MS) were recorded on an Agilent 

1200 Series coupled Agilent 6130 Series Quadrupole spectrometer system in electrospray 

ionization (ESI) mode, using water (1% NH4HCO3)/acetonitrile (8% water, 1% 

NH4HCO3) as eluent in gradient elution (5–100% acetonitrile, 0.6 mL min-1, 40 °C) using 
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a Phenomonex Gemini-NX C18 column (3u 110A, 150×3.00 mm). High resolution mass 

measurements were performed on a Thermo Exactive plus EMR Orbitrap mass 

spectrometer, used with a Thermo Ultimate 3000 UHPLC using 100% methanol as 

mobile phase. Melting points were taken on a Boetius micro-melting point apparatus and 

they are uncorrected.  

Reagents were purchased from Sigma-Aldrich Ltd. and used as supplied, except where 

specified. Silica gel 60 F254 (Merck) plates were used for TLC and the spots were 

visualized either by UV light (254 nm) or by staining with an acidic solution of 

cerium(IV) sulfate
1
 and charred with a heat gun. Silica gel 60 (70−230 mesh, Merck) was 

used for column chromatography and Silica gel 60 PF254+366 (230–400 mesh, Merck) for 

preparative layer chromatography. Ratios of solvents for the eluents are given in volumes 

(mL mL-1). Solvents were dried and purified according to well established methods.  

 

3.2 Key cyclodextrin intermediate 
 

Mono-6-deoxy-6-O-(p-tolylsulfonyl)-β-cyclodextrin (CD-7): 

This compound was synthesized as described in the 

literature[2] with some minor modifications. In a 2-L, three-

necked, round-bottomed flask β-cyclodextrin (CD-6, 40.0 g, 

35.24 mmol, 1.0 eq) was dissolved in water (900 mL) by 

heating to 60 °C with vigorous stirring. Stirring was 

continued as the solution was allowed to cool to room 

temperature, and to the resulting milky suspension was added finely powdered  

1-(p-toluenesulfonyl)imidazole (31.3 g, 141 mmol, 4.0 eq) in one portion. After 2 h, a 

solution of sodium hydroxide (18.0 g, 0.45 mol, 12.7 eq) in water (50 mL) was added 

over 20 min. After stirring for 10 min, unreacted 1-(p-toluenesulfonyl)imidazole was 

separated by filtration. The reaction was quenched by the addition of NH4Cl (48.2 g, 0.90 

mol, 25.6 eq) and was stirred to dissolve all the solids. The resulting mixture was 

concentrated to about half of its original volume by blowing a stream of air over its 

surface. The resulting precipitate was filtered, and the collected solid was washed with 

 
1
 4g of Ce(SO4)2·4H2O was added to a mixture of 12 mL of conc. sulfuric acid and 20 mL of distilled water. 

The mixture was sonicated for a few minutes, then diluted to 200 mL with distilled water. 
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cold water (2×100 mL) and acetone (200 mL) and then dried to constant weight under 

infrared lamp. The crude product was recrystallized two times from a mixture of 

MeOH:H2O (1:1, 15 mL g-1) and dried over P2O5 in a vacuum desiccator to give mono-

6-deoxy-6-O-(p-tolylsulfonyl)-β-cyclodextrin (CD-7, 9.90 g, 22%) as a white solid. 

 

Rf: 0.59 (SiO2, 2-PrOH/H2O/EtOAc/cc. NH4OH 5:3:1:1, Cerium sulfate stain); [𝛼]𝐷
25: 

+129.7 (DMSO, c 1.00) [lit.[3] [𝛼]𝐷
25: +121.9 (DMSO, c 1.00)]; Mp: 195 °C decomp. (lit.[4] 

mp 193 °C, decomp.); IR (KBr) νmax: 3406 (s), 2928 (w), 1638 (w), 1365 (w), 1158 (m), 

1080 (m), 1028 (s), 947 (w), 839 (w), 756 (w), 706 (w), 669 (w) cm-1
; 1H NMR (500 

MHz, DMSO-d6): H 7.76 (2H, d, J = 8.23 Hz, H2” and H6”), 7.44 (2H, d, J = 7.68 Hz, 

H3” and H5”), 5.75 (7H, m, OH2 and OH2’), 5.68 (7H, m, OH3 and OH3’), 4.87 (1H, d, 

J = 3.00 Hz, H1’), 4.82 (6H, d, J = 3.67 Hz, H1), 4.47 (6H, m, OH6), 4.32 (1H, m, H6’a), 

4.19 (1H, m, H6’b), 3.64 (12H, m, H6ab), 3.63 (7H, d, J = 5.79 Hz, H5 and H5’), 3.56 

(7H, m, H3 and H3’), 3.36 (7H, m, H4 and H4’), 3.31 (7H, m, H2 and H2’), 2.43 (3H, s, 

H7”) ppm; 13C NMR (125 MHz, DMSO-d6): C 145.3 (1C, C1”), 133.1 (1C, C4”), 130.3 

(2C, C3” and C5”), 128.0 (2C, C2” and C6”), 102.4 (7C, C1 and C1’), 82.1 (7C, C4 and 

C4’), 73.5 (7C, C3 and C3’), 73.0 (7C, C2 and C2’), 72.6 (6C, C5), 70.2 (1C, C6’), 69.4 

(1C, C5’), 60.5 (6C, C6), 22.0 (1C, C7”) ppm; MS (m/z): [M + H]+  1289.2, [M + NH4]+ 

1306.3, [M + 2NH4]2+ 662.3; HRMS-ESI- (m/z): [M - H]- calcd for C49H75O37S: 

1287.3713, found: 1287.3751; [2M - 2H]2-
 calcd for C98H150O74S2: 1287.8730, found: 

1287.8771 

Spectral data are fully consistent with those reported in the literature.[5] 

 

Mono-6-deoxy-6-azido-β-cyclodextrin (CD-8): 

This compound was synthesized as described in the 

literature[6] with some minor modifications. To a stirring 

suspension of mono-6-deoxy-6-O-(p-tolylsulfonyl)-β-

cyclodextrin (CD-7, 2.00 g, 1.55 mmol, 1.0 eq) in water (20 

mL) was added in one portion sodium azide (0.60 g, 9.23 

mmol, 6.0 eq) and the mixture was stirred at 80 °C. After completion of the reaction 

(TLC), acetone (150 mL) was added to the mixture. The resulting white precipitate was 

filtered, washed with acetone (3×20 mL) and then dried to constant weight under infrared 
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lamp. The crude product was recrystallized three times from a mixture of MeOH:H2O 

(1:1, 15 mL g-1) and dried over P2O5 in a vacuum desiccator to give mono-6-deoxy-6-

azido-β-cyclodextrin (CD-8, 1.02 g, 56%) as a white solid. 

 

Rf: 0.66 (SiO2, iPrOH/H2O/EtOAc/cc. NH4OH 5:3:1:1, Cerium sulfate stain); [𝛼]𝐷
25: 

149.6 (DMSO, c 1.00) [lit.[3] [𝛼]𝐷
25: 139.7 (DMSO, c 1.00)]; Mp: 220 °C, decomp. (lit. [7] 

Mp: 221 °C, decomp.); IR (KBr) νmax: 3384 (s), 2929 (m), 2105 (m), 1708 (w), 1650 (w), 

1367 (w), 1155 (s), 1080 (s), 1028 (s), 946 (w), 856 (w) cm-1; 1H NMR (500 MHz, 

DMSO-d6): H 5.75 (7H, m, OH2 and OH2’), 5.68 (7H, m, OH3 and OH3’), 4.87 (1H, d, 

J = 3.00 Hz, H1’), 4.82 (6H, d, J = 3.67 Hz, H1), 4.47 (6H, m, OH6), 3.64 (14H, m, H6ab 

and H6’ab), 3.63 (7H, d, J = 5.79 Hz, H5 and H5’), 3.56 (7H, m, H3 and H3’), 3.36 (7H, 

m,  H4 and H4’), 3.31 (7H, m, H2 and H2’) ppm; 13C NMR (125 MHz, DMSO-d6): C 

102.4 (7C, C1 and C1’), 82.1 (7C, C4 and C4’), 73.5 (7C, C3 and C3’), 73.0 (7C, C2 and 

C2’), 72.6 (7C, C5), 70.6 (1C, C5’), 60.5 (7C, C6), 51.5 (1C, C6’) ppm; MS (m/z): [M + 

H]+ 1160.2, [M + NH4]+ 1177.3, [M + 2NH4]2+ 597.8; HRMS-ESI+ (m/z): [M + Na]+ calcd 

for C42H69N3O34Na: 1182.3655, found: 1182.3647 

Spectral data are fully consistent with those reported in the literature.[6] 

 

Mono-6-deoxy-6-azido-permethyl-β-cyclodextrin (CD-9):  

This compound was synthesized as described in the 

literature[8] with some minor modifications. To a stirring 

solution of mono-6-deoxy-6-azido-β-cyclodextrin (CD-8, 

2.50 g, 2.16 mmol, 1.0 eq) in dry DMF (110 mL) was 

added in one portion iodomethane (8.1 mL, 18.31 g, 129.3 

mmol, 60 eq). Sodium hydride (60% dispersion in mineral oil; 5.17 g, 129.3 mmol, 60 

eq) was added in small portions over a period of 3 h and the reaction mixture was left 

stirring overnight. The mixture was then cooled and methanol  

(50 mL) was added dropwise to decompose excess of sodium hydride. Next, the solvent 

was evaporated in vacuo and the residue was dissolved in EtOAc (300 mL) and water 

(300 mL) was added. The mixture was extracted, the organic phase was washed with 

water (4×50 mL) and the combined aqueous phase was washed with EtOAc (2×50 mL). 

The organic extracts were collected, dried over anhydrous MgSO4, filtered and the solvent 
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was evaporated. The crude product was purified by column chromatography on silica gel 

(EtOAc:MeOH:H2O, 70:5:3] to yield mono-6-deoxy-6-azido-permethyl-β-cyclodextrin 

(CD-9, 1.95 g, 63%) as a white foam. 

Rf: 0.48 (SiO2, EtOAc:MeOH, 20:1, Cerium sulfate stain); [𝛼]𝐷
25: 152.9 (CHCl3, c 1.00) 

[lit.[3]  [𝛼]𝐷
25:  +170.0 (CHCl3, c 1.00)]; Mp: 106 °C (lit.[6] Mp: 107 °C); IR (KBr) νmax: 

2979 (w), 2929 (m), 2833 (w), 2101 (m), 1459 (w), 1367 (w), 1194 (m), 1161 (s), 1141 

(s), 1109 (s), 1039 (s), 971 (m), 952 (w), 912 (w) cm-1; 1H NMR (500 MHz, CDCl3): H 

5.15 (7H, d, J = 3.49 Hz, H1 and H1’), 3.81 (14H, m, H6,6’a and H5,5’), 3.64 (21H, m, 

3-OMe and 3’-OMe), 3.61 (7H, m, H4 and H4’), 3.59 (7H, m, H6b and H6’b), 3.51 (7H, 

m, H3 and H3’), 3.50 (21H, m, 2-OMe and 2’-OMe), 3.39 (18H, m, 6-OMe), 3.20 (7H, 

m, H2 and H2’) ppm; 13C NMR (125 MHz, CDCl3): C 99.2 (7C, C1 and C1’), 82.5 (7C, 

C2 and C2’), 82.1 (7C, C3 and C3’), 80.4 (7C, C4 and C4’), 71.3 (6C, C6), 70.9 (7C, C5 

and C5’), 61.5 (7C, 3-OMe and 3’-OMe), 59.2 (6C, 6-OMe), 58.6 (7C, 2-OMe and 2’-

OMe), 52.1 (1C, C6’) ppm; MS (m/z): [M + NH4]+ 1475.5, [M + 2NH4]2+ 737.5; HRMS-

ESI+ (m/z): [M + Na]+ calcd for C62H109N3O34Na: 1462.6785, found: 1462.6782 

Spectral data are fully consistent with those reported in the literature.[8] 

 

Mono-6-deoxy-6-amino-permethyl-β-cyclodextrin (CD-3):  

Method A: 

This compound was synthesized as described in the 

literature[8] with some minor modifications. A mixture of 

10% Pd/C (70 mg) in MeOH (2.0 mL) was hydrogenated for 

30 min at atmospheric pressure. Then, a solution of mono-6-

deoxy-6-azido-permethyl-β-cyclodextrin  

(CD-9, 300 mg, 0.21 mmol, 1.0 eq) in MeOH (4.0 mL) was 

added and stirred under H2 at room temperature until completion. Next, the reaction 

mixture was filtered through Celite, washed with MeOH and the solvent was evaporated 

under reduced pressure. The crude product was purified by column chromatography 

(DCM/MeOH 10:1) to yield mono-6-deoxy-6-amino-permethyl-β-cyclodextrin (CD-3, 

0.17 g, 57%) as a white foam.  

 

Method B: 
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This compound was synthesized as described in the literature[9] with some minor 

modifications. A solution of mono-6-deoxy-6-azido-permethyl-β-cyclodextrin (CD-9, 

300 mg, 0.21 mmol, 1.0 eq), triphenylphosphine (60 mg, 0.23 mmol, 1.1 eq) in acetone 

(2.6 mL) was stirred at room temperature for 2 h. Then, water (0.26 mL) was added and 

stirred for 2 h. The reaction was cooled to room temperature and the solvent was 

evaporated. To the resulting residue, water was added (10 mL) and sonicated for 5 min. 

The precipitated triphenylphosphine oxide was removed by filtration and washed with 

water (3×5 mL). To the filtrate sat. NaCl (aq.) solution was added (10.0 mL) and extracted 

with chloroform (5×40 mL). The combined organic phase was dried over anhydrous 

MgSO4 and concentrated under reduced pressure. The crude product was purified by 

column chromatography on silica gel (CHCl3:MeOH, gradient elution with 0–10% 

MeOH) to yield mono-6-deoxy-6-amino-permethyl-β-cyclodextrin (CD-3, 0.22 g, 75%) 

as a white foam.  

 

Rf: 0.39 (SiO2, DCM:MeOH, 10:1, Cerium sulfate stain); [𝛼]𝐷
25: 152.2 (CHCl3, c 1.00) 

[lit.[3]  [𝛼]𝐷
25: +135.9 (CHCl3, c 1.00)]; Mp: 129 °C (lit.[10] Mp: 121–123 °C); IR (KBr) 

νmax: 3508 (w), 2979 (m), 2930 (s), 2833 (m), 1633 (w), 1459 (m), 1368 (m), 1142 (s), 

1108 (s), 1039 (s), 971 (m), 857 (w) cm-1; 1H NMR (500 MHz, CDCl3): H 5.15 (7H, d, J 

= 3.49 Hz, H1 and H1’), 3.81 (13H, m, H6a and H5,5’), 3.64 (21H, m, 3-OMe and 3’-

OMe), 3.61 (7H, m, H4 and H4’), 3.59 (6H, m, H6b), 3.51 (7H, m, H3 and H3’), 3.50 

(21H, m, 2-OMe and 2’-OMe), 3.39 (18H, m, 6-OMe), 3.20 (8H, m, H2,2’ and H6’a), 

3.07 (1H, m, H6’b), 2.88 (2H, br, NH2) ppm; 13C NMR (125 MHz, CDCl3): C 99.2 (7C, 

C1 and C1’), 82.5 (7C, C2 and C2’), 82.1 (7C, C3 and C3’), 80.4 (7C, C4 and C4’), 71.3 

(6C, C6), 70.9 (7C, C5 and C5’), 61.5 (7C, 3-OMe and 3’-OMe), 59.2 (6C, 6-OMe), 58.6 

(7C, 2-OMe and 2’-OMe), 42.1 (1C, C6’) ppm; MS (m/z): [M + H]+ 1414.6, [M + H + 

NH4]2+ 716.5; HRMS-ESI+ (m/z): [M + K]+ calcd for C62H111NO34K: 1452.6619, found: 

1452.6609 

Spectral data are fully consistent with those reported in the literature.[11] 
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3.3 Key cinchona derivatives 
 

(1R)-(–)-((2S,4S,5R)-5-Ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methyl 

methanesulfonate (15): 

This compound was synthesized as described in the 

literature[12] with some minor modifications. A solution of 

hydroquinine (14, 3.00 g, 9.19 mmol, 1.0 eq) in dry THF (55 

mL) was stirred in a dry two-necked round-bottom flask 

equipped with a reflux condenser under Ar at 0 °C. To this 

solution was added first TEA (6.2 mL, 4.46 g, 44.08 mmol, 4.8 eq), then slowly 

methanesulfonyl chloride (2.9 mL, 4.21 g, 36.8 mmol, 4.0 eq). After addition of the 

reagents, the reaction mixture was allowed to warm to room temperature, and it was 

stirred under these conditions for 4 h until completion (TLC). The solvent was evaporated 

under reduced pressure, and the residue was dissolved in a mixture of DCM (50 mL) and 

sat. aqueous solution of NaHCO3 (50 mL). The phases were shaken thoroughly and 

separated. The aqueous phase was extracted with DCM (2×50 mL). The combined 

organic phase was dried over anhydrous MgSO4, filtered and the solvent was evaporated. 

The crude product was purified by column chromatography on silica gel (MeOH:toluene, 

1:6) to obtain hydroquinine mesylate (15, 2.20 g, 73%) as a yellow solid. 

 

Rf: 0.37 (SiO2, MeOH:toluene, 1:4); [𝛼]𝐷
25: –47.5 (DCM, c 0.94) [lit.[13] [𝛼]𝐷

25 : –55.4 

(DCM, c 0.94)]; Mp: 102.9–104.3 °C (lit[13] mp: 105–108 °C); IR (KBr): νmax 2962 (w), 

2921 (w), 2850 (w), 1621 (w), 1508 (w), 1456 (w), 1411 (w), 1259 (m), 1227 (m), 1169 

(m), 1147 (m), 1083 (s), 1014 (s), 862 (w), 797 (s), 681(m), 624 (m) cm -1; 1H NMR (300 

MHz, CDCl3): δH 8.82 (d, J = 4.20 Hz, 1H), 8.07 (d, J = 9.30 Hz, 1H), 7.47–7.40 (m, 3H), 

6.19 (br s, 1H), 3.98 (s, 3H), 3.45–3.38 (br m, 1H), 3.12 (br m, 1H), 3.02–2.94 (m, 1H), 

2.61 (m, 4H), 2.27 (br d, J = 13.20 Hz, 1H), 2.02 (br m, 1H), 1.88 (br, 1H), 1.81 (m, 1H), 

1.74 (m, 1H), 1.69 (m, 1H), 1.62 (m, 1H), 1.53–1.26 (m, 4H), 0.86 (t, J = 7.20 Hz, 3H) 

ppm; 13C NMR (75.5 MHz, CDCl3): δC 158.5, 147.5, 145.0, 141.7, 132.2, 126.6, 122.3, 

119.4, 100.8, 59.9, 58.3, 55.8, 42.4, 42.2, 39.2, 37.4, 28.3, 27.8, 25.1, 24.7, 12.1 ppm 

MS-ESI+ (m/z): [M + H]+ calcd for C21H29N2O4S: 405.2, found: 405  

Spectral data are fully consistent with those reported in the literature.[13] 
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(2S,4S,5R)-(+)-2-((S)-Azido(6-methoxyquinolin-4-yl)methyl)-5-ethylquinuclidine (16):  
 

This compound was synthesized as described in the 

literature[12] with some minor modifications. A solution of 

mesylate 15 (2.00 g, 4.94 mmol, 1.0 eq) in dry DMF (55 mL) 

was stirred in a dry two-necked round-bottom flask equipped 

with a reflux condenser under Ar at room temperature. To 

this solution NaN3 was added (1.45 g, 22.31 mmol, 4.5 eq), then the reaction mixture was 

warmed up to 45 °C and it was stirred under these conditions until completion (TLC). 

The solvent was evaporated under vacuum, and the residue was extracted with Et2O (4×15 

mL). The combined organic phase was evaporated to gain 9-deoxy-9-azido-hydroquinine 

as a yellow oil (16, 1.44 g, 83%) and used without further purification. 

 

Rf: 0.20 (SiO2, DCM:MeOH, 1:10); [𝛼]𝐷
25: +31.0 (DCM, c 1.0) [lit[14] [𝛼]𝐷

25: 31.1 (DCM, 

c 1.0)]; IR (KBr) νmax 2957 (w), 2917 (m), 2850 (w), 2100 (m), 1621 (w), 1508 (w), 1470 

(w), 1432 (w), 1360 (w), 1259 (m), 1180 (w), 1087 (m), 1018 (m), 851 (w), 797 (s), 682 

(w) cm-1; 1H NMR (300 MHz, CDCl3): δH 8.78 (d, J = 4.20 Hz, 1H), 8.08 (d, J = 9.00 Hz, 

1H), 7.48 (m, 1H), 7.43 (d, J = 9.90 Hz, 1H), 7.34 (d, J = 4.20 Hz, 1H), 5.00 (d, J = 10.50 

Hz, 1H), 3.96 (s, 3H), 3.15–3.39 (m, 3H), 2.87 (m, 1H), 2.53 (br d, 1H), 1.60 (m, 1H), 

1.43 (m, 3H), 1.32–1.23 (m, 3H), 0.81 (t, J = 7.20 Hz, 3H), 0.75 (m, 1H) ppm; 13C NMR 

(75.5 MHz, CDCl3): δC 158.2, 147.5, 145.1, 140.7, 132.2, 127.7, 121.9, 120.9, 101.7, 

59.1, 57.8, 55.7, 41.1, 37.3, 37.3, 28.7, 27.6, 26.1, 25.1, 12.1 ppm; MS-ESI+ (m/z): [M + 

H]+  calcd for C20H26N5O4: 352.2, found: 352.1 

Chemical shifts are fully consistent with those reported in the literature.[15] 

 

(1S)-(+)-((2S,4S,5R)-5-Ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methanamine 

(17):  

Method A: This compound was synthesized as described in 

the literature[16] with some minor modifications. In a 2-

necked round-bottom flask equipped with an Ar inlet and a 

dropping funnel, hydroquinine (14, 1.50 g, 4.60 mmol, 1.0 

eq) and triphenylphosphine (1.47 g, 5.6 mmol, 1.2 eq) were 
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dissolved in dry THF (16 mL). After cooling to 0 °C, diisopropyl azodicarboxylate 

(DIAD) (1.1 mL, 1.13 g, 5.6 mmol, 1.2 eq) was added dropwise to the solution and stirred 

for 2 h at 0 °C, while a white precipitate appeared. Then, a solution of diphenylphosphoryl 

azide (1.2 mL, 1.54 g, 5.6 mmol, 1.2 eq) in dry THF (5.0 mL) was added dropwise to the 

reaction mixture at 0 °C. The suspension was allowed to warm to room temperature and 

stirred under these conditions for 16 h while the precipitation disappeared. Next, the 

solution was stirred at 45 °C for 30 min. Then, another portion of triphenylphosphine 

(1.47 g, 5.6 mmol, 1.2 eq) was added and the reaction mixture was allowed to cool to 

room temperature and stirred until gas evolution ceased (2 h). After that, 1.5 mL of 

distilled water was added and stirred for another 2 h at room temperature. The reaction 

mixture was concentrated under reduced pressure and the residue was taken up in a 

mixture of DCM (20 mL) and 2N hydrochloric acid (20 mL). The phases were shaken 

thoroughly and separated. The aqueous phase was washed with DCM  

(2×20 mL), then pH was adjusted to 10 with 10% aqueous NaOH solution (15 mL) and 

was extracted with DCM (3×15 mL). The combined organic phase was dried over 

anhydrous MgSO4, filtered and concentrated under vacuum. The residue was dissolved 

in dry Et2O. To this solution 10 mL hydrogen chloride (2M in diethyl ether) was added 

and the formed crystals were filtered and washed with diethyl ether resulting in the 

hydrochloric salt of 9-deoxy-9-amino-hydroquinine as a yellow solid (17·HCl, 1.80 g, 

90% yield). 

 

Elimination of the free amine 17 from its salt:  

The hydrochloride salt of amine 17 (1.00 g, 2.28 mmol, 1.0 eq) was washed with water 

(20 mL) to a separatory funnel. The pH was adjusted to 10 with 10% aqueous solution of 

NaOH (10 mL), resulting in the formation of a white precipitate and then extracted with 

DCM (3×20 mL). The combined organic phase was dried over anhydrous MgSO4, and 

the solvent was evaporated to yield free amine of 9-deoxy-9-amino-hydroquinine as a 

pale-yellow oil (17, 0.73 g, 99%,). 

 

Method B: This compound was synthesized as described in the literature[12] with some 

minor modifications. To a solution of azide 16 (144 mg, 4.10 mmol, 1.0 eq) in MeOH (30 

mL) was added 10% Pd/C (15 mg) and the mixture was hydrogenated at room 
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temperature for 4 h under atmospheric pressure. Then, the catalyst was filtered through 

Celite, washed with MeOH and the solvent was evaporated under reduced pressure to 

obtain 9-deoxy-9-amino-hydroquinine as a pale-yellow oil (17, 1.31 g, 98%). The product 

was used without further purifications.  

 

Hydrochloride salt of the amine 17 

Rf: 0.06 (SiO2, DCM:MeOH, 5:1); [𝛼]𝐷
25: +11.8 (MeOH, c 0.5) [lit[17] [𝛼]𝐷

25: +12.6 

(MeOH, c 0.4)]; Mp: over 200 °C, decomp. (lit[17] Mp: 214–215 °C, decomp.); IR (KBr) 

νmax 3371 (w), 3071 (w), 2926 (s), 2859 (m), 1619 (s), 1588 (m), 1506 (s), 1473 (m), 1431 

(m), 1259 (m), 1228 (s), 1076 (w), 1028 (s), 916 (w), 851 (s), 827 (s), 741 (w), 713 (m), 

681 (w), 635 (m) cm-1 

 

Free base of the amine 17 

1H NMR (500 MHz, CDCl3): δH 8.75 (d, J = 4.60 Hz, 1H), 8.03 (d, J = 9.20 Hz, 1H), 

7.63 (s, 1H), 7.48 (d, J = 4.60 Hz, 1H), 7.38 (dd, J = 9.20 Hz, 2.70 Hz, 1H), 4.62 (d, J = 

10.20 Hz, 1H), 3.97 (s, 3H), 3.40–3.10 (overlapped m, 3H), 2.95–2.50 (overlapped m, 

5H), 1.7–1.2 (overlapped m, 6H), 0.83 (t, J = 7.30 Hz, 3H), 0.77 (m, 1H) ppm; 13C NMR 

(125 MHz, CDCl3): δC 157.8, 148.0, 147.3, 144.9, 132.0, 128.9, 121.5, 120.1, 102.2, 77.4, 

62.1, 58.0, 55.8, 41.3, 37.6, 28.9, 27.8, 25.9, 25.4, 12.2 ppm; MS (m/z): [M + H]+ 326.2  

HRMS-ESI+ (m/z): [M + H]+ calcd for the free base C20H28N3O: 326.2227; Found: 

326.2223 

Spectral data are fully consistent with those reported in the literature.[17] 

 

9-Deoxy-9-isothiocyanato-hydroquinine (18) 

This compound was synthesized based on an analogue 

synthetic procedure.[18] To a solution of 9-deoxy-9-amino-

hydroquinine (17, 100 mg, 0.31 mmol, 1 eq) in 2-MeTHF (0.5 

mL) at -10 °C were added CS2  

(111 µL, 1.8 mmol, 6 eq) and N,N'-dicyclohexylcarbodiimide  

(DCC, 64 mg, 0.31 mmol, 1 eq). The reaction mixture was warmed slowly to room 

temperature and then stirred at room temperature overnight. Then, the solvent was 

evaporated under reduced pressure and the crude product was purified by preparative 
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thin-layer chromatography on silica gel (DCM:MeOH, 10:1) to afford 9-deoxy-9-

isothiocyanato-hydroquinine (18, 82 mg, 73%) 

 

Rf: 0.69 (SiO2, DCM:MeOH, 10:1); [𝛼]𝐷
25: +43.5 (CHCl3, c 1.0); Mp: 96–105 °C; IR 

(KBr) νmax 3418 (m), 2957 (m), 2931 (m), 2874 (m), 2834 (w), 2054 (w), 1621 (s), 1590 

(m), 1540 (s), 1508(s), 1474 (m), 1458 (m) 1431 (m), 1381 (w), 1360 (m), 1335(m) , 1311 

(w), 1296 (w), 1257 (m), 1241 (m), 1226 (s), 1172 (w), 1137 (w), 1083 (w), 1046 (w), 

1027 (m), 1004 (m), 982 (w), 963 (m), 942 (m), 923 (m), 845 (m) cm -1; 1H NMR (300 

MHz, CDCl3): δH 8.69 (d, J = 4.00 Hz, 1H), 7.95 (d, J = 9.00 Hz, 1H), 7.43 (d, J = 4.40 

Hz, 1H), 7.31 (dd, J = 9.20 Hz, 2.70 Hz, 1H), 7.27 (d, J = 2.70 Hz, 1H), 5.49 (d, J = 9.90 

Hz, 1H), 3.93 (s, 3H), 3.88 (dd, J = 13.30 Hz, 10.40 Hz, 1H), 3.70 (m, 1H), 3.60 (m, 1H), 

3.22 (q, J = 9.60 Hz, 1H), 2.89 (dt, J = 13.40 Hz, 3.00 Hz, 1H), 2.16 (m, 1H), 2.08 (m, 

1H), 2.02–1.80 (overlapped m, 4H), 1.32 (q, J = 7.40 Hz, 2H), 0.87 (t, J = 7.30 Hz, 3H) 

ppm; 13C NMR (75.5 MHz, CDCl3): δC 157.8, 147.8, 144.3, 142.5, 131.7, 127.2, 121.3, 

119.7, 101.6, 77.3, 67.9, 66.9, 59.1, 55.8, 47.2, 37.6, 27.5, 26.4, 25.5, 24.9, 11.8 ppm 

MS (m/z): [M + H]+ 368.2; HRMS-ESI+ (m/z): [M + Na]+ calcd for C21H25N3ONaS: 

390.1611; Found: 390.1609 

 

3.4  Cinchona-decorated CD organocatalysts 
 

Mono-6-deoxy-6-isothiocyanato-permethyl-β-cyclodextrin (CD-4): 

Method A: This compound was synthesized analogously to 

the literature[19,20] with some minor modifications. 

Triphenylphosphine (8.00 g, 30.0 mmol, 20 eq) was 

dissolved in DMF (100 mL) under inert atmosphere. CS2 (50 

mL, 63.3 g, 0.83 mol, 0.5 eq) and mono-6-deoxy-6-azido-

permethyl-β-cyclodextrin (CD-9, 2.3 g, 1.6 mmol, 1.0 eq) 

were added in sequence and the reaction was stirred for 24 h at room temperature. The 

reaction mixture was then evaporated, and the crude product was purified by column 

chromatography on silica gel (CHCl3:MeOH, gradient elution with 1–100% MeOH) to 

yield mono-6-deoxy-6-isothiocyanato-permethyl-β-cyclodextrin as a white powder (CD-

4, 1.2 g, 55%). 
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Method B: To a solution of mono-6-deoxy-6-amino-permethyl-β-cyclodextrin (CD-3, 

250 mg, 0.18 mmol, 1.0 eq) in 2-MeTHF (1.0 mL) at -10 °C were added CS2 (65 µL, 81 

mg, 1.08 mmol, 6.0 eq) and DCC (37 mg, 0.18 mmol, 1.0 eq). The reaction mixture was 

warmed slowly to room temperature and then stirred at room temperature overnight. 

Then, the solvent was evaporated under reduced pressure and the crude product was 

purified by thin-layer chromatography on silica gel (DCM:MeOH, 10:1) to afford mono-

6-deoxy-6-isothiocyanato-permethyl-β-cyclodextrin (CD-4, 245 mg, 95%). 

 

Rf: 0.71 (SiO2, DCM:MeOH, 10:1); [𝛼]𝐷
25: +135.5 (CHCl3, c 1.00); Mp: 203–205 °C, 

decomp.; IR (KBr): νmax 2980 (w), 2929 (m), 2838 (w), 2107 (w), 1459 (w), 1367 (w), 

1195 (m), 1162 (s), 1142 (s), 1109 (s), 1038 (s), 970 (m), 951 (w), 856 (w) cm-1; 1H NMR 

(500 MHz, CDCl3): δH 5.15 (7H, d, J = 3.49 Hz, H1 and H1’), 4.15 (1H, d, J = 13.50 Hz, 

H6’a), 3.85 (14H, m, H6’b, H5,5’ and H6a), 3.64 (21H, m, 3-OMe and 3’-OMe), 3.61 

(7H, m, H4 and H4’), 3.59 (6H, m, H6b), 3.51 (7H, m, H3 and H3’), 3.50 (21H, m, 2-

OMe and 2’-OMe), 3.39 (18H, m, 6-OMe), 3.20 (7H, m, H2,2’) ppm; 13C NMR (125 

MHz, CDCl3): δC 99.2 (7C, C1 and C1’), 82.5 (7C, C2 and C2’), 82.1 (7C, C3 and C3’), 

80.4 (7C, C4 and C4’), 71.3 (6C, C6), 70.9 (7C, C5 and C5’), 61.5 (7C, 3-OMe and 3’-

OMe), 59.2 (6C, 6-OMe), 58.6 (7C, 2-OMe and 2’-OMe), 47.0 (1C, C6’) ppm; MS-ESI+ 

(m/z): [M + NH4]+ 1473.6; [M + NH4 + NH4]++ 746.0; HRMS-ESI+ (m/z): [M + K]+ calcd 

for C63H109NO34SK: 1494.6183, found: 1494.6160 

Spectral data are fully consistent with those reported in the literature.[21] 

 

Mono-6-deoxy-6-(halfsquaramide)-permethyl-β-cyclodextrin (CD-5) 

  

To a stirred solution of mono-6-deoxy-6-amino-permethyl-

β-cyclodextrin (CD-3, 100 mg, 0.07 mmol, 1.0 eq) in MeOH 

(160 µL) was slowly added a solution of dimethyl squarate 

(11 mg, 0.08 mmol, 1.1 eq) in MeOH (80 µL) and this 

mixture was stirred at room temperature under N2 until 

completion (TLC). Next, the solvent was evaporated under reduced pressure and the 

crude product was purified by preparative thin-layer chromatography (DCM:MeOH, 
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20:1) to yield mono-6-deoxy-6-(halfsquaramide)-permethyl-β-cyclodextrin as a white 

solid (CD-5, 82 mg, 76%). 

 

Rf: 0.70 (SiO2, DCM:MeOH, 10:1); [𝛼]𝐷
25: +127.8 (CHCl3, c 1.00); Mp: 90–95 °C; IR 

(KBr): νmax 3511 (w), 3272 (w), 2927 (s), 2835 (m), 1805 (w), 1720 (w), 1616 (s), 1462 

(m), 1400 (m), 1367 (m), 1326 (m), 1302 (w), 1262 (w), 1194 (w), 1162 (s), 1108 (s), 

1037 (s), 970 (m), 952 (m) cm-1; 1H NMR (500 MHz, CDCl3): δH 6.90 and 6.59 (1H, s, 

NH, syn- and anti-conformation with a ratio of 1:1.3), 5.15 (7H, d, J = 3.49 Hz, H1 and 

H1’), 4.38 (3H, s, 10’-OMe), 3.81 (14H, m, H6,6’a and H5,5’), 3.64 (21H, m, 3-OMe and 

3’-OMe), 3.61 (7H, m, H4 and H4’), 3.59 (7H, m, H6,6’b), 3.51 (7H, m, H3 and H3’), 

3.50 (21H, m, 2-OMe and 2’-OMe), 3.39 (18H, m, 6-OMe), 3.20 (7H, m, H2,2’) ppm; 

13C NMR (125 MHz, CDCl3): δC 99.2 (7C, C1 and C1’), 82.5 (7C, C2 and C2’), 82.1 (7C, 

C3 and C3’), 80.4 (7C, C4 and C4’), 71.3 (7C, C6 and C6’), 70.9 (7C, C5 and C5’), 61.5 

(7C, 3-OMe and 3’-OMe), 60.2 (3C, 10’-OMe), 59.2 (6C, 6-OMe), 58.6 (7C, 2-OMe and 

2’-OMe) ppm; MS-ESI+ (m/z): [M + NH4]+ 1541.5; [M + NH4 + NH4]++ 779.9; HRMS-

ESI- (m/z): [M - H]- calcd for C67H112NO37: 1522.6919, found: 1522.6952 

To the best of our knowledge this is the first preparation of CD-5 in the literature. 

 

Mono-6-deoxy-6-(cinchona-thiourea)-permethyl-β-cyclodextrin (CD-1): 

 

Method A: To a stirred solution of mono-6-deoxy-6-amino-

permethyl-β-cyclodextrin (CD-3, 80 mg, 0.06 mmol, 1.0 eq.) 

in 2-MeTHF (1.0 mL) was added 9-deoxy-9-isothiocyanato-

hydroquinine (18, 33 mg, 0.09 mmol, 1.5 eq.) and stirred at 

room temperature until completion (TLC). Then, the solvent 

was evaporated, and the crude product was purified by 

preparative thin-layer chromatography on silica gel (DCM:MeOH, 10:1) to yield mono-

6-deoxy-6-(cinchona-thiourea)-permethyl-β-cyclodextrin as an off-white solid (CD-1, 61 

mg, 62%). 

 

Method B: To a stirred solution of mono-6-deoxy-6-isothiocyanato-permethyl-β-

cyclodextrin (CD-4, 80 mg 0.06 mmol, 1.0 eq) in 2-MeTHF (0.5 mL) was added a 
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solution of 9-deoxy-9-amino-hydroquinine (17, 27 mg, 0.08 mmol, 1.5 eq) in 2-MeTHF 

(0.5 mL) and stirred at room temperature until completion (TLC). Next, the solvent was 

evaporated, and the crude product was purified by thin-layer chromatography on silica 

gel (DCM:MeOH, 10:1) to yield mono-6-deoxy-6-(cinchona-thiourea)-permethyl-β-

cyclodextrin as an off-white solid (CD-1, 40 mg, 41%). 

 

Rf: 0.45 (SiO2, DCM:MeOH, 10:1); [𝛼]𝐷
25: +79.1 (CHCl3, c 1.00), IR (KBr): νmax 3338 

(w), 2931 (m), 2832 (m), 1622 (w), 1560 (w), 1544 (w), 1509 (w), 1460 (w), 1365 (w), 

1321 (w), 1301 (w), 1261 (w), 1229 (w), 1194 (m), 1142 (s), 1108 (s), 1038 (s), 971 (m), 

951 (w), 918 (w), 855 (w) cm-1; 1H NMR (CDCl3, 600 MHz): H 11.11 (1H, s, NH1), 8.77 

(1H, m, H1”), 8.11 (1H, m, H5”), 8.03 (1H, m, H8”), 7.53 (1H, m, H2”), 7.42 (2H, m, 

H7”), 6.32 (1H, m, NH), 5.15 (7H, d, J = 3.49 Hz, H1 and H1’), 3.97 (3H, s, 6”-OMe), 

3.81 (14H, m, H6,6’a and H5,5’), 3.64 (21H, m, 3-OMe and 3’-OMe), 3.61 (7H, m, H4 

and H4’), 3.59 (7H, m, H6b and H6’b), 3.56 (1H, m, H11”), 3.51 (7H, m, H3 and H3’), 

3.50 (21H, m, 2-OMe and 2’-OMe), 3.40 (2H, m, H15”), 3.39 (18H, m, 6-OMe), 3.20 

(7H, m, H2 and H2’), 3.10 (2H, m, H16”), 1.45 (1H, m, H17”), 1.29 (1H, m, H13”), 1.21 

(2H, m, H12”), 1.21 (2H, m, H18”), 1.19 (1H, m, H14”), 1.00 (1H, m, H14”), 0.81 (3H, 

br s, H19”) ppm; 13C NMR (CDCl3, 150 MHz): C 146.3 (1C, C1”), 144.0 (1C, C6”), 

143.5 (1C, C9”), 130.6 (1C, C2”), 128.4 (1C, C8”), 126.8 (1C, C3”), 121.5 (1C, C12”), 

100.9 (1C, C5”), 99.2 (7C, C1 and C1’), 82.5 (7C, C2 and C2’), 82.1 (7C, C3 and C3’), 

81.1 (1C, C16”), 80.7 (1C, C15”), 80.4 (7C, C4 and C4’), 79.4 (1C, C11”), 71.3 (7C, C6 

and C6’), 70.9 (7C, C5 and C5’), 61.5 (7C, 3-OMe and 3’-OMe), 59.2 (6C, 6-OMe), 58.6 

(7C, 2-OMe and 2’-OMe), 55.1 (1C, C10”), 54.7 (1C, 6”-OMe), 36.3 (1C, C14”), 31.8 

(1C, C13”), 27.0 (1C, C17”), 21.9 (1C, C12”), 21.8 (1C, C18”), 13.2 (1C, C19”) ppm; 

MS-ESI+ (m/z): [M + H + H]++ 891.6; HRMS-ESI+ (m/z): [M + Na]+ calcd for 

C83H136N4O35SNa: 1803.8598, found: 1803.8594 

To the best of our knowledge this is the first preparation of CD-1 in the literature. 
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Mono-6-deoxy-6-(cinchona-squaramide)-permethyl-β-cyclodextrin (CD-2) 

To a stirred solution of 9-deoxy-9-amino-hydroquinine (17, 

95 mg, 0.25 mmol, 1.4 eq) in MeOH (1.6 mL) was added 

mono-6-deoxy-6-(halfsquaramide)-permethyl-β-

cyclodextrin (CD-5, 320 mg, 0.18 mmol, 1.0 eq) and stirred 

at room temperature until completion (TLC). Then, the 

solvent was evaporated, and the crude product was purified 

by thin-layer chromatography on silica gel (DCM:MeOH, 10:1) to yield mono-6-deoxy-

6-(cinchona-squaramide)-permethyl-β-cyclodextrin as an off-white solid (CD-2, 318 mg, 

83%). 

Rf: 0.53 (SiO2, DCM:MeOH, 10:1); [𝛼]𝐷
25: +112.3 (CHCl3, c 1.00); IR (KBr): νmax 3450 

(m), 2931 (m), 2833 (m), 1798 (w), 1686 (m), 1622 (m), 1602 (m), 1531 (m), 1460 (m), 

1366 (m), 1323 (m), 1302 (m), 1260 (m), 1232 (m), 1195 (m), 1142 (s), 1107 (s), 1037 

(s), 971 (m), 919 (w), 854 (w) cm-1; 1H NMR (CDCl3, 600 MHz): H 8.79 (1H, m, H8”), 

8.10 (1H, br, NH1), 8.02 (1H, d, H10”), 7.89 (1H, s, H13”), 7.45 (1H, m, H7”), 7.41 (1H, 

m, H11”), 6.36 (1H, m, NH2), 5.15 (7H, d, J = 3.49 Hz, H1 and H1’), 3.97 (3H, m, 6”-

OMe), 3.96 (1H, m, H5”), 3.81 (7H, m, H6,6’a), 3.64 (21H, m, 3-OMe and 3’-OMe), 3.61 

(7H, m, H4 and H4’), 3.59 (7H, m, H6,6’b), 3.57 (7H, m, H5 and H5’), 3.54 (1H, m, 

H15”), 3.51 (7H, m, H3 and H3’), 3.50 (21H, m, 2-OMe and 2’-OMe), 3.41 (2H, m, 

H19”), 3.39 (18H, m, 6-OMe), 3.20 (7H, m, H2 and H2’), 3.11 (2H, m, H20”), 1.95 (1H, 

m, H17”), 1.70 (1H, m, H21”), 1.29 (2H, m, H16”), 1.29 (2H, m, H18”), 1.19 (2H, m, 

H22”), 0.81 (3H, br, H23”); 13C NMR (CDCl3, 150 MHz): C  183.9 (1C, C2”), 183.9 

(1C, C3”), 164.2 (1C, C6”), 158.1 (1C, C14”), 146.2 (1C, C11”), 143.9 (1C, C12”), 132.6 

(1C, C9”), 131.7 (1C, C4”), 129.7 (1C, C1”), 128.2 (1C, C8”), 122.3 (1C, C13”), 117.5 

(1C, C10”), 100.2 (1C, C7”), 99.2 (7C, C1 and C1’), 82.5 (7C, C2 and C2’), 82.1 (7C, 

C3 and C3’), 81.0 (1C, C20”), 80.6 (1C, C19”), 80.4 (7C, C4 and C4’),78.9 (1C, C15”), 

71.3 (7C, C6 and C6’), 70.9 (7C, C5 and C5’), 61.5 (7C, 3-OMe and 3’-OMe), 59.2 (6C, 

6-OMe), 58.6 (7C, 2-OMe and 2’-OMe), 55.1 (1C, C5”), 54.9 (1C, 6”-OMe), 28.3 (1C, 

C22”), 26.0 (1C, C16”), 25.8 (1C, C18”), 23.6 (1C, C21”), 23.4 (1C, C17”), 10.7 (1C, 

C23”) ppm; MS-ESI+ (m/z): [M + H + H]++ 909.6; HRMS-ESI+ (m/z): [M + Na]+ calcd 

for C86H136N4O37Na: 1839.8776, found: 1839.8774 

To the best of our knowledge this is the first preparation of CD-2 in the literature. 
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3.5 Michael adducts 
 
General experimental procedure for the Michael addition: 

To a solution of 1,3-dioxo compound (19 or 20) and trans-β-nitrostyrene (21) in solvent 

(1 mL) catalyst CD-1 or CD-2 (5 mg, 0.05 eq) was added. The resulting mixture was 

stirred at room temperature for 12 h or 24 h. Then, the volatile components were removed 

under reduced pressure. The crude product was purified by thin-layer chromatography 

(hexane/EtOAc, 2:1 for compound 22, and 4:1 for compound 23) to give the Michael 

adduct ((S)-22 or (S)-23). For the yield and ee% refer to the dissertation. 

 
(S)-(+)-3-(2-Nitro-1-phenylethyl)pentane-2,4-dione (22): 

The title compound was prepared according to the general procedure 

and was purified by thin-layer chromatography on silica gel 

(hexane/EtOAc, 2:1) to gain (S)-(+)-3-(2-nitro-1-phenylethyl)pentane-

2,4-dione (22) as a white solid. 

 

Rf: 0.13 (hexane/EtOAc, 4:1); [𝛼]𝐷
25: +195.2 (CHCl3, c 1.00, 99.1% ee, S config.) [lit.[22] 

[𝛼]𝐷
25: +196.7 (CHCl3, c 1.01, 88% ee, S config.)]; Mp. 125–128 °C (lit.[22] Mp: 124–126 

°C); IR (KBr) νmax 3060 (w), 3034 (w), 2922 (w), 1733 (s), 1702 (m), 1552 (s), 1496 (w), 

1436 (w), 1372 (m), 1361 (m), 1273 (m), 1173 (w), 1141 (m), 1097 (w), 956 (w), 763 

(w), 701 (m) cm−1; 1H NMR (500 MHz, CDCl3): H 7.34 (2H, t, J = 7.0 Hz), 7.29 (1H, t, 

J = 7.0 Hz), 7.17 (2H, d, J = 7.0 Hz), 4.61–4.63 (2H, m), 4.36 (1H, d, J = 9.5 Hz), 4.21–

4.26 (1H, m), 2.28 (3H, s), 1.93 (3H, s) ppm; 13C NMR (125 MHz, CDCl3): C 202.0, 

201.2, 136.2, 129.6, 128.8, 128.1, 78.4, 70.9, 43.0, 30.6, 29.7 ppm; MS-ESI+ (m/z): [M 

+ NH4]+ 267.1; Enantiomeric excess was determined by HPLC analysis with Chiralpak® 

IC (250×4.6 / 5 μm) column using heptane/ethanol (95:5) eluent with 0.1 vol% triethyl 

amine. Retention time for (R)-22 and (S)-22 are 30.7 min and 33.4 min, respectively. 

Spectral data are fully consistent with those reported in the literature.[22] 
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(S)-(+)-2-(2-Nitro-1-phenylethyl)-1,3-diphenylpropane-1,3-dione (23) 

The title compound was prepared according to the general 

procedure and was purified by thin-layer chromatography on silica 

gel (hexane/EtOAc, 4:1) to gain (S)-(+)-2-(2-nitro-1-phenylethyl)-

1,3-diphenylpropane-1,3-dione (23) as a white solid. For the yield 

and ee% refer to the dissertation. 

 

Rf: 0.35 (hexane:EtOAc, 4:1); [𝛼]𝐷
25: +22.1 (DCM, c 1.0, 99.3% ee, S config.) [lit.[23] 

[𝛼]𝐷
25: +21.3 (DCM, c 1.0, 98% ee, S config.)]; Mp. 136.2 °C (lit.[24] Mp: 135.6 °C); IR 

(KBr) νmax 3066 (w), 3033 (w), 2925 (w), 1680 (m), 1654 (m), 1592 (m), 1578 (w), 1547 

(s), 1496 (w), 1447 (m), 1271 (m), 1258 (s), 1195 (m), 1178 (m), 966 (m), 913 (m), 758 

(m), 729 (m), 699 (s), 682 (s), 634 (w), 591 (m), 552 (m) cm−1
;
 1H NMR (500 MHz, 

CDCl3) H 7.85 (2H, d, J = 8.0 Hz), 7.77 (2H, d, J = 7.6 Hz), 7.52 (2H, tt, J = 7.5 Hz), 

7.42–7.32 (4H, m), 7.25–7.15 (5H, m), 5.83 (1H, d, J = 8.0 Hz), 4.99 (2H, d, J = 6.5 Hz), 

4.62 (1H, dd, J=14.4, 7.3 Hz) ppm; 13C NMR (125 MHz, CDCl3 ) C 194.4, 193.8, 137.0, 

136.4, 136.0, 134.3, 134.0, 129.2, 129.1, 129.0, 128.9, 128.8, 128.5, 128.4, 77.4, 60.1, 

44.2 ppm; MS-ESI+ (m/z): [M + H]+ 391.2; Enantiomeric excess was determined by 

HPLC analysis with Chiralpak® IC (250×4.6 / 5 μm) column using heptane:ethanol (95:5) 

eluent with 0.1 vol% triethyl amine. Retention time for (R)-23 and (S)-23 are 16.8 min 

and 25.1 min, respectively.  

Spectral data are fully consistent with those reported in the literature.[24] 

 

4. C3-symmetrical Hub-cinchona organocatalysts 

This project has not been published yet. 

 

4.1 Methods and materials 
 
IR spectra were recorded on a Bruker Alpha-T FT-IR spectrometer. Optical rotations 

were taken on a Perkin-Elmer 241 polarimeter which was calibrated by measuring the 

optical rotations of both enantiomers of menthol. NMR spectra were recorded in CDCl3 

either on a Bruker DRX-500 Avance spectrometer (at 500 MHz for 1H, at 125 MHz for 

13C, and at 376 MHz for 19F spectra) or on a Bruker 300 Avance spectrometer (at 300 
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MHz for 1H, at 75 MHz for 13C, and at 222.5 MHz for 19F spectra) or on a Bruker Avance 

III HD (at 600 MHz for 1H and at 150 MHz for 13C spectra). HPLC-MS was performed 

on an HPLC system using Agilent Technologies 1200 Series - Agilent Technologies 6130 

Quadrupole; column: Phenomonex Gemini-NX3u C18.110 A 150 × 3.00 mm; A eluent: 

water (1% NH4HCO3); B eluent: MeCN (8% water, 1% 1% NH4HCO3); gradient: 5% – 

100%. High resolution mass measurements were performed on a Thermo Exactive plus 

EMR Orbitrap mass spectrometer, which was used with a Thermo Ultimate 3000 UHPLC 

with 100% methanol as the mobile phase. Melting points were taken on a Boetius micro-

melting point apparatus and they are uncorrected. Starting materials were purchased 

from Sigma Aldrich Chemical Company unless otherwise noted. Silica gel 60 F254 

(Merck) and aluminium oxide 60 F254 neutral type E (Merck) plates were used for TLC. 

Aluminium oxide (neutral, activated, Brockman I) and silica gel 60 (70–230 mesh, 

Merck) were used for column chromatography. Ratios of solvents for the eluents are 

given in volumes (mL mL-1). The enantiomeric excesses were determined using chiral 

HPLC with Chiralpak® IC (250 × 4.6 / 5 μm) column; eluent: heptane/EtOH 95:5 (0.1% 

triethylamine). 

 

4.2 Precursors 
 
Dihydrocupreine (24): 

 

Hydroquinine (14, 1.00 g, 3.06 mmol) was dissolved in DCM 

(90 mL) under Ar, then the solution was cooled to 0 °C. Next, 

BBr3 (1 M DCM solution, 26.0 mL, 26.0 mmol) was added 

dropwise. After that, the reaction mixture was left to slowly 

warm to room temperature and stirred overnight. After the 

complete consumption of the starting material (TLC, SiO2, DCM/MeOH/NH4OH 

5:1:0.01), a solution of 10% NaOH (aq, 40 mL) was added. Following the separation of 

the two phases, the aqueous phase was washed with DCM (3 × 50 mL). Next, cc HCl (aq) 

was added to neutralize the aqueous phase, followed by extraction with DCM (3 × 50 

mL). The combined organic phases were dried over anhyd. MgSO4, filtrated, and 

concentrated under reduced pressure to yield 24 (860 mg, 90%) as a brown solid. 
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Rf: 0.12 (SiO2; MeOH/toluene 1:4); [𝛼]𝐷
25: -180.9° (c 1.00, CHCl3); Mp. 224.4−225.9 °C 

[lit.[25] mp. 230 °C] 

Spectral data are fully consistent with those reported in the literature.[26] 

 
(R)-[(2S,4S,5S)-5-Ethynylquinuclidine-2-yl)(6-methoxyquinoline-4-yl]methanol (27) 

To a solution of quinine (26, 5.00 g, 15.4 mmol) dissolved in 

DCM (150 mL) was added a mixture of Br2 (30.9 mmol, 1.70 

ml) and DCM (7 mL) at 0 °C. The reaction mixture was 

stirred at 0 °C for 1 h while a yellow solid precipitation 

appeared. After stirring for one more additional hour at room 

temperature, hexane (300 mL) was added, stirred for 10 min, 

and filtered. The filtrate was washed with hexane and dried under infrared lamp for 1 h. 

Next, the yellow solid was dissolved in THF (150 mL), followed by the addition of TBAI 

(550 mg, 1.71 mmol). Then, finely powdered KOH (5.00 g, 89.1 mmol) was added to the 

mixture and stirred at 45 °C for 1 h when an additional batch of KOH (5.00 g, 89.1 mmol) 

was added. The reaction mixture was stirred for 12 h at room temperature. Following the 

complete consumption of the starting materials (TLC, SiO2; MeOH/DCM/TEA 1:10:0.2), 

the mixture was filtered, dried over anhyd. MgSO4 and concentrated under reduced 

pressure. The crude product was purified by dry column vacuum chromatography (SiO2, 

EtOAc/NH3/H2O 20:1, EtOAc/NH3/H2O/MeOH 95:5–45:55) to yield 27 (4.25 g, 85%) 

as a brown solid. 

 

Rf: 0.50 (SiO2; MeOH/DCM/TEA 1:10:0.2) 

Spectral data are fully consistent with those reported in the literature.[27] 

 
1,3,5-Tris(azidomethyl)benzene (28) 

 

Tris(bromomethyl)benzene (25, 500 mg, 1.40 mmol) was dissolved 

in a mixture of acetone/H2O 1:0.01 (10 mL), then NaN3 (550 mg, 8.50 

mmol) was added and stirred at room temperature for 1 day. After the 

consumption of the starting material (TLC, SiO2; EtOAc/hexane 1:2), 

the mixture was concentrated and to the remaining aqueous mixture 

15 mL EtOAc and 15 mL water was added. The separated organic phase was washed with 
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water (2 × 15 mL), dried over MgSO4, filtered, and concentrated to yield 28 (244 mg, 

1%) as an oil. The product was used without further purification. 

 

Rf: 0.65 (SiO2; EtOAc/hexane 1:2) 

 

Spectral data are fully consistent with those reported in the literature.[28] Although the 

tris(azidomethyl)benzene is reported to be relatively insensitive to heat and shock, special 

care was taken during its synthesis and application to avoid accidents.[28,29] 

 

4.3 HubX-cinchona catalysts 
 
Hub1-cinchona 
 

To a solution of dihydrocupreine (24, 500 mg, 1.60 mmol) in 

dry DMF (50 ml) was added Cs2CO3 (772 mg, 2.39 mmol) 

and stirred at 60 °C for 1 h. Next, 1,3,5-

tris(bromomethyl)benzene (25, 95 mg, 0.27 mmol) was 

added and stirred further for 3 h. Then, the solvent was 

evaporated, and the residue was taken up in a mixture of 

EtOAc and H2O (50–50 mL). The forming brown precipitate was filtered and washed 

with EtOAc (3 × 20 mL) to yield Hub1-cinchona (398 mg, 71 %) as a brown solid. 

 

[𝛼]𝐷
25 = -44,0° (c 1.00, MeOH); IR (film) νmax: 3267, 2929, 2871, 1618, 1590, 1507, 1457, 

1378, 1359, 1325, 1238, 1217, 1131, 1115, 1085, 1052, 1024, 1004, 937, 880, 857, 820, 

758, 693, 642, 620, 609, 568, 549, 530, 467, 435, 417, 401 cm-1; 1H NMR (500 MHz, 

DMSO-d6): δ 0.71–0.78 (t, J =7.0 Hz, 9H), 1.21–1.23 (m, 3H), 1.24–1.28 (m, 6H), 2.07–

2.15 (m, 3H), 2.26–2.30 (m, 6H), 2.65–2.69 (m, 6H), 2.70–2.73 (m, 6H), 2.77–2.79 (m, 

6H), 2.98–3.01 (m, 3H), 5.32 (s, 6H), 6.48 (br s, 3H), 7.45 (s, 3H), 7.48–7.50 (d, J =5.0 

Hz, 3H), 7.63–7.68 (s, 6H), 7.84–7.87 (d,  J =9.0 Hz, 3H), 7.92–7.95 (d,  J = 4.0 Hz, 3H); 

13C NMR (125 MHz, DMSO-d6): δ 11.9, 20.6, 25.1, 27.2, 28.2, 37.1, 41.8, 60.6, 69.5, 

71.0, 79.2, 103.9, 121.2, 122.0, 126.1, 127.1, 131.2, 137.5, 141.6, 144.0, 146.0, 158.6; 

HPLC-MS-ESI+ (m/z): [M + H]+ calcd for C66H78N6O6: 1050.6, found: 1051.8. 

 

 



30 | C3-symmetrical Hub-cinchona organocatalysts 

 

Hub2-cinchona 
 
To a mixture of triazide (28, 110 mg, 0.45 mmol), cinchona 

derivative 27 (875 mg, 2.71 mmol) and DIPEA (1230 mg, 

1.66 ml, 9.49 mmol) was added a suspension of CuI (51.7 

mg, 0.27 mmol) in MeCN (3 mL). The mixture was stirred 

at 60 °C for 2 days. After complete consumption of the 

starting material (TLC, SiO2; MeOH/DCM/NH4OH 

1:5:0.01, or DCM/hexane 1:2), the solvent was evaporated and the crude product was 

purified by column chromatography (Al2O3, MeOH/DCM/NH4OH 1:20:0.01–1:5:0.01 to 

yield Hub2-cinchona (306 mg, 56 %) as light-brown solid. 

Rf: 0.49 (Al2O3; MeOH/DCM/NH4OH 1:20:0.01); 1H NMR (600 MHz, DMSO-d6): δ 

1.53 (m, 3H), 1.57 (m, 6H), 1.71 (m, 3H), 1.98 (m, 3H), 2.52 (m, 3H), 2.87 (m, 3H), 2.96 

(m, 3H), 3.02 (m, 3H), 3.20 (m, 3H), 3.21 (m, 3H), 3.88 (s, 9H), 5.23 (m, 3H), 5.46 (s, 

6H), 5.62 (d, J =5.1 Hz, 3H), 7.08 (s, 3H), 7.38 (dd, J =2.8; 9.2 Hz, 3H), 7.48 (d, J =4.5 

Hz, 3H), 7.51 (d, J =4.5 Hz, 3H), 7.92 (d, J =9.2 Hz, 3H), 7.93 (s, 3H), 8.86 (d, J =4.5 

Hz, 3H); 13C NMR (600 MHz, DMSO-d6): δ 24.5, 27.5, 27.7, 32.8, 42.1, 52.4, 55.5, 55.6, 

60.6, 71.1, 102.7, 119.4, 121.2, 122.2, 126.9, 127.4, 131.3, 137.6, 144.1, 147.7, 149.5; 

150.7; 156.9; HPLC-MS-ESI+ (m/z): [M + H]+ calcd for C69H75N15O6: 1209.6, measured: 

1210.4; HRMS-ESI+ (m/z): [M + H]+ calcd for C69H75N15O6: 1210.60975, found: 

1210.61203. 

 
Hub3-cinchona 

 

To a mixture of cinchona azide (16, 700 mg, 2.00 mmol), 

1,3,5-triethynylbenzene (29, 50 mg, 0.33 mmol) and DIPEA 

(904 mg, 7.00 mmol) was added a suspension of CuI (38 mg, 

0.20 mmol) in MeCN (1 mL). The mixture was stirred at 60 

°C for 2 days. After complete consumption of the starting 

material (TLC, SiO2; MeOH/DCM/NH4OH 1:10:0.01), the 

solvent was evaporated and the crude product was purified by column chromatography 

(SiO2, MeOH/DCM/NH4OH 1:20:0.01–1:5:0.01 to yield Hub3-cinchona (200 mg, 50 %) 

as light-yellow solid. 
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Rf: 0.40 (SiO2; MeOH/DCM/NH4OH 1:10:0.01); 1H NMR (600 MHz, DMSO-d6): δ 0.85 

(m, 12H), 1.40 (m, 9H), 1.53 (overlapping, 3H), 1.63 (s, 6H), 1.73 (br, 3H), 2.41 (d, J = 

12.6 Hz, 3H), 2.96 (m, 3H), 3.43 (overlapping, 3H), 3.99 (s, 9H), 4.09 (overlapping, 3H), 

6.64 (m, 3H), 7.46 (m, 3H), 7.85 (br, 3H), 7.88 (d, J = 6.0 Hz, 3H), 7.98 (d, J = 6.0 Hz, 

3H), 8.11 (m, 3H), 8.86 (m, 6H); HPLC-MS-ESI+ (m/z): [M + H]+ calcd for C72H81N15O3: 

1203.66, found: 1204.44. 

 

Hub4-cinchona 

 

To a mixture of cinchona azide (16, 803 mg, 2.29 mmol), 

tripropargylamine (30, 50 mg, 0.38 mmol) and DIPEA 

(1030 mg, 1.39 mL, 8.00 mmol) was added a suspension 

of CuI (44 mg, 0.23 mmol) in MeCN (1 mL). The mixture 

was stirred at 60 °C for 2 days. After complete 

consumption of the starting material (TLC, SiO2; 

MeOH/DCM/NH4OH 1:10:0.01), the solvent was evaporated and the crude product was 

purified by column chromatography (SiO2, MeOH/DCM/NH4OH 1:20:0.01–1:5:0.01 to 

yield Hub4-cinchona (243 mg, 54 %) as light-yellow solid. 

 

Rf: 0.40 (SiO2; MeOH/DCM/NH4OH 1:10:0.01); 1H NMR (600 MHz, DMSO-d6): δ 0.73 

(br, 3H), 0.82 (m, 9H), 1.35 (overlapping, 9H), 1.60 (overlapping, 9H), 2.46 (br, 3H), 

2.90 (br, 3H), 3.42 (overlapping, 9H), 3.89 (s, 9H), 3.98 (br, 3H), 6.52 (br, 3H), 7.43 (m, 

3H), 7.74 (br, 3H), 7.82 (m, 3H), 7.96 (d, J = 9.0 Hz, 3H), 8.16 (overlapping, 3H), 8.78 

(m, 3H). HPLC-MS-ESI+ (m/z): [M + H]+ calcd for C69H84N16O3: 1184.69, measured: 

1185.54; HRMS-ESI+ (m/z): [M + H]+ calcd for C69H84N16O3: 1185.6985, found: 

1185.6951. 
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4.4 Hydroxyalkylation of indole 
 

General description: ethyl 3,3,3-trifluoro-2-hydroxy-2-(1H-indol-3-yl)propanoate (33) 

To a solution of indole (31, 1 eq) in applicable solvent was added 

the organocatalyst (0.05 eq) and stirred for 1 h at 0 °C. Next, ethyl 

trifluoropyruvate (32, 1 eq) was added and stirred further at 0 °C. 

The conversion was determined based on 19F NMR and the ee was 

measured with chiral HPLC.  

 

Spectral data are fully consistent with those reported in the literature.[30] 

 

 

5. C3-symmetrical Hub-TEMPO catalyst 

 

Publication: 

 

[KIP-1] Kisszekelyi, P.; Hardian, R.; Vovusha, H.; Chen, B.; Zeng, X.; 

Schwingenschlogl, U.; Kupai, J.; Szekely G.: Selective Electrocatalytic 

Oxidation of Biomass‐derived 5‐Hydroxymethylfurfural to 2,5‐

Diformylfuran: From Mechanistic Investigations to Catalyst Recovery, 

ChemSusChem 2020, 13, 3127–3136. (IF: 7.962 in 2019; DOI: 

10.1002/cssc.202000453, contribution by the author: 100%, independent 

citations: 2) 

 

 

5.1 Methods and materials 
 
Rhodiasolv® PolarClean HSP was purchased from Solvay, while γ-valerolactone and 

dimethyl sulfoxide were obtained from Alfa Aesar. Acetonitrile, hexane, propylene 

carbonate, and THF were bought from Merck, while acetone, anhydrous sodium 

carbonate, sodium chloride and hydrochloric acid were supplied by Sinopharm Chemical 

Reagent Co. Ltd. (Shanghai, China). Ethyl acetate was purchased from either Merck or 

Sinopharm. All these compounds were used without further purification. Type II 
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Millipore water was used. TEMPO (Alfa Aesar), 4-OH-TEMPO (Merck), SiliaCAT 

TEMPO (Merck), TurboBeads™ TEMPO (Merck), 1,3,5-tris(bromomethyl)benzene 

(Fluorochem), 2,6-lutidine (Merck), HMF (Merck, Alfa Aesar, or prepared based on our 

previous procedure), sodium hydride, L-ascorbic acid, and LiClO4 (Merck) were used as 

supplied. Choline chloride (ChCl) and fructose were purchased from Aladdin Chemical 

Technology Co. Ltd. (Shanghai, China).  

The electrochemical experiments were carried out using an IKA ElectraSyn 2.0 

potentiostat equipped with either a single vial holder, or a 6-reaction carousel, or a GOGO 

module connected to an IKA KS 4000 i control shaker. The reactions were conducted in 

constant current mode, without a reference electrode. The electrodes and vials were 

purchased from IKA. The electrodes were washed multiple times with water, and acetone, 

and were rubbed dry with tissue paper before each use. 

Infrared spectra were recorded on a Bruker Alpha-T FT−IR spectrometer (s: strong, m: 

medium, w: weak). Electron paramagnetic resonance spectroscopy was carried out in 

an EPR spectrometer (Xenon series from Bruker) at room temperature, and the unit was 

operated in the X-Band mode with a microwave frequency of 9.4–9.8 GHz and a 

modulation frequency of 100 kHz. An ER 221 Bruker cell tube with an inner diameter of 

3 mm and an outer diameter of 4 mm was used to load the samples. For solid state 

measurements, the samples were mixed with KBr powder to dilute the concentration. The 

sweep width was set at 600 G with a modulation amplitude of 0.4 G. The radio frequency 

power was set to 0.6325 mW with power attenuation of 25 dB. For solvated state 

measurements, the samples were solvated with acetonitrile. The sweep width was set at 

8000 G with a modulation amplitude of 4 G. The radio frequency power was set to 0.6325 

mW with power attenuation of 25 dB. NMR spectra were recorded either on a Bruker 

DRX-500 Avance spectrometer (at 500 MHz for 1H and at 125 MHz for 13C spectra) or 

on a Bruker 300 Avance spectrometer (at 300 MHz for 1H and at 75.5 MHz for 13C 

spectra), as specified for each compound. High resolution mass measurements were 

performed on a Thermo Exactive plus EMR Orbitrap mass spectrometer, which was used 

with a Thermo Ultimate 3000 UHPLC with 100% methanol as the mobile phase. Melting 

points were recorded with a Boetius micro-melting point apparatus, and the observations 

were not corrected. Silica gel 60 F254 (Merck) plates were used for thin-layer 

chromatography (TLC) and the spots were visualized either by ultraviolet light (254 nm) 
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or by staining with an acidic H2O/EtOH solution of 2,4-dinitrophenylhydrazine (DNP). 

Silica gel 60 (70−230 mesh, Merck) was used for column chromatography. The ratios of 

the solvents for the eluents are given in terms of volume (mL mL-1). Yields (except for 

isolated yields) were determined based on the HPLC chromatograms. 

 

Synthetic procedure for the preparation of HMF from fructose: 

HMF was prepared based on our previously described procedure[31] with some minor 

modifications: in a typical run, the conversion of fructose into HMF was conducted in a 

glass flask (500 mL) equipped with a condenser. The deep eutectic solvent system was 

formed with fructose (20 g, 0.11 mol, 1 eq) and ChCl (60 g, 0.43 mol, 4 eq). Then, HCl 

(0.2 mL, 37%) was added as the catalyst. The flask was placed into an oil bath and heated 

(100 °C) with vigorous stirring. After the reaction was completed, the black mixture was 

dissolved in saturated NaCl solution (10 mL) and then extracted with ethyl acetate (5 × 

30 mL). Anhydrous sodium carbonate (10 g) was added to the obtained organic solution 

and filtered to remove water and acid. Then the organic solvent was removed in a rotary 

evaporator. The concentrate was dissolved in acetone (50 mL) and further distilled to 

obtain 13.2 g (95%) HMF. The spectral data were fully consistent with those reported in 

the literature.[32] 

 

5.1 Synthesis of TEMPO derivatives 
 
1,3,5-Tris((2,2,6,6-tetramethylpiperidin-N-oxyl-4-yl)oxymethyl)benzene (Hub1-

TEMPO): 

4-OH-TEMPO (35, 506 mg, 2.94 mmol, 3.5 eq) was 

dissolved in dry THF (1 mL) in a dried round bottomed 

flask under N2 atmosphere. Next, NaH (60% dispersion in 

mineral oil, 176 mg, 4.40 mmol, 5.25 eq) was added, and 

stirred at room temperature until the intensive gas 

formation stopped. Then, a solution of 1,3,5-

tris(bromomethyl)benzene (25, 300 mg, 0.84 mmol, 1 eq) 

in dry THF (1 mL) was added to the reaction mixture and stirred for 2 d, during which 

precipitation was observed. After completion of the reaction, MeOH (3 mL) was added 

dropwise, followed by evaporation under reduced pressure. The remaining material was 
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taken up in ethyl acetate (25 mL) and washed three times with water (10 mL). The organic 

phase was dried with anhydrous MgSO4 and concentrated under reduced pressure. The 

crude product was purified by column chromatography with gradient elution (SiO2, 

Hex/EtOAc 1:1 to 2:3) to yield Hub1-TEMPO (493 mg, 93%) as an orange solid. The 

structure of Hub1-TEMPO was confirmed by the NMR spectra of the N-OH derivative 

(36). 

 

Rf: 0.55 (SiO2, Hex/EtOAc 1:1); Mp. 100–103 °C; IR (KBr) νmax 2991 (m), 2976 (s), 2937 

(m), 2878 (m), 1610 (w), 1465 (m), 1396 (w), 1374 (m), 1360 (s), 1347 (s), 1308 (w), 

1289 (w), 1244 (m), 1220 (m), 1191 (m), 1177 (s), 1154 (s), 1105 (s), 1026 (w), 1015 

(w), 956 (w), 902 (w), 854 (m), 846 (w), and 685 (w) cm-1; HRMS (ASAP+): m/z calcd 

for C36H60N3O6: 630.4477 [M]+; found: 630.4474; calcd for C36H61N3O6: 631.4555 

[M+H]+; found: 631.4551. 

 

Reduced Hub1-TEMPO (36): 

The title compound was prepared based on an analogous 

procedure.[15] Starting material Hub1-TEMPO (100 mg, 

0.16 mmol, 1 eq) was dissolved in MeOH (1 mL). The 

orange solution was deoxygenated with N2, then L-ascorbic 

acid was added (102 mg, 0.58 mmol, 3.6 eq). After stirring 

at RT for 5 minutes, the reaction mixture turned to light 

yellow. Stirring was continued for 1 h, then the solvent was evaporated under reduced 

pressure. The remaining solid was taken up in DCM (10 mL), was washed three times 

with water (5 mL), the organic phase was dried over anhydrous MgSO4 and concentrated 

in vacuo to give crude 36 (93 mg, 92%) as a white solid. The product was submitted for 

analysis without further purification. 

Mp: 48–51 °C; IR (KBr) νmax: 3436 (m), 2974 (s), 2938 (s), 1459 (m), 1373 (m), 1360 

(s), 1308 (w), 1245 (m), 1220 (w), 1194 (m), 1174 (m), 1085 (s), 957 (w), 896 (w) cm -1; 

1H NMR (500 MHz, CDCl3): H 7.23 (3H, s, ArH), 5.50 (2H, broad s, N-OH), 4.54 (6H, 

s, CH2), 3.75 (3H, m, CH), 2.04 (6H, m, CH2), 1.66 (6H, m, CH2), 1.32 (18H, s, CH3), 

1.21 (18H, s, CH3) ppm; 13C NMR (125 MHz, CDCl3): c 139.1 (3C, Ar), 125.8 (3C, Ar), 
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70.1 (3C, CH2, O-alkyl), 60.9 (3C, CH, O-alkyl), 44.3, 31.4, 21.2 ppm; HRMS-ESI+ 

(m/z): [M]+ calcd for C36H62N3O6: 632.46331, found: 632.46124 

 

5.2 Electrochemical oxidation of HMF 
 

General procedure for the electrochemical oxidation of HMF into DFF: 

Without taking precautions to exclude air and moisture, the 

ElectraSyn vial (5 mL) equipped with a stir bar was charged with 

HMF (31.5 mg, 0.25 mmol, 1.0 eq), TEMPO (3.9 mg, 0.025 mmol, 

0.1 eq), 2,6-lutidine (29 μL, 0.25 mmol, 1.0 eq), LiClO4 (53.2 mg, 0.5 mmol, 2.0 eq), and 

MeCN (5 mL). The ElectraSyn vial cap equipped with the anode (graphite) and cathode 

(stainless steel) was inserted into the mixture. The reaction mixture was electrolyzed at a 

constant current of 1 mA for 20 h. Then, the vial cap was removed, and the electrodes 

were rinsed with DCM (10 mL), which was combined with the reaction mixture. The 

crude mixture was concentrated under reduced pressure. The resulting mixture was taken 

up in DCM (25 mL) and washed three times with water (10 mL). The organic phase was 

dried over anhydrous MgSO4 and concentrated in vacuo. The crude product was purified 

by preparative TLC (SiO2, DCM/MeOH 40:1) to give DFF (48 mg, 78%) as a white solid. 

The yield was recorded as the average of three parallel experiments (standard deviation: 

± 2%).  

Rf: 0.73 (SiO2, DCM/MeOH 20:1, visualized by DNP); Mp. 106–109 °C (lit.[15] 108–109 

°C); 1H NMR (500 MHz, CDCl3): H 9.86 (2H, s, CHO), 7.35 (2H, s, CH) ppm; 13C NMR 

(125 MHz, CDCl3): c 179.4 (2C, CHO), 154.3 (2C), 119.6 (2C) ppm; IR (KBr) νmax 3140 

(m), 3128 (w), 3103 (m), 1681 (s), 1564 (w), 1511 (w), 1410 (m), 1266 (m), 1243 (m), 

1189 8m), 1175 (m), 1022 (m), 1002 (w), 979 (m), 960 (s), 846 (w), 827 (m), 809 (m), 

and 797 (m) cm-1.  

The spectral data are fully consistent with those reported in the literature.[33] 
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Selective Electrocatalytic Oxidation of Biomass-Derived
5-Hydroxymethylfurfural to 2,5-Diformylfuran: from
Mechanistic Investigations to Catalyst Recovery
Peter Kisszekelyi,[a] Rifan Hardian,[b] Hakkim Vovusha,[c] Binglin Chen,[d] Xianhai Zeng,[d, e]

Udo Schwingenschlçgl,[c] Jozsef Kupai,*[a] and Gyorgy Szekely*[b, f]

Introduction

Owing to the growing awareness of the inconvenient utiliza-

tion of diminishing fossil resources, the fast-rising levels of

carbon dioxide emissions, and the ever-increasing demand in
energy, biomass-based chemical platforms have gained much

interest. In particular, the utilization of agricultural wastes
shows great promise. Catalytic transformation of lignocellulosic

biomass into value-added chemical compounds could provide
a renewable, carbon-neutral feedstock platform that might be

a sustainable alternative to the crude oil and natural gas based

bulk chemical industry.[1]

Within the furan family, 5-hydroxymethylfurfural (HMF) is a

potential C6 carbohydrate-based building block and is attract-

ing a lot of interest (Figure 1).[2] Being accessible by the acid-
catalyzed dehydration of hexoses, HMF is also a naturally oc-

curring substance, and its market, which is increasing rapidly
worldwide, is expected to reach 61 million USD in 2024.[3]

As a platform chemical, HMF can be transformed into several
high-value derivatives.[4] 2,5-Furandicarboxylic acid and its di-
methyl ester are both promising monomers to produce furan-

based polyesters as an alternative to the petrochemical-based
polyethylene terephthalate (PET).[5] The hydrogenated diol de-

The catalytic transformation of bio-derived compounds, specifi-
cally 5-hydroxymethylfurfural (HMF), into value-added chemi-

cals may provide sustainable alternatives to crude oil and natu-
ral gas-based products. HMF can be obtained from fructose
and successfully converted to 2,5-diformylfuran (DFF) by an en-
vironmentally friendly organic electrosynthesis performed in an
ElectraSyn reactor, using cost-effective and sustainable graph-

ite (anode) and stainless-steel (cathode) electrodes in an undi-
vided cell, eliminating the need for conventional precious

metal electrodes. In this work, the electrocatalysis of HMF is
performed by using green solvents such as acetonitrile, g-vale-
rolactone, as well as PolarClean, which is used in electrocataly-

sis for the first time. The reaction parameters and the synergis-
tic effects of the TEMPO catalyst and 2,6-lutidine base are ex-

plored both experimentally and through computation model-

ing. The molecular design and synthesis of a size-enlarged C3-
symmetric tris-TEMPO catalyst are also performed to facilitate a
sustainable reaction work-up through nanofiltration. The ob-
tained performance is then compared with those obtained by

heterogeneous TEMPO alternatives recovered by using an ex-
ternal magnetic field and microfiltration. Results show that this

new method of electrocatalytic oxidation of HMF to DFF can
be achieved with excellent selectivity, good yield, and excellent
catalyst recovery.
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rivatives, 2,5-bis(hydroxymethyl)furan and 2,5-bis(hydroxymeth-
yl)tetrahydrofuran, are both valuable polymer-building blocks

for the synthesis of polyurethanes, aromatic resins, and polyes-

ters.[6] 2,5-Diformylfuran (DFF), which contains two reactive al-
dehyde groups, is a particularly useful derivative of HMF

(Scheme 1) with potential applications as an intermediate for
pharmaceuticals,[7] functional polymers,[8] fungicides,[9] macro-

cyclic ligands,[10] organic conductors,[11] and as a crosslinking
agent of poly(vinyl alcohol) for battery separations.[12] This bis-

(aldehyde) is usually synthesized by oxidation of the primary

hydroxyl group of HMF, and owing to the reactive nature of

the CHO, selectivity plays a key role in the efficiency of the
production. Therefore, several homogeneous and heterogene-

ous metal-promoted (vanadium, manganese, and precious
metals) oxidation procedures have been suggested for the syn-

thesis of DFF.[13]

Electrochemical platforms have the potential to provide an
environmentally friendly solution for the oxidation of sensitive
compounds. Because of the multitude of adjustable reaction
parameters such as electrode materials, electrolyte, solvent,

current strength, potential, the selectivity of the reaction can
be fine-tuned. Furthermore, by using renewable energy sour-

ces and recyclable catalyst/electrolyte systems, electroorganic
methodologies could offer sustainable synthetic processes.[14]

The scientific literature on the electrocatalytic oxidation of
HMF to DFF is scarce (Table 1). Skowroński et al. performed a

selective electrooxidation with a Pt anode in a biphasic system,

using acetic acid or inorganic salts as supporting electro-
lytes;[15] Cao et al. utilized a PtRu alloy to exploit the simultane-

ous generation of electricity on the cathode in a membrane-
electrode reactor.[16]

In addition to direct electrolysis, N-oxyl radicals are com-
monly used catalysts for the indirect oxidation of primary and

secondary alcohols.[17] Particularly, 2,2,6,6-tetramethylpiperidin-

yl-N-oxyl (TEMPO) and its derivatives are common oxidants
with industrial- and laboratory-scale applications.[18] Under elec-

trochemical conditions, the formation of the active reactant
from persistent organic radicals can be accomplished in the

absence of chemical oxidants.[19, 20] The catalyst-promoted elec-
trooxidative synthesis of DFF in a biphasic system, using 4-

acetamido-TEMPO and a recyclable NaHCO3 (aq)/KI electrolyte,

was demonstrated.[21]

Figure 1. Annual number of publications related to HMF and DFF. Search
engine: Web of Science; keywords: 5-hydroxymethylfurfural and 2,5-difor-
mylfuran; 16.10.2019.

Scheme 1. Schematic representation of recyclable TEMPO-mediated electrochemical oxidation of biomass-based HMF. Catalyst recovered by (a) microfiltration,
(b) nanofiltration, and (c) magnetic separation.
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In the pursuit of sustainable chemical transformations, cata-

lyst recovery plays a pivotal factor for meeting ecological and
economical demands. The recovery and reuse of TEMPOs have

generally required a great variety of solid-supported heteroge-
neous and homogeneous organic supports.[22] Although the re-

covery of insoluble catalysts is straightforward, the catalytic ac-

tivity and selectivity may become impaired when anchored to
solid carriers. On the contrary, homogeneous catalysts could

grant exceptional activity and selectivity, but their inefficient
recovery is a problem yet to be solved.[23]

Organic solvent nanofiltration (OSN) is a sustainable recy-
cling technique for homogeneous catalysts.[24] Its scale-up and

implementation in continuous processes are rather straightfor-

ward, therefore feasible for industrial utilizations. As the effi-
ciency of separation is largely dependent on the molecular

weight gap between the catalyst and the other solutes, size-
enlargement of small catalysts is generally required. Conse-

quently, herein, we explore commercial and size-enlarged
TEMPO catalyst recovery by means of magnetism, microfiltra-

tion, and nanofiltration (Scheme 1).

Recently, we have demonstrated that the MCM-41-support-
ed metal catalyst promoted the conversion of carbohydrates

into HMF,[25] and here we report a TEMPO-mediated electroca-
talytic oxidation method for the selective transformation of

HMF into DFF (Scheme 1). The commercially available compact
electrolysis cell (IKA ElectraSyn 2.0) as reactor, green solvents

(MeCN, g-valerolactone, RhodiasolvS PolarClean), and non-pre-

cious-metal-based electrodes (graphite, stainless steel) were se-
lected. To the best of our knowledge, this is the first report on
using a non-precious-metal-based electrode for selective HMF
conversion. With rational catalyst design, supported by quan-

tum chemical studies, a new homogeneous size-enlarged C3-
symmetric tris-TEMPO derivative (Hub1) was synthesized to fa-

cilitate the recovery of the catalyst by nanofiltration. A compar-
ison of the recovery and catalytic performance of commercially
available TEMPO derivatives (SiliaCATS TEMPO, TurboBeadsQ

TEMPO) and the OSN compatible Hub1-TEMPO was per-
formed.

Results and Discussion

Electrocatalytic oxidation of HMF to DFF

Electrocatalytic oxidation can be performed directly when elec-
tron transfer (ET) between the substrate and the anode takes

place at the electrode surface in a heterogeneous manner. By
employing a catalyst, the ET involving the substrate becomes a

homogeneous process. The latter indirect method can mitigate

over-oxidized side product formation and electrode passiva-
tion, which is essential for developing a sustainable process.

Therefore, the oxidation of HMF gained from fructose[25b] was
investigated in a direct process by using a galvanostatic setup

(current: 1 mA).

Graphite (anode) and stainless steel (cathode) were chosen
to achieve cost-effective operation.[26] This arrangement im-

proved sustainability as the commonly used platinum electro-
des were replaced (Table 1). The direct oxidation with the

LiClO4 electrolyte avoided product formation, whereas the ad-
dition of the 10 mol % TEMPO catalyst enabled a reaction with

a moderate yield of 28 % (Figure 2 a). The addition of 2,6-luti-

dine as the base resulted in virtually complete consumption
(more than 99 %) of the starting material (HMF) without the

formation of undesired byproducts. To analyze whether the
base alone or the combined effect of the catalyst–base pair

caused the increased yield, the electrochemical oxidation was
also performed in the presence of the base but without

TEMPO. Although the yield decreased to 76 %, it was still

found to be higher than that of the TEMPO-catalyzed method
(28 %). Consequently, the synergistic effect of the catalyst and

the base were further investigated with computational meth-
ods (Figure 2 b).

The schematic pathways of hydride ion transfer for the con-
version of HMF to DFF both in the presence and absence of

the base are shown in the energy diagram (Figure 2 b). The

presence of the base lowers the activation energy by 58 %. The
base polarizes the O@H bond of HMF through hydrogen bond-

ing. The hydride ion transfers from HMF to the catalyst in the
transition state, which is followed by the product formation as
a result of the completion of the hydride ion transfer. The cal-
culated activation energy for the formation of DFF is
61.57 kJ mol@1.

After selecting the applicable catalyst/base system, the pa-
rameters influencing the synthesis of DFF were explored. First,

11 conventional and alternative solvents were tested in the ox-
idation process (Figure 3 a). The categorization of the solvents

was done based on green solvent selection guides.[27] Among
these, solvents with dielectric constants higher than 40, such

as ethylene carbonate (EC) and propylene carbonate (PC),

water, and dimethyl sulfoxide (DMSO), provided lower yields
and produced a considerable amount of unidentified side

products. On the contrary, the use of solvents with dielectric
constants lower than 40 resulted in excellent yields. This obser-

vation suggests that solvents with higher dielectric constants
might have unfavorable effects on the solvation or stability of

Table 1. Comparison of selective electrocatalytic oxidations of HMF to DFF.

Anode Cathode Catalyst Solvent DFF selectivity [%] Yield [%] Recycling Ref.

Pt Pt – CH2Cl2/aq. electrolyte >99 68[a] – [15]
PtRu Pt – H2SO4 (aq) 89 40[b] – [16]
Pt Pt 4-AcNH-TEMPO, KI CH2Cl2/aq. electrolyte 69 58[a] electrolyte [21]
graphite stainless steel recyclable TEMPO MeCN, GVL, or PolarClean >99 78[a] catalyst this work

[a] Isolated yield. [b] Calculated yield.
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the ionic species. This could result in higher cell resistance, and
consequently, in side product formation such as over-oxidation
or reaction with the solvent during the ET. The solvent effect

on electrochemical processes is a complex matter and further
investigations are needed in this field. Among the green sol-
vents, the best results were achieved with g-valerolactone
(GVL), PolarClean (methyl-5-(dimethylamino)-2-methyl-5-oxo-

pentanoate), and acetonitrile (MeCN), as complete conversions
were obtained without side reactions. Both GVL and Polar-

Clean are emerging green solvents with the potential to pave

the way toward sustainable electrolysis.[28] To the best of our
knowledge, this is the first application of PolarClean in electro-

catalytic reactions.
The effect of current strength on the oxidation was exam-

ined (Figure 3 b). Increasing the electric current to 2 and 3 mA
resulted in no significant change in the outcome of the reac-

tion. However, after 8 h of constant current electrolysis at

5 mA, almost no product could be detected in the reaction
mixture owing to accelerated side product formation. Defor-

mation of the electrodes was also observed (see the Support-
ing Information).

Owing to the heterogeneous nature of the electrochemical
process, the effects of both stirring rate (Figure 3 c) and reac-

tion temperature (Figure 3 d) were investigated. Al-
though higher stirring speed resulted in slightly

faster product formation, no significant change in
yield was observed by increasing the temperature

from room temperature to 40 8C. At a more elevated
temperature (60 8C), a small decrease in the yield was

detected after 8 h, possibly owing to the over-oxida-
tion of the desired DFF. The increase in the concen-

tration of TEMPO to 20 and 30 mol % resulted in vir-

tually no change in the reaction. Moreover, a reticu-
lated vitreous carbon (RVC) electrode was also tested

as the anode (instead of graphite), but despite its
larger surface area, no significant change in the rate

of the reaction was observed. Also, the delicate struc-
ture of the RVC electrode presented additional diffi-
culties in comparison to the standard graphite elec-

trode. Refer to the Supporting Information for further
details.

Catalyst design and recovery

Two commercially available solid-supported TEMPO
catalysts (TurboBeads: 50 nm diameter and 15 m2 g@1,

SiliaCAT: 1.2 mm diameter and approx. 500 m2 g@1)
were applied in the electrocatalytic oxidation of HMF

under the optimized reaction conditions (Figure 4).
Both compounds are heterogeneous catalysts with

the TEMPO units immobilized on iron oxide cores

and silica gel, respectively. These inert and resistant
solid supports enable the facile separation of the cat-

alyst from the reaction mixture by using an external
magnetic field and microfiltration, respectively. A

moderately slower reaction rate was observed in
comparison to the homogeneous TEMPO system

(Figure S9 in the Supporting Information). The TurboBeads pro-

vided full conversion after 16 h, whereas SiliaCAT provided a
good yield (93 %) in 20 h. The reactions for both heterogene-

ous catalysts can be described with pseudo-first-order kinetics
(kTurboBeads = 0.1868 s@1, kSiliaCAT = 0.1335 s@1), whereas no satisfac-

tory correlation for the homogeneous TEMPO was observed.
To overcome the difficulties in recovering the native TEMPO

and the slower reaction rate of the heterogeneous TEMPO de-
rivatives, a size-enlarged TEMPO for membrane recovery was

designed in silico. Catalysts with high molecular weight (MW)
exhibit high retention by nanofiltration membranes.

Owing to the small MW gap between TEMPO and the other

reaction components in the electrocatalytic oxidation, size-en-
largement of TEMPO was required to facilitate its recovery by

organic solvent nanofiltration (OSN). Catalyst anchoring to
soluble macromolecules[29] or small trifunctional hubs[30] is an

efficient approach used in the recycling of high-value organo-

catalysts. The latter approach exploits the C3-symmetric multi-
functional hub to provide straightforward synthesis, facile char-

acterization, and high catalytic unit to inactive moiety ratio.
The hub, bond type, or bond length between the hub and the

catalyst allows fine-tuning of the catalytic activity and enables
catalyst recovery (Figure 5).

Figure 2. Synergistic effects of the TEMPO catalyst and 2,6-lutidine base during the elec-
trooxidation of HMF using (a) experimental and (b) computation methods. R: reactant,
TS: transition state, P: product. Refer to the Supporting Information for the comparison
of the reaction kinetics.
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Accordingly, eight size-enlarged TEMPO derivatives (Hubx-
TEMPO) were considered for the oxidation of HMF (Figure 5)
by using the M062X/6-31G* level of the density functional

theory (DFT) as implemented in the Gaussian software. Three
hubs, namely benzene, 1,3,5-triazine, and 1,3,5-triphenylben-

zene, and five covalent bonds, namely ether, amine, ester,
amide, and 1,2,3-triazole, were studied. The triazine type Hub3-

TEMPO has the smallest radius (8.3 a), whereas the Hub8-
TEMPO with the triphenylbenzene unit has the largest (13.5 a).

The size-enlargement resulted in an increase in the catalyst
radius by as much as 286 %. The corresponding energy dia-

grams for the formation of DFF when using the different
TEMPO derivatives are shown in Figure 5 b. The activation

energy for the formation of DFF is lower for Hub1–3- and Hub7-
TEMPOs than for the native TEMPO. Therefore, we conclude
that the formation of DFF from HMF is kinetically more favor-
able when using these derivatives rather than the others, in-
cluding the native TEMPO. In particular, Hub2-TEMPO, closely
followed by Hub1-TEMPO, showed the lowest activation and
product energies of 27.73 and @92.80 kJ mol@1, respectively.

The synthesis of Hub1-TEMPO was found to be the most
straightforward through the O-alkylation of 4-hydroxy-2,2,6,6-
tetramethylpiperidinyl-N-oxyl (1) with 1,3,5-tris(bromomethyl)-

benzene (2), which produced the catalyst with excellent yield
(93 %, Figure 6 a). To confirm its structure by NMR spectroscopy

(Figures S25 and S26 in the Supporting Information), Hub1-
TEMPO was successfully reduced with l-ascorbic acid

(Scheme S9 in the Supporting Information). Refer to the Sup-

porting Information for the experimental protocol and spectra.
Electron paramagnetic resonance (EPR) spectroscopy

showed a downshift in the g-value of the solvated native
TEMPO (from 2.00641 to 2.00516) as a result of the size-en-

largement (Figure 6 b).

Figure 4. Comparison of homogeneous and solid-supported TEMPO deriva-
tives in the oxidation of HMF. For the kinetic comparison refer to the Sup-
porting Information. [a] 10 mol % catalyst (3 equiv. active units). [b] 3.3 mol %
catalyst (1 equiv. active unit).

Figure 3. Effects of reaction parameters on the yield of electrocatalytic oxidation from HMF to DFF: (a) solvent, (b) current strength, (c) stirring rate, and
(d) temperature. General reaction conditions: the reaction mixture was electrolyzed in 10 mL of solvent for 20 h at room temperature with a stirring speed of
600 rpm using a graphite anode and a stainless-steel cathode at 1 mA current strength. Refer to the Supporting Information for the reaction kinetics.
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This phenomenon means that the free radical electrons are

more loosely bound to the nitrosyl oxide, which could enhance

the catalytic activity. These findings are in line with the predic-
tions of the DFT study.

Nonetheless, in comparison to the native TEMPO, the homo-
geneous Hub1-TEMPO added in equivalent mole percentage

showed no significant differences in yield or the progression of
the reaction (Figure 4). Even when the catalyst was used such

that an equivalent amount of TEMPO units was present in the

reaction mixture (one third the mole percentage in comparison

that of the native TEMPO), virtually no change was observed in
the catalytic performance. We can conclude that the size-en-

largement did not adversely affect the catalytic performance.
The GMT-oNF-1, NF030306, and DM300 membranes were

screened to identify the most suitable membrane for the cata-
lyst recovery by diafiltration (Figure 7 a). Based on the molecu-

lar weights, the rejection gap between the commercial TEMPO

and the other solutes (approx. 50 %), as well as the absolute re-
jection of TEMPO (approx. 30–70 %) were not sufficiently large

for successful diafiltration. On the contrary, the rejection of
Hub1-TEMPO was found to range between 90 % and 100 % for

all the membranes. In particular, DM300 fully retained the en-
larged catalyst while still being able to effectively purge all
other solutes, showing rejection as low as 10–20 %. DM300

also demonstrated a high flux of 22:0.4 L m@2 h@1, which was
3.3 and 2.3 times higher than that of the GMT-oNF-1 and
NF030306 membranes, respectively. Consequently, DM300 was
chosen for the catalyst recovery using diafiltration (Figure 7 b).

The concentration profile revealed that the solutes were com-
pletely purged out of the system within 10–12 diavolumes,

and the catalyst purity reached 100 %. The highlighted area

shows the results of the mathematical modeling for the cata-
lyst purity when the other solutes showed rejections between

10 % and 30 %, requiring 10 and 12 diavolumes to reach virtu-
ally 100 % catalyst purity. This result demonstrates the robust-

ness of the proposed nanofiltration-based catalyst recovery.

Conclusions

Biomass-derived HMF was successfully converted to DFF with

78 % isolated yield and virtually 100 % selectivity by utilizing
the compact ElectraSyn reactor in a galvanostatic setup in an

undivided cell for environmentally friendly organic electrosyn-
thesis. In comparison to the previous literature reports that

Figure 6. (a) Synthesis and (b) electron paramagnetic resonance spectra of
the sized-enlarged catalyst Hub1-TEMPO.

Figure 5. Size-enlarged catalyst design. (a) Geometric structures of substituted TEMPO catalysts after optimization in acetonitrile medium (the radii of the mol-
ecules appear in parentheses) and (b) relative energy profiles for the conversion of HMF to DFF. For more detailed figures refer to the Supporting Informa-
tion.
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employed platinum as the electrode material, graphite (anode)
and stainless steel (cathode) were chosen to achieve cost-effec-
tive operation in this study. Among the green solvents tested,
PolarClean was successfully used in electrocatalysis for the first

time. The effects of current strength, stirring rate, temperature,
catalyst molar ratio, electrode surface area, and the roles of

TEMPO and the lutidine base on the electrooxidation were ex-

plored both experimentally and through DFT modeling. Com-
puter-aided modeling was used for size-enlarged catalyst

design and structure optimization. The reaction pathways of
the electrocatalytic conversion were determined, and the rela-

tive energy profiles of the native and designed catalysts were
compared. Synergetic effects of TEMPO and lutidine were ob-

served, ensuring high yield and selectivity simultaneously. The

homogeneous size-enlarged C3-symmetric tris-TEMPO deriva-
tive was successfully recovered by using organic solvent nano-

filtration.

Experimental Section

Materials

RhodiasolvS PolarClean HSP was purchased from Solvay, whereas
g-valerolactone and dimethyl sulfoxide were obtained from Alfa
Aesar. Acetonitrile, n-hexane, propylene carbonate, and THF were
bought from Merck, whereas acetone, anhydrous sodium carbon-
ate, sodium chloride, and hydrochloric acid were supplied by Sino-
pharm Chemical Reagent Co. Ltd. (Shanghai, China). Ethyl acetate
was purchased from either Merck or Sinopharm. All these com-
pounds were used without further purification. Type II Millipore
water was used. TEMPO (Alfa Aesar), 4-OH-TEMPO (Merck), SiliaCAT
TEMPO (Merck), TurboBeadsQ TEMPO (Merck), 1,3,5-tris(bromo-
methyl)benzene (Fluorochem), 2,6-lutidine (Merck), HMF (Merck,
Alfa Aesar, or prepared based on our previous procedure[25b]),
sodium hydride, l-ascorbic acid, and LiClO4 (Merck) were used as
supplied. Choline chloride (ChCl) and fructose were purchased
from Aladdin Chemical Technology Co. Ltd. (Shanghai, China).

The electrochemical experiments were carried out by using an IKA
ElectraSyn 2.0 potentiostat equipped with either a single vial
holder, or a six-reaction carousel, or a GOGO module connected to
an IKA KS 4000 i control shaker. The reactions were conducted in
constant current mode, without a reference electrode. The electro-
des and vials were purchased from IKA. The electrodes were
washed multiple times with water, and acetone, and were rubbed
dry with tissue paper before each use.

Infrared spectra were recorded with a Bruker Alpha-T FTIR spec-
trometer (s : strong, m: medium, w: weak). Electron paramagnetic
resonance spectroscopy was carried out in an EPR spectrometer
(Xenon series from Bruker) at room temperature, and the unit was
operated in the X-Band mode with a microwave frequency of 9.4–
9.8 GHz and a modulation frequency of 100 kHz. An ER 221 Bruker
cell tube with an inner diameter of 3 mm and an outer diameter of
4 mm was used to load the samples. For solid state measurements,
the samples were mixed with KBr powder to dilute the concentra-
tion. The sweep width was set at 600 G with a modulation ampli-
tude of 0.4 G. The radio frequency power was set to 0.6325 mW
with power attenuation of 25 dB. For solvated state measurements,
the samples were solvated with acetonitrile. The sweep width was
set at 8000 G with a modulation amplitude of 4 G. The radio fre-
quency power was set to 0.6325 mW with power attenuation of
25 dB. NMR spectra were recorded either with a Bruker DRX-500
Avance spectrometer (at 500 MHz for 1H and at 125 MHz for 13C
spectra) or with a Bruker 300 Avance spectrometer (at 300 MHz for
1H and at 75.5 MHz for 13C spectra), as specified for each com-
pound. High-resolution mass measurements were performed with
a Thermo Exactive plus EMR Orbitrap mass spectrometer, which
was used with a Thermo Ultimate 3000 UHPLC with 100 % metha-
nol as the mobile phase. Melting points were recorded with a Boe-
tius micro-melting point apparatus, and the observations were not
corrected. Silica gel 60 F254 (Merck) plates were used for thin-layer
chromatography (TLC) and the spots were visualized either by ul-
traviolet light (254 nm) or by staining with an acidic H2O/EtOH so-
lution of 2,4-dinitrophenylhydrazine (DNP). Silica gel 60 (70–
230 mesh, Merck) was used for column chromatography. The ratios
of the solvents for the eluents are given in terms of volume
(mL mL@1). Yields (except for isolated yields) were determined
based on the HPLC chromatograms. For the detailed calculation
procedure, refer to the Supporting Information.

Figure 7. (a) Solute rejection for different membranes in acetonitrile at
30 bar. The values in the boxes above each membrane are fluxes expressed
in L m@2 h@1. (b) Solute concentration and purity profiles during catalyst re-
covery by diafiltration. The curves are modeled, whereas the symbols are ex-
perimental datapoints. The area in green represents the catalyst purity when
the other solutes show rejections between 10 % and 30 %.
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Particle size determination

The particle size of SiliaCAT was determined by means of dynamic
light scattering using a Zetasizer Nanoseries instrument (Malvern
Panalytical). The sample was dispersed in deionized water inside a
glass cuvette cell with a square aperture and measured immediate-
ly after the preparation of the dispersion by shaking. The measure-
ment was carried out at 25 8C with an equilibrium time of 120 s.
Ten runs, each of duration 10 s, were performed for six data collec-
tions. For further details, refer to the Supporting Information.

Synthetic procedure for the preparation of HMF from fruc-
tose

HMF was prepared based on our previously described proce-
dure[25b] with some minor modifications: in a typical run, the con-
version of fructose into HMF was conducted in a glass flask
(500 mL) equipped with a condenser. The deep eutectic solvent
system was formed with fructose (20 g, 0.11 mol, 1 equiv) and ChCl
(60 g, 0.43 mol, 4 equiv). Then, HCl (0.2 mL, 37 %) was added as the
catalyst. The flask was placed into an oil bath and heated (100 8C)
with vigorous stirring. After the reaction was completed, the black
mixture was dissolved in saturated NaCl solution (10 mL) and then
extracted with ethyl acetate (5 V 30 mL). Anhydrous sodium car-
bonate (10 g) was added to the obtained organic solution and fil-
tered to remove water and acid. Then, the organic solvent was re-
moved with a rotary evaporator. The concentrate was dissolved in
acetone (50 mL) and further distilled to obtain 13.2 g (95 %) HMF.
The spectral data were fully consistent with those reported in the
literature.[25b]

General procedure for the electrochemical oxidation of HMF
into DFF

Without taking precautions to exclude air and moisture, the Elec-
traSyn vial (5 mL) equipped with a stir bar was charged with HMF
(31.5 mg, 0.25 mmol, 1.0 equiv), TEMPO (3.9 mg, 0.025 mmol,
0.1 equiv), 2,6-lutidine (29 mL, 0.25 mmol, 1.0 equiv), LiClO4

(53.2 mg, 0.5 mmol, 2.0 equiv), and MeCN (5 mL). The ElectraSyn
vial cap equipped with the anode (graphite) and cathode (stainless
steel) was inserted into the mixture. The reaction mixture was elec-
trolyzed at a constant current of 1 mA for 20 h. Then, the vial cap
was removed, and the electrodes were rinsed with CH2Cl2 (10 mL),
which was combined with the reaction mixture. The crude mixture
was concentrated under reduced pressure. The resulting mixture
was taken up in CH2Cl2 (25 mL) and washed three times with water
(10 mL). The organic phase was dried over anhydrous MgSO4 and
concentrated in vacuo. The crude product was purified by prepara-
tive TLC (SiO2, CH2Cl2/MeOH 40:1) to give DFF (48 mg, 78 %) as a
white solid. The yield was recorded as the average of three parallel
experiments (standard deviation: :2 %). Rf = 0.73 (SiO2, CH2Cl2/
MeOH 20:1, visualized by DNP); m.p. 106–109 8C (lit.[15] 108–109 8C);
1H NMR (500 MHz, CDCl3): dH = 9.86 (2 H, s, CHO), 7.35 ppm (2 H, s,
CH); 13C NMR (125 MHz, CDCl3): dc = 179.4 (2 C, CHO), 154.3 (2 C),
119.6 ppm (2 C); IR (KBr): ñmax = 3140 (m), 3128 (w), 3103 (m), 1681
(s), 1564 (w), 1511 (w), 1410 (m), 1266 (m), 1243 (m), 1189 (m), 1175
(m), 1022 (m), 1002 (w), 979 (m), 960 (s), 846 (w), 827 (m), 809 (m),
and 797 cm@1 (m). The spectral data are fully consistent with those
reported in the literature.[15]

1,3,5-Tris((2,2,6,6-tetramethylpiperidin-N-oxyl-4-yl)oxymeth-
yl)benzene (Hub1-TEMPO)

4-OH-TEMPO (1, 506 mg, 2.94 mmol, 3.5 equiv) was dissolved in
dry THF (1 mL) in a dried round-bottomed flask under N2 atmo-
sphere. Next, NaH (60 % dispersion in mineral oil, 176 mg,
4.40 mmol, 5.25 equiv) was added, and stirred at room tempera-
ture until the intensive gas formation stopped. Then, a solution of
1,3,5-tris(bromomethyl)benzene (2, 300 mg, 0.84 mmol, 1 equiv) in
dry THF (1 mL) was added to the reaction mixture and stirred for
2 d, during which precipitation was observed. After completion of
the reaction, MeOH (3 mL) was added dropwise, followed by evap-
oration under reduced pressure. The remaining material was taken
up in ethyl acetate (25 mL) and washed three times with water
(10 mL). The organic phase was dried with anhydrous MgSO4 and
concentrated under reduced pressure. The crude product was puri-
fied by column chromatography with gradient elution (SiO2, Hex/
EtOAc 1:1 to 2:3) to yield Hub1-TEMPO (493 mg, 93 %) as an
orange solid. The structure of Hub1-TEMPO was confirmed by the
NMR spectra of the N-OH derivative (S1). Refer to the Supporting
Information for further details. Rf = 0.55 (SiO2, Hex/EtOAc 1:1); m.p.
100–103 8C; IR (KBr): ñmax = 2991 (m), 2976 (s), 2937 (m), 2878 (m),
1610 (w), 1465 (m), 1396 (w), 1374 (m), 1360 (s), 1347 (s), 1308 (w),
1289 (w), 1244 (m), 1220 (m), 1191 (m), 1177 (s), 1154 (s), 1105 (s),
1026 (w), 1015 (w), 956 (w), 902 (w), 854 (m), 846 (w), and
685 cm@1 (w); HRMS (ASAP+): m/z calcd for C36H60N3O6 : 630.4477
[M]+ ; found: 630.4474; calcd for C36H61N3O6 : 631.4555 [M++H]+ ;
found: 631.4551. The solvated and solid-state EPR spectra of Hub1-
TEMPO can be found in the Supporting Information.

Organic solvent nanofiltration

The membrane separations were performed by using a typical
crossflow nanofiltration rig (Figure 8). A Michael–Smith–Engineers
gear pump was used for the recirculation of the retentate, and the
speed was set at 1.2 L min@1. The commercial membranes were
washed with acetonitrile and conditioned under a pressure of
30 bar for 24 h prior to rejection and flux measurements to ensure
that the system reached a steady state. The solvent flux was deter-
mined by measuring the volume of the solvent permeating
through the membrane within a given time for a certain surface
area. The solute rejection was obtained from the ratio of the per-
meate and retentate concentrations of the solutes. The diafiltration
of the crude reaction mixture was carried out at 30 bar using a

Figure 8. Cross-flow nanofiltration apparatus for catalyst recovery.
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DM300 membrane with an active area of 52 cm2. Fresh acetonitrile
was continuously fed into the vessel to compensate for the solvent
volume leaving the system through the permeate stream, thereby
maintaining a constant system volume. Samples of the permeate
and retentate streams were periodically taken for analysis. The
number of diavolumes, defined as the volume ratio of the perme-
ate and retentate streams at a given time, was used to describe
the progress of the filtration. The recovered catalyst was reused
multiple times, and its characterization is shown in Figures S33 and
S34 in the Supporting Information.

Computational methods

All quantum chemical calculations for the conversion of HMF to
DFF were performed with the Gaussian 09 package[31] and the
ground-state geometries were optimized by using the hybrid
meta-exchange-correlation functional M062X with the 6-31G* basis
set. The transition states were analyzed by means of frequency cal-
culation (single imaginary frequency). The polarizable continuum
model was used for solvation.
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a b s t r a c t

This work presents a cyclodextrin-enhanced organocatalytic method from molecular to process design.
Cinchona-thiourea and -squaramide catalysts were covalently anchored to inherently large, stable and
well-defined permethyl-b-cyclodextrins. The asymmetric catalysis was successfully demonstrated on
the Michael reaction of 1,3-diketones and trans-b-nitrostyrene. Both emerging green and conventional
solvents were screened for the asymmetric addition (up to 99% ee), and the Kamlet–Taft solvent param-
eters were correlated to the enantioselectivity. Quantum chemical modelling revealed that the catalyst
anchoring resulted in favorable structural changes, and stronger intermolecular interactions between
the catalyst and the reagents. Continuous organocatalysis was performed in coiled tube flow reactor cou-
pled with a membrane separation unit, which allowed complete recovery of the catalyst and 50% solvent
(2-MeTHF) recycling. The 100% conversion, 98% purity, 99% ee, 100% in-line catalyst recovery, and
80 g L�1 h�1 productivity makes it an attractive catalytic platform.

� 2019 Elsevier Inc. All rights reserved.

1. Introduction

Organocatalysis in continuous flow is an attractive platform for
manufacturing value added products, especially in industrial fields
where chirality transfer is a necessity [1]. The rapid progress in lab-
oratory scale applications of organocatalysis paves the way for
industrial implementation, albeit still hindered by limitations such
as catalyst recovery and reuse, or loss of productivity and selectiv-
ity over time [2,3].

Heterogenization of catalysts via immobilization on solid sup-
port, precipitation of catalysts, or chromatography are common
methods for their recovery from the reaction mixture [4]. Inte-
grated catalysis-separation systems is a rapidly emerging field
due to its compact and efficient nature [5–7]. The membrane-
assisted recovery of homogeneous organocatalysts was first real-
ized by Kragl et al. [8], followed by rapid progress in the field
(Fig. 1) [9]. Such recycling methodology is sustainable with low

energy consumption, and its scale-up and implementation in con-
tinuous and hybrid processing are relatively straightforward
[10,11]. However, the efficiency of separation depends on two
main factors: (i) the molecular weight gap between the catalyst
and the other components, and (ii) the absolute catalyst retention
by the membrane. To meet these requirements, size-enlargement
of the catalyst is required via embedding in soluble polymers, con-
jugating to dendrimers or polyalkylation anchoring via multifunc-
tional cores and benzoyl subunits (Fig. 1a). These synthetic
approaches were demonstrated in various process configurations
(Fig. 1b).

Herein, a cyclodextrin (CD) anchoring methodology is proposed
to facilitate recovering the enlarged organocatalysts. CDs with and
without catalytic unit(s) had been applied in organocatalytic reac-
tions as catalysts, or to enhance the water-solubility of the catalyst
and the reactants, or for the utilization of inclusion complexes [21].
Owning to the inherent stability of cyclodextrins, their well-
defined structure, non-toxicity and production from renewable
resources [22], they are excellent candidates to provide a platform
for the development of size-enlarged organocatalysts, which
can be sustainably recycled. Furthermore, their ability to form

https://doi.org/10.1016/j.jcat.2019.01.041
0021-9517/� 2019 Elsevier Inc. All rights reserved.
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inclusion complexes could result in steric hindrance, which in
return enhances catalytic selectivity [23]. A continuous-flow reac-
tor was selected for the organocatalysis because it is an emerging
solution for sustainable pharmaceutical manufacturing, which
has the potential to overcome the drawbacks of organocatalysis
such as higher catalyst loadings, lower reaction rate and productiv-
ity [24,25]. The advantages of flow reactors, such as better control
of process variables, good mixing and heat-transfer, lower risk of
side-reactions, process intensification, compartmentalization, scal-
ability, and energy-efficiency, collectively contribute to the
increasing interest in flow synthesis [26,27]. Both flow reactors
and membrane separators provide the possibility of being consec-
utively coupled with other processes or each other in continuous
operation [28].

Recently, we reported a covalently grafted cinchona-
squaramide on a polybenzimidazole nanofiltration membrane for
heterogeneous organocatalysis in batch processes [6]. As a contin-
uation of our work, herein we present a continuous homogeneous
organocatalysis process employing a cyclodextrin-cinchona
organocatalyst in a synthesis-separation integrated flow reactor.

2. Results and discussion

2.1. Synthesis of the asymmetric organocatalysts

Two cinchona-based organocatalysts were synthesized on a b-
CD anchor (Scheme 1). The monofunctionalization of the CD was

followed by permethylation to gain solubility in organic solvents.
The CD and the cinchona derivatives were linked either by a
thiourea (CD-1) or a squaramide (CD-2) unit. Anchoring the cin-
chona moiety to the CD by a covalent bond should provide the sta-
bility needed for a robust catalytic system. Moreover, the linker
could serve as a hydrogen bond donor to promote beneficial cat-
alytic activity.

The key intermediate mono-6-deoxy-6-amino-permethyl-b-cy
clodextrin (CD-3) [29] and the cinchona derivatized amine 1 [30]
were prepared based on previously reported procedures. The
thiourea type organocatalyst CD-1was synthesized by the addition
of cinchona amine derivative 1 to the corresponding isothio-
cyanate CD-4. The latter compound was derived from the reaction
of amine CD-3 with carbon disulfide and N,N0-dicyclohexylcarbodii
mide (DCC). For the direct synthesis of thiourea CD-1, an alterna-
tive reaction route via the addition reaction of cinchona isothio-
cyanate derivative 2 and the key intermediate amine (CD-3) was
explored, which provided CD-1 with a higher overall yield (50%
vs. 33%).

Using commercially available dimethyl squarate, half squara-
mide CD-5 was prepared from CD-3 as a mixture of syn/anti con-
formers with a ratio of 1–1.3, confirmed by 1H NMR. The
coalescence point is in the region of 54–56 �C (see Supplementary
material). Addition of amine 1 to the half squaramide CD-5
resulted in organocatalyst CD-2. During the synthetic procedures,
all compounds were characterized by well-established methods
including low- and high-resolution MS, IR, 1D NMR and 2D NMR

Fig. 1. Membrane assisted recovery of homogeneous organocatalysts: catalyst size enlargement approaches for efficient retention by the membranes (a), and the employed
reactor types in the hybrid processes (b). The references are given in the top right corner [8,12–20].
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spectroscopy. In addition, thermal analysis of the organocatalysts
CD-1 and CD-2 were carried out by TGA and DSC measurements
(see Supplementary material).

2.2. Application of organocatalysts CD-1 and CD-2 in batch mode

Cinchona-based organocatalysts were successfully applied in
several asymmetric reactions with good yield and selectivity using
a broad variety of substrates [31]. Prior to the continuous-flow pro-
cess, the catalytic performance was investigated in a batch opera-
tion. The Michael additions of pentane-2,4-dione (3) and
diphenylpropane-1,3-dione (4) to trans-b-nitrostyrene (5) were
selected as model reactions (Table 1). Concerning selectivity, no

significant difference was found between the thiourea and the
squaramide type catalysts.

Conventional and green solvents including toluene, anisole,
tetrahydrofuran (THF), 2-methyltetrahydrofuran (2-MeTHF) and
dimethyl carbonate (DMC) were screened. The best results, up to
99% enantiomeric excess (ee) and 95% yield, were achieved in
2-MeTHF and DMC solvents. The correlation between the enan-
tiomeric excess and the solvent was examined through the Kam-
let–Taft parameters [32]. As the a factor (H-bond donor strength)
of the solvent increased, a decrease in the ee value was observed
(Fig. 2). A low value for a is necessary, but not sufficient, to achieve
high ee in the organocatalytic reaction under investigation. This
observation is in line with similar cinchona-based organocatalysis
[33]. For the development of the continuous catalysis-separation

Scheme 1. Synthesis of asymmetric organocatalysts CD-1 and CD-2 (a), and the optimized structure for the latter organocatalyst obtained through quantum mechanical
modelling (b). C grey, O red, H white, N blue.
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platform, the biomass-derived 2-MeTHF green solvent [34], dike-
tone 4 as reactant and the squaramide based CD-2 catalyst were
chosen. The amount of catalyst and ratio of reactants were opti-
mized to facilitate the membrane separation via complete con-
sumption of diketone 4 (see Supplementary material), which
requires 5 mol% organocatalyst CD-2 and 1.5 eq of trans-b-
nitrostyrene (5).

2.3. Continuous catalysis–separation platform

The optimized batch reaction conditions were used as the start-
ing point for the evaluation of the model reaction (Table 1, entry
10) in the continuous-flow reactor. Fig. 3a shows the conversion
as a function of flow rate, temperature and catalyst loading, while
Fig. 3b depicts the ee as a function of temperature at the highest
flow rate, which still provides 100% conversion. The CD-2 catalyst
has excellent thermal stability demonstrated by TGA and DSC (see
Supplementary material), which allowed expanding the reaction
temperature range up to 100 �C. Coupling the membrane unit
downstream of the flow reactor enabled the reaction to be per-
formed above the atmospheric boiling point of the solvent due to
the pressurized system. Refer to the Supplementary material for
the process details. The increase of temperature from 20 to
100 �C enables higher production rate through the increase in the
maximum flow rate, which still provides 100% conversion. For
instance, increasing the temperature from 20 to 100 �C, the maxi-
mum flow rate increased from 4 to 16 mL min�1. Moreover, at
100 �C the catalyst loading can be decreased from 5 to 3 mol% at
16 mL min�1, which still provides 100% conversion. Further
decrease in the catalyst loading compromises the maximum flow
rate. However, the enantiomeric excess decreases with increasing
temperature, and consequently 20 �C was selected for the inte-
grated synthesis-separation process.

The separation performances of several commercial membranes
for entry 10 (Table 1) are compared in Fig. 4. While the rejection of
the catalyst should be 100% for its efficient recovery in a continu-

Table 1
Solvent screening for the Michael addition of 1,3-diketones (3, 4) to trans-b-
nitrostyrene (5) catalyzed by CD-1 or CD-2.a

Entry R Solventb CD-1 yield/ee CD-2 yield/ee

1 Me THF 31/91 95/89
2 Me DMC 50/94 95/96
3 Me toluene 88/81 95/88
4 Me anisole 33/83 91/77
5 Me 2-MeTHF 67/97 73/98
6 Ph THF 73/88 45/91
7 Ph DMC 71/95 95/95
8 Ph toluene 75/73 67/78
9 Ph anisole 95/84 86/80
10 Ph 2-MeTHF 95/97 79/99

a Reaction conditions: 1,3-diketone (2.5 eq), trans-b-nitrostyrene (1 eq),
organocatalyst (0.05 eq), solvent (1.0 mL) and 25 �C. After 24 h reaction, the solvent
was evaporated, and the crude product was purified by preparative TLC. The
enantiomeric excess was determined by chiral HPLC analysis.

b Refer to the Supplementary material for further solvent screening, which was
used for the Kamlet–Taft parameters versus enantiomeric excess diagram (see
Fig. 2).

Fig. 2. The effect of a parameter (H-bond donor strength) of the solvent on the
enantiomeric excess of 7. Refer to the Supplementary material for the solvents and
the corresponding a parameter.

Fig. 3. Optimization of the flow reactor for entry 10 in Table 1: the effect of flow
rate, temperature and catalyst loading on the conversion of 4 (a), and the effect of
temperature on the enantiomeric excess of 7 (b). The values in the diamond
brackets refer to the maximum flow rate (mL min�1) that achieves 100% conversion.

258 P. Kisszekelyi et al. / Journal of Catalysis 371 (2019) 255–261



ous process, the product and remaining reagents should have
rejections as low as possible for their efficient purge from the sys-
tem. Owing to the large gap in the size of the catalyst and the other
species, the most open membrane, namely DM900, was selected.
DM900 demonstrated 100% rejection of CD-2 and less than 5%
rejection of the other species. Having lower permeances and con-
siderably higher rejections, the other membranes were ruled out.

During the integrated synthesis-separation process, the flow
reactor outlet stream containing the crude reaction mixture was
diverted to a cross-flow membrane cell (Fig. 5). The permeate
stream consisted of the highly concentrated product 7 (41 g L�1)
having a purity of 92% (Fig. 6). The membrane unit was ther-

mostated at 50 �C to eliminate precipitation of the product. The
retentate stream in situ recycled 100% of the CD-2 catalyst and
50% of the 2-MeTHF solvent. The product crystallized in the collec-
tion vessel at room temperature, which allowed the final purity to
reach 98%. The enantiomeric excess was 99% as expected based on
the screening in Fig. 3. Refer to the Supplementary material for the
detailed process description.

A sensitivity analysis was performed to reveal the effect of
recirculation on the productivity, purity and concentrations
(Fig. 7). The recirculation was defined as the ratio of the retentate
flow rate and permeate flow rate. The continuous process in Fig. 5

Fig. 4. Comparison of membrane performance: rejection and permeance values
were measured at 10 bar and 50 �C in 2-MeTHF using a cross-flow nanofiltration
system. The permeance values are given in brackets and expressed as L m�2 h�1

bar�1. The errors are standard deviations based on three independent measure-
ments using different membrane pieces.

Fig. 5. Schematic process diagram for the continuous catalysis-separation platform. The coiled tube plug flow reactor and the membrane cell were thermostated at 20 �C and
50 �C, respectively. The reactor inlet flow rate was set at 4 mL min�1, the recycle ratio was 50% and 2-MeTHF was used as solvent.

Fig. 6. Concentration profiles for the membrane separation. Underlying curves are
not fitted to the data but were modelled based on screening data and system
parameters (refer to Section 6.4 in the Supplementary material). The final product
that crystallized in the collection vessel reached 98% purity.
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was carried out at 50% recirculation. Increasing recirculation
results in higher concentration, longer equilibrium times, and
increasing purity. The decrease in productivity over a broad range
of recirculation is negligible. However, the increasing concentra-
tion of the product will lead to precipitation and fouling in the
membrane unit. Consequently, the solubility limit of the product
needs to be considered and the temperatures adjusted accordingly.
(Refer to the Supplementary material for the description of the
sensitivity analysis and further data.)

2.4. Elucidation of catalyst–reagent interactions

CDs are computationally well-studied systems (for references
see Supplementary material), however, CD-anchored catalysts
have not been investigated. We studied for the first time how cat-
alyst anchoring to CDs affects the catalyst conformation and its

interaction with the reagents. Having found the lowest energy con-
formers using the MMFF94 force field, the geometries of each sys-
tems were optimized using the verified xB97X-/D6-31G* method.
Interaction energies between the different fragments were com-
puted using the Symmetry Adapted Perturbation Theory (SAPT).
Non-covalent interaction (NCI) plots were used to analyze the sec-
ondary interactions between the catalyst and the reagents [6], as
well as the effect of the CD anchoring. Refer to the Supplementary
material for the detailed ab initio methods and obtained
coordinates.

The geometry optimization showed that the catalyst anchoring
does not significantly alter the structure of the CD ring (Fig. 8). Fur-
thermore, the reagents coordinate with the same part of the cata-
lyst irrespective of the CD anchoring. The non-covalent
interactions are small between the CD and the active site of the cat-
alyst, as only one of the NH groups of the squaramide forms hydro-
gen and dihydrogen bonds with the OCH3 and CH moieties of the
cyclodextrin, respectively. On the contrary, the CD anchoring has
a significant effect on the interactions between the catalyst and
the reagents. Both reagents 4 and 5 interact with the amino group
of the quinuclidine part of the catalyst via hydrogen bonding
(Fig. 8a). The presence of hydrogen bonds was confirmed by the
analysis of bond critical points (electron density is approximately
10�2 a.u.) and bond paths of the electron density (see Supplemen-
tary material). Hydrogen bond is also formed between the oxo
group of reagent 4 and the amino group of the squaramide. How-
ever, only one oxo group of reagent 4 participates in hydrogen
bonding with the CD-anchored catalyst, while the relative position
of compound 4 and the squaramidemoiety enables the formation of
two hydrogen bonds with the non-bound catalyst. The absence of
the second hydrogen bond decreased the interaction energy
between the reagents and the catalyst from �279 kJ mol�1 to
�174 kJ mol�1 as a result of the CD anchoring. The importance of
the hydrogen bonds between the reagents and the catalyst is in line
with the observed effect of the a factor on the ee values (see Fig. 2).

Owing to the CD anchoring of the catalyst, the relative position
of the reagents became more favorable for Michael addition, which
is indicated by both the decreased distances (6.3 Å ? 4.1 Å) and

Fig. 7. Sensitivity analysis revealing the effect of the recirculation on the produc-
tivity, product purity, equilibrium time and the concentration of the purified
product. Refer to the Supplementary material for the detailed sensitivity analysis.
The asterisk indicates the operating point for the continuous process depicted in
Figs. 5 and 6.

Fig. 8. Non-covalent interactions (NCI plots, isovalue: 0.5) between the reagents and the squaramide catalyst: (a) CD anchored catalyst CD-2 and (b) the non-bound catalyst.
Refer to the Supplementary material for the ab initio calculation methods and the videos showing the NCI plots.
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angle (43� ? 19�) between the reagents. In line with these obser-
vations, the SAPT calculations showed that the CD anchoring
increased the intermolecular interaction energy between reagents
4 and 5 from �13 kJ mol�1 to �40 kJ mol�1. Consequently, the
quantum chemical modelling revealed that the presence of the
CD anchor results in more favorable interactions between the cat-
alytic site and the reagents, which could enhance the catalytic
activity.

3. Conclusion

A cyclodextrin-enhanced synthetic platform for asymmetric
cinchona organocatalysis in flow was successfully demonstrated.
The cyclodextrin-cinchona catalysts were prepared from a perme-
thylated cyclodextrin amine derivative. Having monofunctional-
ized the b-cyclodextrin, cinchona-thiourea and squaramide
scaffolds were attached, forming well-defined and characterized
bifunctional hydrogen bond type organocatalysts.

The solvent and parameter optimization of the asymmetric
Michael addition of 1,3-diketones to trans-b-nitrostyrene resulted
in the formation of adducts with excellent yields (up to 95%) and
enantiomeric excess (up to 99%). Moreover, a correlation between
the a Kamlet–Taft solvent parameter and the enantioselectivity
was observed.

The cyclodextrin anchor was found to have two key roles. First,
it allowed complete recovery of the catalyst due to the 3-fold
increase in size. Second, it favorably altered the conformation of
the cinchona-squaramide catalyst and the reagents, and conse-
quently improved the catalytic performance. The former role was
demonstrated in a continuous-flow reactor achieving 80 g L�1

h�1 productivity, 98% final product purity, up to 99% enantiomeric
excess and 100% catalyst recovery. The robustness and reusability
of the catalyst was demonstrated up to 100 �C in the flow reactor,
and over 18 days of operation. The latter role was supported by
ab initio methods revealing increased intermolecular interaction
energies and decreased distances and angles between the reagents.

The integrated synthesis-separation process was realized
through the coupling of an in-line membrane separation unit to
the flow reactor. The efficiency of the process was demonstrated
via the in-line recovery of the catalyst and the solvents. The sensi-
tivity analysis revealed the process boundaries and the importance
of the extent of retentate recirculation. Further development of this
scalable catalysis-separation methodology will widen the alterna-
tives and facilitate the efficient production of enantiopure
chemicals.
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Abstract

Two new pyridine-based asymmetric bifunctional organocatalysts containing one or two camphorsulfonamide units were synthesized. 

Asymmetric Michael addition of pentane-2,4-dione to β-nitrostyrene was catalyzed by these organocatalysts. During our experiments, 

influence of the solvent and temperature on the yield and enantioselectivity was studied. Using monocamphorsulfonamide derivative 

the S enantiomer of the corresponding Michael adduct was gained with moderate yield (up to 51 %) and low enantiomeric excess 

(up to 18 %). Organic solvent nanofiltration was successfully applied for the recovery of these organocatalysts. Furthermore, pyridine 

camphorsulfonamide was reduced to its piperidine derivative. Using piperidine monosulfonamide derivative racemic Michael adduct 

was obtained with excellent yield (up to 89 %). Beside its organocatalytic relevance, piperidine monosulfonamide derivative may also 

possess biological activity.

Keywords

organocatalyst, asymmetric synthesis, camphorsulfonamide, catalyst recovery, Michael addition

1 Introduction
Undoubtedly, using a catalytic amount of chiral controller 
is an elegant and economically attractive way to introduce 
chirality into a molecule. Among enantioselective reac-
tions, methods based on metal-free chiral organocatalysts 
have become more significant [1-3]. We can state that asym-
metric organocatalysis is one of the most rapidly growing 
research areas in synthetic organic chemistry [4, 5].

The application of camphor derivatives in asymmet-
ric organic reactions is a well-known method for chiral-
ity transfer. Camphor is one of nature's privileged scaf-
folds, readily available in both stereoisomers, and it can 
be easily altered to provide a wide range of optically active 
compounds [6]. As important members of the camphor 
family, camphorsulfonamides were applied first as chi-
ral auxiliaries [7-10], later as enantioselective organocata-
lysts [11-16]. One of these reactions is the organocatalytic 
asymmetric Michael reaction, which is a powerful syn-
thetic method to generate new carbon–carbon bond with 

concomitant formation of a new stereogenic center [17-23]. 
Therefore, it can be applied in the synthesis of biologically 
important pharmaceuticals and chiral precursors for the 
synthesis of bioactive compounds (Fig. 1). [24-26]

Recently Huang et al. [15] prepared camphorsulfon-
amide type organocatalysts and they demonstrated that 
the camphorsulfonamide group can enhance the effective-
ness of asymmetric Michael reaction. Beside their poten-
tial organocatalytic activity, piperidine-based camphor-
sulfonamides may have biological activity. [27, 28]

The potential for realizing synergies based on combining 
membrane separations with chemical processing in industry 
is expanding with the development of solvent-resistant nano-
filtration membranes. Organic solvent nanofiltration (OSN) 
is an emerging technology that allows separation of solutes 
between 50 and 2000 g·mol-1 via pressure gradient [29]. 
OSN processes are considered to be sustainable, and there 
are recent attempts to improve the greenness of membrane 

https://doi.org/10.3311/PPch.12719
https://doi.org/10.3311/PPch.12719
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fabrication as well with the overall aim to improve the life 
cycle assessment (LCA) of the field [30, 31]. Consequently, 
OSN is an attractive approach for process intensification via 
soluble catalyst recovery [32, 33], pharmaceutical purifica-
tion [34, 35], and iterative synthesis [36, 37].

Recently, we presented a preliminary study for the 
potential application of nanofiltration in the purification 
and recovery of crown ethers [38] and cinchona organo-
catalysts [39]. In continuation of these studies, our atten-
tion turned to the recycling of other types of catalysts. 
This article presents a preliminary study for exploring 
the potential of OSN in the recovery of camphorsulfon-
amide-based organocatalysts. Regarding these results, 
we are focusing on introducing some new, easily accessi-
ble bifunctional pyridine and piperidine-camphorsulfon-
amide-type organocatalysts, which can be recovered by 
OSN. To study the catalytic activity of enantiopure cam-
phorsulfonamide derivatives, we apply them in asymmet-
ric Michael addition reaction. Moreover, piperidine-based 
camphorsulfonamide is among the potential bioactive 
compounds with high pharmaceutical relevance.

2 Experimental
2.1 Methods of characterization
IR were recorded on a Bruker Alpha-T FT-IR spectrom-
eter. Optical rotations were taken on a Perkin-Elmer 
241 polarimeter (calibrated by measuring the optical rota-
tions menthol). NMR spectra were recorded either on a 
Bruker DRX-500 Avance spectrometer or on a Bruker 
300 Avance spectrometer. LC-MS was performed on an 
HPLC system using Gemini RP C18 column (150 × 4.6 
mm, 3 μm, 256 nm, 40 °C, 0.6 mL/min, gradient elution: 
water (0.1 % NH4HCO3) – acetonitrile (0.1 % NH4HCO3 
+ 8 % water)) in ESI mode. Elemental analyses were per-
formed on a Vario EL III instrument (Elementanalyze 
Corp., Germany) in the Microanalytical Laboratory of the 
Department of Organic Chemistry, Institute for Chemistry, 
Eötvös Loránd University, Budapest, Hungary. Melting 
points were taken on a Boetius micro-melting point 

apparatus (uncorrected). The enantiomeric ratios of the 
samples were determined by chiral HPLC measurements 
using reversed phase mode (Thermo Finnigan Surveyor 
LC System, Phenomonex Lux Cellulose-3 column (3 µm, 
250 × 4.6 mm), eluent CH3CN / 20 mM NH4OAc in H2O = 
40/60, UV detector 222 nm, 0.6 mL·min-1, 20 °C, retention 
time for (R)-8: 11.9 min, for (S)-8: 14.2 min).

Note: In our reactions we used a chlorinated solvent 
(DCM), but tert-butyl methyl ether, 2-methyltetrahydrofuran 
or dimethyl carbonate should be used instead. Experiments 
are in progress to change DCM to green solvents, and results 
will be published as soon as the work on it is finished.

2.2 Materials
Starting materials were purchased from Aldrich Chemical 
Company. Silica gel 60 F254 (Merck) plates were used for 
TLC. Silica gel 60 (70–230 mesh, Merck) were used for 
column chromatography. Ratios of solvents for the eluents 
are given in volumes (mL·mL–1). Evaporations were car-
ried out under reduced pressure.

2.3 Preparation of (+)-1-[(1S)-7,7-Dimethyl-2-
oxobicyclo[2.2.1]heptan-1-yl]-N-(6-methylpyridin-2-yl) 
methane sulfonamide [(S)-1]
To a solution of 2-amino-6-methylpyridine (4, 100 mg, 
0.925 mmol) and TEA (145 µL, 103 mg, 1.017 mmol) in DCM 
(10 mL) was added a solution of (1S)-(+)-10-camphorsulfonyl 
chloride (255 mg, 1.017 mmol) in DCM (10 mL) at 0 °C and 
the resulting mixture was stirred at room temperature over-
night. After the reaction was completed, the solution was 
poured into water (30 mL), and was extracted with DCM 
(3 × 30 mL). The combined organic phase was dried over 

Fig. 1 Biologically active compounds synthesized by asymmetric 
Michael addition [27-31].

Fig. 2 Synthesized new camphorsulfonamide derivatives
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anhydrous MgSO4, filtered and the solvent was evaporated. 
The crude product was purified by column chromatography 
on silica gel (1:6 MeOH–toluene) to give camphorsulfon-
amide (S)-1 (288 mg, 87 %) as an off-white solid.

Mp: 101–102 °C (MeOH); RF: 0.39 (silica TLC, MeOH–
toluene 1:6); αD

25 = + 9.2 (c 1.00, DCM); IR (KBr) νmax 3102 
(νas, NH), 2956 (νas, CH), 2889 (νs, CH), 1740 (ν, C=O), 
1617 (ν, =CH, Py), 1579 (ν, =CH, Py), 1454 (δas, CH3), 1414 
(δas, CH3; and βs, CH3), 1391 (δs, CH3), 1351 (νas, SO2), 1272 
(γ, C-N), 1124 (νs, SO2), 791 (γ, =CH, Py), 763 (γ, =CH, 
Py) cm-1; 1H NMR (300 MHz, CDCl3) δ (ppm) 0.86 (s, 3H, 
CH3), 1.09 (s, 3H, CH3), 1.44–1.50 (m, 1H, camphor H-6), 
1.93–1.99 (m, 2H, H-5 and 5'), 2.06–2.12 (m, 2H, H-6' and 
H-4), 2.29–2.37 (m, 2H, camphor H-3 and 3'), 2.50 (s, 3H, 
Py-CH3), 3.15 (d, J = 15 Hz, 1H, CH2), 3.59 (d, J = 15 Hz, 
1H, CH2), 6.65 (d, J = 7.5 Hz, 1H, pyridyl-H-3), 7.00 
(d, J = 7.5 Hz, 1H, pyridyl-H-5), 7.56 (t, J = 7 Hz, 1H, 
pyridyl-H-4), 10.17 (br. s, 1H, NH); 13C NMR (75.5 MHz, 
CDCl3) δ (ppm) 19.8 (camphor CH3), 19.9 (camphor CH3), 
21.8 (Py-CH3), 25.2 (camphor), 27.0 (camphor), 42.7 (cam-
phor), 42.8 (camphor), 48.4 (camphor), 50.2 (camphor), 
58.7, 114.3 (pyridyl), 114.6 (pyridyl), 140.6 (pyridyl), 
151.2 (pyridyl), 153.3 (pyridyl), 215.9 (C=O); Anal. calcd 
for C16H22N2O3S: C, 59.60; H, 6.88; N, 8.69; S, 9.95. Found: 
C, 59.42; H, 6.97; N, 8.68; S, 9.99.

2.4 Preparation of (+)-(S)-N,N'-(Pyridine-2,6-diyl)
bis(1-((1S)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-
yl)methanesulfonamide) [(S,S)-2]
To a solution of 2,6-diaminopyridine (5, 100 mg, 0.916 mmol) 
and TEA (280 µL, 204 mg, 2.016 mmol) in DCM (10 mL) 
was added a solution of (1S)-(+)-10-camphorsulfonyl chlo-
ride (505 mg, 2.016 mmol) in DCM (10 mL) at 0 °C and 
the resulting mixture was stirred at room temperature over-
night. After the reaction was completed, the solution was 
poured into water (30 mL), and was extracted with DCM 
(3 × 30 mL). The combined organic phase was dried over 
anhydrous MgSO4, filtered and the solvent was evaporated. 
The crude product was purified by column chromatography 
on silica gel (1:5 IPA–toluene) to give biscamphorsulfon-
amide (S,S)-2 (408.8 mg, 83 %) as a pale yellow oil.

RF: 0.42 (silica TLC, MeOH–toluene 1:6); αD
25 = + 1.4 

(c 1.00, DCM); IR (film) νmax 3250 (νas, NH), 2961 (ν, CH), 
1735 (ν, C=O), 1598 (ν, =CH, Py), 1586 (ν, =CH, Py), 1459 
(ν, =CH, Py), 1415 (δas, CH3; and βs, CH3), 1332 (νas, SO2), 
1137 (νs, SO2), 911 (γ, S-N), 790 (γ, =CH, Py), 728 (βS, CH2) 
cm-1; 1H NMR (500 MHz, CDCl3) δ (ppm) 0.91 (s, 6H, 
2 × CH3), 1.07 (s, 6H, 2 × CH3), 1.44–1.50 (m, 2H, 2 × 

camphor H-6), 1.93–1.99 (m, 4H, 2 × camphor H-5, H-5'), 
2.02 – 2.09 (m, 2H, 2 × camphor H-6'), 2.11–2.13 (m, 2H, 
2 × camphor H-4), 2.29–2.33 (m, 2H, 2 × camphor H-3), 
2.38 – 2.43 (m, 2H, 2 × campyhor H-3'), 3.37 (d, J = 15 Hz, 
2H, CH2), 3.94 (d, J = 15 Hz, 2H, CH2), 6.91 (d, J = 7.5 Hz, 
2H, pyridyl-H-3 and H-5), 7.66 (t, J = 8 Hz, 1H, pyr-
idyl-H-4), 8.26 (br. s, 2H, NH); 13C NMR (125 MHz, 
CDCl3) δ (ppm) 19.7 (CH3), 19.9 (CH3), 26.4 (camphor), 27.2 
(camphor), 43.0 (camphor), 48.9 (camphor), 51.0 (camphor), 
59.2, 107.1 (pyridyl), 141.1 (pyridyl), 150.5 (pyridyl), 215.8 
(C=O); Anal. calcd for C25H35N3O6S2: C, 55.84; H, 6.56; N, 
7.81; S, 11.93. Found: C, 55.78; H, 6.62; N, 7.80; S, 11.95.

2.5 Preparation of (S)-(-)-3-(2-Nitro-1-phenylethyl)
pentane-2,4-dione [(S)-8]
Organocatalyst (S)-1 or (S)-3 (0.3 eq) and β-nitrostyrene 
(7, 1.0 eq) were added to a solution of pentane-2,4-di-
one (6, 2.5 eq) in different solvents (Table 1-2). The reac-
tion mixture was stirred at room temperature or at 50 °C. 
After 48 h, the solvent was removed. The crude product was 
purified by preparative thin layer chromatography on silica 
gel (2:1 hexane–ethyl acetate) to give Michael adduct 8 as a 
white solid (yields and e.e. values can be seen in Table 1-2).

Table 1 Michael Addition of acetylacetone (6) to nitrostyrene (7) 
catalyzed by (S)-112

Entry Solvent RT 
yield / ee (%)

50 °C
yield / ee (%)

1 MTBE 5/0 13/0

2 CH2Cl2 2/17 1/10

3 toluene 1/18 23/12

4 IPA2 10/2 7/0

5 CH3CN 2/0 51/2

M.p.: 123–126 °C (lit. mp: 124–126 °C, [40]); αD
25 = + 1.3 

(c 0.32, CHCl3, 17 % ee); lit. αD
25 = + 196.7 (c 1.01, CHCl3, 

88 % ee, [40]); RF: 0.39 (silica TLC, acetone–chloroform 
1:100). The obtained product had the same spectroscopic 
data than those of reported [40].

1 Reaction conditions: pentane-2,4-dione (2.5 eq), nitrostyrene (1 eq), 
organocatalyst (0.3 eq), solvent (0.5 mL), 48 h and at room tempera-
ture or 50 °C. Conversion and enantiomeric excess were determined by 
LCMS and chiral HPLC, respectively.
2 IPA: 2-propanol
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2.6 Preparation of (+)-1-[(1S)-7,7-Dimethyl-2-
oxobicyclo[2.2.1]heptan-1-yl]-N-(6-methylpiperidin-2-
yl) methane sulfonamide [(S)-3]
The hydrogenation reaction was carried out in an 
80 mL stainless steel autoclave (Technoclave, Budapest, 
Hungary) equipped with a magnetic stirrer (stirring 
speed: 1100 rpm). The reactor containing sulfonamide 
(S)-1 (300 mg, 0.930 mmol), 10 % Pd/C (Selcat Q) catalyst 
(120 mg) and MeOH (20 mL) was flushed with nitrogen 
and hydrogen, then charged with hydrogen (12 bar) and 
heated to 80 °C. After the reaction was completed (8 h), 
the catalyst was filtered off and the solvent was removed to 
yield (S)-3 (242 mg, 78 %) as a colourless oil. The product 
was used without further purification.

RF: 0.78 (silica TLC, DCM–MeOH 1:20); αD
25 = + 31.2 

(c 1.00, DCM); IR (KBr) νmax 3277 (νas, NH), 3158, 2960 
(νas, CH), 2928, 2887 (νs, CH), 1738 (ν, C=O), 1596 (β, NH), 
1457 (δas, CH3; and βs, CH2), 1327 (νas, SO2), 1123 (νs, SO2), 
813 (γ, N-H) cm-1; 1H NMR (500 MHz, CDCl3) δ (ppm) 
0.85 (s, 3H, camphor CH3), 1.07 (s, 3H, camphor CH3), 
1.31 (dd, J = 6.5, 3.8 Hz, 3H, piperidine CH3), 1.36–1.48 
(m, 2H), 1.64–1.77 (m, 1H), 1.80–1.99 (m, 4H), 1.99–2.07 
(m, 1H), 2.09 (t, J = 4.5 Hz, 1H), 2.31–2.58 (m, 5H), 2.95 
(dd, J = 14.5, 3 Hz, 1H), 3.47 (d, J = 15 Hz, 1H, CH2), 3.48 
(d, J = 15 Hz, 1H, CH2), 3.54–3.64 (m, 1H), 8.37 (d, J = 11.5 
Hz, 1H, NH); 13C NMR (125 MHz, CDCl3) δ (ppm) 18.5, 
18.6, 19.8 and 19.8, 22.3, 24.3 and 24.4, 27.0, 29.5 and 29.6, 
30.7 and 30.7, 42.6 and 42.6, 42.7 and 42.7, 48.2 and 48.2, 
49.2, 49.6 and 49.6, 50.7, 58.2 and 58.2, 215.8 and 216.0; 
Anal. calcd for C16H28N2O3S: C, 58.50; H, 8.59; N, 8.53; S, 
9.76. Found: C, 58.48; H, 8.62; N, 8.50; S, 9.79.

3 Results and discussion
3.1 Synthesis and application of new, enantiopure 
pyridine-camphorsulfonamide derivatives
Our aim was to prepare new camphorsulfonamide deriva-
tives as potential bifunctional organocatalysts. The simul-
taneous activation of the electrophile by the hydrogen 
bond donor sulfonamide unit and the nucleophile by the 
Brønsted basic group (pyridine nitrogen) together with 
the chiral camphor-skeleton, should provide enough inter-
action between the reactants and the organocatalyst to 
accomplish enantioselective reactions.

As starting materials for this synthetic strategy, the rel-
atively cheap and commercially available 2-amino-6-meth-
ylpyridine (4) and 2,6-diaminopyridine (5) were chosen. 
These amines were transformed to their mono- [(S)-1] and 
bissulfonamide [(S,S)-2] derivatives (Fig. 3), respectively, by 

treating with one or two equivalents of (S)-camphorsulfonyl 
chloride in the presence of triethylamine (TEA).

New organocatalysts (S)-1 and (S,S)-2 were used in 
the Michael addition of pentane-2,4-dione (6) to β-nitro-
styrene (7) (Table 1). The reactions were carried out in 
five different solvents using 30 mol% catalyst. Compound 
(S,S)-2 showed no catalytic activity. Using (S)-1 as a cat-
alyst at room temperature, both the yield and the enan-
tiomeric excess were low. Increasing the temperature to 
50 °C resulted in a small (MTBE, toluene) or significant 
(CH3CN) improvement in the yield, while the enantiose-
lectivity of the reaction remained low.

3.2 Catalyst recovery via nanofiltration
Preliminary studies were carried out to evaluate the fea-
sibility of OSN for recovery of camphorsulfonamides 
(S)-1 and (S,S)-2. Membranes were fabricated based on 
recently established method [41, 42]. Polybenzimidazole 
membranes (18 wt% and 22 wt% denoted as 18 PBI and 
22 PBI) crosslinked with α,α'-dibromo-p-xylene were 
used for the filtration studies. Solutes were dissolved in 

Table 2 Michael Addition of acetylacetone to nitrostyrene  
catalyzed by (S)-3a

Entry Solvent RT 
yield / ee

50 °C
yield / ee

1 MTBE 74/4 55/0

2 CH2Cl2 57/0 87/3

3 toluene 26/0 60/0

4 IPA 71/0 28/0

5 CH3CN 89/1 87/1

Fig. 3 Synthesis of camphorsulfonamide derivatives (S)-1 and (S,S)-2
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toluene (0.1 g·L-1) and loaded into the nanofiltration rig. 
The nanofiltration was carried out in cross-flow configura-
tion with 100 L·h-1 recirculation at 30 bar (Fig. 4).

Permeate flux was measured and permeate and reten-
tate samples were taken at steady state after approximately 
4 h of continuous operation. Solvent fluxes (F) and sol-
ute rejections (R) were calculated as given in Eq. (1)3 and 
Eq. (2)4, respectively:

F V A tP m= ⋅ ⋅− −1 1  (1)

R c cx P x R x= − ⋅ −
1

1

, ,
.  (2)

The experimental rejections obtained for (S)-1 and 
(S,S)-2 in THF, IPA and toluene5 at 30 bar using 18 PBI 
and 22 PBI are demonstrated in Fig. 5(A). The correspond-
ing solvent fluxes are shown in Fig. 5(B).

As expected, the tighter membranes (22 PBI) have 
higher camphorsulfonamide rejection but lower flux 
values. Due to the larger molecular weight, (S,S)-2 has 
higher rejection compared to (S)-1 in all the tested sol-
vents and membranes. The obtained rejection values also 
reveal that the rejection difference between the sulfon-
amides is smaller for the tighter membranes irrespec-
tively of the solvent. The catalyst rejections vary between 
48 % and 99 %. Efficient recovery necessitates rejections 
of virtually 100 %. Consequently, both IPA and THF can 
be used for nanofiltration with 22 PBI featuring a modest 

3 F: permeate flux, VP: volume of permeate, Am: membrane area, t: time
4 Rx: rejection of compound x, cP,x: permeate concentration of compound 
x, cR,x: retentate concentration of compound x.
5 Solvent selection was based on their different chemical characteristic 
(ether, alcohol and aromatic compound), also, industrial utilization as 
solvent was considered.

20 L·m-2·h-1 and an excellent 82 L·m-2·h-1 fluxes, 
respectively.

Nanofiltration processes are usually operated in diafil-
tration mode. Based on the experimentally obtained 
rejection values, Fig. 6 shows the simulated concentration 
profile of the compounds during single-stage diafiltration.

Fig. 6 Simulated camphorsulfonamide concentration profiles.6

6 The solute rejection values are given as percentages on the plot, from 
top to bottom: (S,S)-2 on 22 PBI in THF, (S)-1 on 22 PBI in IPA, (S)-1 on 
22 PBI in THF and (S,S)-2 on 18 PBI in IPA.

Fig. 4 Schematic diagram of the utilized nanofiltration process

Fig. 5 Rejection of camphorsulfonamides on polybenzimidazole 
membranes at 30 bar (A) and the corresponding solvent flux values (B)
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These results confirm that OSN can be practically 
used for the recovery, only when rejections are > 98 %. 
Insufficient rejection leads to significant catalyst loss 
during single-stage nanofiltration process. For instance, 
93 % rejection results in 50 % catalyst loss in 10 diavol-
ume processing time. However, recent process advance-
ment of the OSN field suggests that employing a three-
stage cascade configuration can address the inherent 
limitation of diafiltration processes: low yield and high 
solvent consumption [43-46]. Moreover, solvent treatment 
of the PBI membranes could also enhance the process per-
formance [47]. OSN can be synergistically combined with 
adsorption processes to achieve better performance, i.e. 
improved yield or purity [48]. Based on our preliminary 
nanofiltration results, we plan to enhance the organocata-
lyst recovery via cascade approach and hybrid processes.

3.3 Synthesis and application of new, enantiopure 
piperidine-camphorsulfonamide derivative
Considering the low reaction yields of the Michael reac-
tion (Table 1) catalyzed by (S)-1, and the fact, that (S,S)-2 
has not been eligible for the addition reaction, we assumed 
that Kb of the basic pyridine nitrogen is not high enough. 
Thus, it is conceivable that if we increase the basicity of 
the corresponding nitrogen, then higher conversion could 
be achieved. Accordingly, we synthesized analogue piper-
idine derivative (S)-3 by catalytic hydrogenation of (S)-1 
(Fig. 7) using our published method [38].

The newly prepared piperidine derivative (S)-3 was 
also applied in Michael addition reaction (Table 2). As a 
confirmation of our assumption, the reaction yields at 
room temperature were significantly higher than in case 
of catalyst (S)-1.

Increasing the temperature to 50 °C resulted in higher 
yields in toluene and DCM, while using MTBE or IPA pro-
vided a decrease in the amount of products due to appear-
ance of side-products. The products isolated at both tem-
peratures were practically racemic. The best yield (89 %) 
was achieved in acetonitrile at room temperature.

Since the size of compounds (S)-1 and (S)-3 are almost 
equivalent, presumably their rejection is also identical. 

In consideration of the results of the catalyzed Michael 
reactions at room temperature, among the examined mem-
brane separation combinations, IPA can be the appropriate 
solvent for recycling both organocatalysts.

4 Conclusion
The applications of three easily synthesized camphor-
sulfonamide organocatalysts [(S)-1, (S,S)-2 and (S)-3] in 
Michael addition reaction have been presented. However, 
using pyridine-monocamphorsulfonamide (S)-1 only 
moderate yield and low enantioselectivity were achieved. 
The piperidine-based (S)-3, thanks to its higher basic-
ity, gave racemic Michael adduct with higher yield (up to 
89 %). The effect of solvent and temperature was consid-
ered, using acetonitrile at room temperature resulted in 
the most effective transformation without appearance of 
side-products.

The feasibility of OSN for recovery of organocatalysts 
[(S)-1 and (S,S)-2] was also demonstrated. Both IPA and 
THF can be used for nanofiltration with 22 PBI mem-
brane featuring modest and excellent fluxes, respectively. 
The hybrid process including the application and recovery 
of the new organocatalysts will be reported as soon as that 
work is finished.
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Abstract 
This paper reports the preparation of eight new enantiopure amide type crown ethers and their 
optically active precursors. Chiral diamines were transformed to amide type pyridino-crown 
ethers reacting them with pyridine dicarbonyl dichlorides by high dilution technique. Two of the 
new pyridino-crown ethers were reduced to their piperidino analogues. A preliminary study for 
the potential application of nanofiltration in the purification and recovery of crown ethers is 
presented. According to the pKa measurements these eight new macrocycles are potential 
organocatalysts (for instance in Michael addition reactions) thanks to their acidic and basic 
moieties and chiral skeletons, respectively. 
 
Keywords: Chiral crown ethers, pyridino-18-crown-6 ligands, macrocycles, organocatalysis, 
high dilution technique, pKa measurements 

 
 
 
Introduction 
 
Catalytic transformation provides the best „atom economy”, because the stoichiometric 
introduction and removal of (chiral) auxiliaries can be avoided, or at least minimized.1 

Development of specific bifunctional organocatalysts has been an active and fruitful area of 
investigation in the past few decades.2 The strategy of bifunctional asymmetric catalysis 
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encompasses synergistic activation of a nucleophile and an electrophile by two or more reactive 
centers through the combination of a Lewis acid and Lewis base working in concert. Such 
approach results in high reaction rates and excellent stereoselectivities.3 Hydrogen bonding plays 
a crucial role in this catalysis. Hydrogen bonding to an electrophile decreases the electron 
density of this species, activating it toward nucleophilic attack. Recently chemists have begun to 
appreciate the tremendous potential offered by hydrogen bonding as a tool for electrophile 
activation in synthetic catalytic systems. In particular, chiral hydrogen-bond donors have 
emerged as a broadly applicable class of catalysts for enantioselective synthesis.  

An amide unit, the key functional group of peptides, plays an important role in catalyst 
design and modification. Based on the understanding of different asymmetric catalytic reaction 
mechanisms, the creation of amide structure-based bifunctional organocatalysts was realized by 
rational arrangement of hydrogen-bond networks. Numerous asymmetric reactions, such as 
aldol, Mannich, Michael, Henry, amination, Biginelli, cyanosilylation and aza-Morita–Baylis–
Hillman reactions, have been carried out successfully by these catalysts.4  

In a pioneer investigation, Jørgensen and coworkers studied Diels–Alder reactions5 and 
Claisen rearrangements6 by computational methods. According to their model, two water 
molecules simultaneously establish H-bonds to the carbonyl oxygen of the substrate for optimal 
transition state stabilization. The concept of explicit double H-bonding activation was no longer 
restricted to one type of reaction or catalyst, but became a generally applicable principle.7 The 
simultaneous donation of two hydrogen bonds (for instance by two amide groups, or a urea or 
thiourea unit) has proven to be a highly successful strategy for electrophile activation. Such 
interactions benefit from increased strength and directionality compared to a single hydrogen 
bond. Organocatalysts containing double hydrogen bond moieties are capable of directing the 
assembly of molecules with similar control as covalent bonds.8  
 
 
Results and Discussion 
 
In the present study organocatalysts with the above mentioned double H-bonding activation by 
two amide groups and a chiral crown ether scaffold were prepared. Crown compounds including 
azacrown ones were shown to exhibit important applications such as selective ion separation and 
detection, biological applications and catalysis.9 

Of particular interest are the crown ethers containing amide groups due to the altered 
binding properties of the macroring toward carbonyl compounds. Moreover, the number of ether 
oxygens, amide groups, ring size, lipophilic groups as well as other structural features control the 
selectivity toward different functional groups. The present paper describes the synthesis of six 
new C2-symmetric chiral pyridino-18-crown-6 macrocycles [(S,S)-1–(S,S)-6, see Figure 1] with 
two amide functional groups incorporated into the macroring.  
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Figure 1. Schematics of new, enantiopure, amide type pyridino- [(S,S)-1–(S,S)-6] and 
piperidino- [(R,S,S,S)-7, (R,S,S,S)-8] 18-crown-6 ethers.  
 

Furthermore, these amide type pyridino-18-crown-6 ethers were also converted into the 
members of a new class of crown ethers, the piperidino-18-crown-6 ethers [(R,S,S,S)-7 and 
(R,S,S,S)-8]. To the best of our knowledge these are the first aza-18-crown-6 ethers in which a 
nitrogen atom is in a piperidine ring. The simultaneous presence of a chiral crown ether and a 
piperidine ring in a macrocycle could diversify and increase the potential of biological activity. 
In addition, the macroring of the crown ethers containing a piperidine subunit confers a rigid 
conformation which can increase the selectivity of the catalytic reaction. Developments in 
aminocatalysis,10,11

 which involve reactions catalyzed by secondary and primary amines via 
enamine and iminium ion intermediates, have been particularly exciting. 

Purification of crown ethers after the macrocyclization and their recovery after catalytic 
applications can be difficult. Hence, a preliminary filtration study using nanofiltration was 
carried out to obtain rejection values for the prepared compounds. Organic solvent nanofiltration 
(OSN) is an emerging green technology that allows size-exclusion based separation of solutes 
between 50 and 2000 gmol−1 in organic media simply by applying a pressure gradient.12, 13 The 
new generation of OSN membranes can withstand aggressive solvents and exhibit high flux 
while completely rejecting relatively small solutes such as crown ethers which are at the lower 
end of the nanofiltration range.14-16 OSN was suggested for the separation of Williamson 
etherification reaction mixtures17,18 and homogeneous catalyst recovery.19 Schaepertoens et al. 
recently proposed a three-stage membrane cascade for the purification of dibenzo-18-crown-6 
ether and in situ solvent recycle.20 This article presents a preliminary study of the potential of 
OSN in the purification and recovery of pyridino- and piperidino-crown ether based catalysts. 

 
Synthesis 
Chiral precursors [(S,S)-9 and (S,S)-10] of the amide type pyridino-crown ethers (S,S)-1–(S,S)-6 
were prepared from the corresponding amino alcohols (S,S)-11 and (S,S)-1221, respectively. The 
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hydroxyl groups of the amino alcohols were deprotonated using sodium hydride in THF, and the 
alkoxides were reacted with the reported22 diethylene glycol ditosylate 13 (see Scheme 1).  
 

 
 

Scheme 1. Preparation of new methyl- [(S,S)-9] and isobutyl-substituted [(S,S)-10] diamines 
from L-alaninol [(S)-11] and L-leucinol [(S)-12].  

 
The macrocyclization reaction was carried out with pyridino-2,6-dicarbonyl dichlorides (14–

16) [prepared in situ from the corresponding dicarboxylic acids (1723, 24, 1825, 26 and 1925-28)] and 
chiral diamines [(S,S)-9, (S,S)-10] and resulted in new amide type pyridino-crown ethers [(S,S)-
1–(S,S)-6, see Scheme 2]. These reactions used the high dilution technique.29-31 This method 
involves dropping the two reactants into a reaction vessel at the same time and speed from two 
different dropping funnels into a large volume of solvent. Due to the slow (ca. 0.01 mL min-1) 
and simultaneous addition of the bifunctional reactants in low concentration (ca. 1-10 mM) the 
probability of intermolecular collisions between the reacting partners is dramatically reduced and 
the formation of oligomers suppressed. At the same time, an intramolecular reaction does not 
require interactions between molecules and therefore high dilution does not affect the efficiency 
of cyclization. The inconvenience of this method (small amounts of product and large volumes 
of solvent), plus its low efficiency for the preparation of medium-ring systems, made it 
mandatory to develop alternate routes based upon selectively facilitating the intramolecular 
reaction. The formation of higher macrocycles (for example dimers, trimers etc.) was not 
investigated.  

 

 

Scheme 2. Preparation of enantiopure amide type pyridino-18-crown-6 ethers (S,S)-1–(S,S)-6. 
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Our aim was to prepare amide type piperidino-crown ethers (R,S,S,S)-7 and (R,S,S,S)-8 in 
order to obtain higher basicity. It is reported32 that pyridine-2,6-dicarboxylic acid (17, Scheme 2) 
was converted into the corresponding piperidine derivative in water by catalytic hydrogenation 
using 10% Pd/C at 50 °C with hydrogen under atmospheric pressure. In the case of the reduction 
of pyridino-crown ether diamides (S,S)-1 and (S,S)-4, for reasons of solubility the reaction was 
carried out in methanol instead of water. Working at atmospheric pressure, this hydrogenation 
did not result in the desired piperidino-crown ether derivatives (R,S,S,S)-7 and (R,S,S,S)-8. In our 
case the reduction required a higher temperature (120 °C) and pressure (20 bar), as well as a 
longer reaction time (24 h) (Scheme 3). 

The above-mentioned reduction of pyridinedicarboxylic acid 17 gave the cis-piperidine 
product32 and considering the mechanism of the hydrogenation reaction, it can be presumed that 
in the case of piperidino-crown ethers (R,S,S,S)-7 and (R,S,S,S)-8 the piperidine ring will also 
attach cis.  
 

 
 

Scheme 3. Synthesis of enantiopure piperidino-18-crown-6 ethers (R,S,S,S)-7 and (R,S,S,S)-8 by 
catalytic hydrogenation of pyridino-18-crown-6 ethers (S,S)-1 and (S,S)-4. 
 

The eight new bifunctional amide type crown ethers (S,S)-1–(R,S,S,S)-8 are potential 
organocatalysts. Their testing in asymmetric reactions is in progress and results will be published 
as soon as the work on it is finished.  

 
pKa Measurements 
Hydrogen bonding interactions play a key role in noncovalent organocatalysis,33-35 thus 
determination of pKa values facilitate the understanding of catalytic activity and catalyst design. 
However, the equilibrium values have their limitations for a kinetic property such as transition 
state stabilization.36 According to a recent review4 the psKa values of H-bond donor species in 
small-molecule catalysis are in the range of 6-28 in DMSO. 

One of the most important families of the amide type catalysts, the proline amide derivatives 
with strong electron withdrawing groups, were found to exhibit much higher catalytic activity 
and enantioselectivity than the corresponding chiral amides with electron donating groups.37 The 
psKa values of the potential proline amide organocatalysts are in the range of 11-23 in DMSO. 
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As it is known that a more acidic amide leads to the formation of a stronger hydrogen bond, 
increasing the acidity of amides should provide an effective strategy to improve the catalytic 
activity of amide type catalysis. Furthermore, the stronger hydrogen bonding can also be helpful 
for stereocontrol, leading to a better enantioselectivity.38  

We should also note that the psKa values of another type of organocatalysts, the bifunctional 
dialkyl amino and cinchona-derived thioureas, were recently determined in DMSO and 
correlated with their relative activity in some Michael addition reactions.39 For the tested chiral 
hydrogen bond donor catalysts (psKa = 13-21) a structure-activity enantioselectivity relationship 
was established.39  

Due to the above mentioned significance of the pKa values of the organocatalysts, the 
acidity and basicity of our new crown ether type potential bifunctional organocatalysts were 
measured. The proton dissociation constants of the amide groups of pyridino-crown ethers (S,S)-
1–(S,S)-6 were determined by UV-spectrophotometric titrations using the D-PAS technique. As 
can be seen in Figure 2 and Table 1, the amide groups are acidic enough (pKa = ~12-14 in 
aqueous media) to form strong hydrogen bonds.  
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Figure 2. pKa,1, pKa,2 and pKa,3 values of amide type pyridino-crown ethers (S,S)-1–(S,S)-6.  
 
Table 1. Measured and predicted pKa values of pyridino-crown ethers (S,S)-1–(S,S)-6  

 Substituents 
pKa,1 pKa,2 pKa,3 

measured Predicted* Predicted* measured Predicted*

(S,S)-1 R=Me, X=H 13.0±0.2 14.0 15.0 0.5±0.0 -7.5 
(S,S)-2 R=Me, X=Cl 12.9±0.2 13.6 14.6 0.8±0.0 -8.5 
(S,S)-3 R=Me, X=OMe 12.8±0.1 13.6 14.3 1.2±0.1 -1.3 
(S,S)-4 R=iBu, X=H 13.0±0.3 14.0 15.0 0.6±0.2 -7.3 
(S,S)-5 R=iBu, X=Cl 12.9±0.1 13.6 14.6 0.9±0.2 -8.3 
(S,S)-6 R=iBu, X=OMe 13.2±0.2 13.6 14.3 0.6±0.1 -1.3 

*pKa values were predicted by MarvinSketch v.15.10.12. 
 
Deviations of the pKa values of amide groups (see Table 1) show that they were determined 

near by the upper limit of the measurement (pKa ~ 13), and therefore extrapolation methods were 
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used. However, since these values are not thermodynamic data, the tendency of the measured 
and predicted values is the same. As can be seen, the alkyl groups at the chiral centers have no 
significant effect on the pKa value; they probably have a role in the enantioselectivity of the 
catalysts. 

There was no significant difference between the measured and the predicted acidities of the 
amide groups. Unfortunately, the estimation of the basicity of the pyridine nitrogen, near the 
lower limit of measurement (pKa ~ 1), has a large (up to 9 units) error, therefore in this case 
NMR titrations, the overlapping indicator method40 and other prediction methods should be used 
to give more reliable data.  

Since piperidine is more basic than pyridine, pyridino-crown ethers were reduced to obtain 
potential bifunctional organocatalysts bearing a more basic NH group. As the piperidino-crown 
ethers do not have a chromophore unit, the pKa values were determined by potentiometric 
titrations. According to our measurements (see Figures 2–3, and Tables 1–2), the piperidino-
crown ethers have a more basic nitrogen atom (pKa ~ 4.4) than that of the pyridino-crown ethers 
(pKa ~ 0.5). The pKa values of the amide groups of piperidino-crown ethers could not be 
measured (they were outside the pKa region of 2-12).  
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Figure 3. pKa,1, pKa,2 and pKa,3 values of piperidino-crown ethers (R,S,S,S)-7 and (R,S,S,S)-8, 
respectively. 
 
Table 2. Measured and predicted pKa values of piperidino-crown ethers (R,S,S,S)-7 and 
(R,S,S,S)-8, respectively  

 Substitutes 
pKa,1 pKa,2 pKa,3 

measured predicted* predicted* measured predicted* 
(R,S,S,S)-7 R=Me n.a. 13.0 13.5 4.42±0.00 7.5 
(R,S,S,S)-8 R=iBu n.a. 12.7 13.3 4.38±0.02 7.5 

*pKa values were also predicted by MarvinSketch v.15.10.12. 
 
In order to study the influence of the macroring on the acidity and basicity, we prepared 

diamide 20 from pyridine-2,6-dicarboxylic acid (17) using a modified procedure.41 The catalytic 
reduction of pyridine derivative 20 gave piperidinedicarboxamide (R,S)-21 (see Scheme 4).  
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Scheme 4. Synthesis of pyridinedicarboxamide 20 and piperidinedicarboxamide (R,S)-21.  
 

There was no significant difference between the acidity of the pyridino-crown ethers (S,S)-1 
and (S,S)-4 (pKa ~13.0, see Figure 2 and Table 1) and that of the pyridine derivative 20 (pKa = 
13.1, see Figure 4 and Table 3). The pyridine (20) and piperidine [(R,S)-21] diamides have more 
basic nitrogens (pKa ~ 0.7 for 20, and pKa ~ 6.3 for (R,S)-21) than those of the crown ethers (pKa 

~ 0.5 for (S,S)-1 and (S,S)-4, and pKa ~ 4.4 for (R,S,S,S)-7 and (R,S,S,S)-8, respectively). In the 
case of the diamides 20 and (R,S)-21, the error for the prediction of the pKa values of the basic 
nitrogens decreased to 1-2 units.  

 

 
 

Figure 4. pKa,1, pKa,2 and pKa,3 values of the amide type pyridine (20) and piperidine [(R,S)-21] 
diamides. 
 
Table 3. Measured and predicted pKa values of diamides 20 and (R,S)-21, respectively  

 pKa,1 pKa,2 pKa,3 
measure

d 
predicted* predicted* measured predicted* 

20 13.1±0.3 13.9   14.9 0.7±0.1 -7.5 
(R,S)-21 n.a 15.4   15.9 6.33±0.01 7.5 

*pKa values were also predicted by MarvinSketch v.15.10.12. 
 

The pKa values of our new potential organocatalysts were measured in water. The amide 
groups have pKa values in the range of 12.8-13.2 (see Table 1). As we mentioned earlier, the 
acidity of most of the published hydrogen bond catalysts were determined in DMSO. In order to 
evaluate the aqueous pKa values of our amides, we compared the pKa values in water and in 
DMSO. The pKa values of some compounds with hydrogen bond donor functional groups were 
determined in both solvents.42 We also measured three of them (see Table 4) using a co-solvent 
method.  
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Table 4. pKa values of compounds with hydrogen bond donor functional groups in DMSO and in 
water  

Acid 
psKa,1 (DMSO) 

Bordwell42 
pKa,1 (water) 

measured 
Barbituric acid 8.40 3.40 

F3CSO2NH2 9.70 (9.7a) 6.26 
PhCOOH 11.10 4.19 

Phthalimide 13.40 8.30b 
Diphenylthiourea 13.40 11.24 

Succinimide 14.60 (14.6a) 9.40 
PhSO2NH2 16.10 9.83 

CH3SO2NH2 17.50 (17.9a) 10.70 
Diphenylurea 19.60 12.59 
CH3CONH2 25.5 15.10b 

aExtrapolated with Yashuda–Shedlovsky method in DMSO-H2O; bData from the literature.43,44 
 
We can conclude that the amide groups of new pyridino- and piperidino-crown ethers have 

such psKa values (lower than 28) that they are good candidates for bifunctional organocatalysts 
with wide applications. 

 
Purification and catalyst recovery via nanofiltration  
In order to increase the yield of crown ethers by more effective separation of the starting 
materials and the products, preliminary studies were carried out applying the OSN method. The 
experimental rejections obtained for the crown ethers and their precursors in toluene at 20 bar are 
presented as a function of compound molecular weight in Figure 5A. The flux obtained was 
62 L.m-2.h-1. Rejection of pyridino-crown ethers (S,S)-1 and (S,S)-4 is between 97% and 100%, 
while the rejection of precursors falls between 16% and 33% except for diisobutyl substituted 
diamine (S,S)-10, which showed 80% rejection. Nanofiltration processes are usually operated in 
diafiltration mode, which means that fresh solvent is continuously added to the feed in order to 
push the small compounds through the membrane and keep the concentration of the products 
constant. Based on the experimentally obtained rejection values, Figure 5B shows the simulated 
concentration profile of the compounds during diafiltration.  

These results confirm that nanofiltration can be used for the separation of most of the 
precursors from the crown ethers, except diisobutyl substituted diamine (S,S)-10. Nonetheless, 
the insufficient rejection of crown ethers leads to significant product loss as the nanofiltration 
proceeds. Recently, Kim et al. have proposed an efficient purification methodology 
employing a two-stage cascade configuration, which addresses this inherent limitation of 
membrane processes.45 Furthermore, a stand-alone downstream unit operation OSN can be 
synergistically combined with another separation process to achieve better performance.46 Based 
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on our preliminary nanofiltration results, we plan to enhance the membrane processing of crown 
ethers via cascade approach and hybrid processes. 
 

 
 

Figure 5. A) Rejection of crown ethers and their precursors in toluene at 20 bar. B) Simulated 
concentration profile of the compounds where the numbers on the plot indicate the rejection 
values. (Green: pyridinedicarboxylic acid 17, pyridinedicarbonyl dichloride 14; blue: chiral 
diamines (S,S)-9 and (S,S)-10, and their unsubstituted analogue tetraethylene glycol-diamine 22; 
orange: crown ethers (S,S)-1, (S,S)-4, (R,S,S,S)-7 and (R,S,S,S)-8). For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.  
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Conclusions 
 
We can conclude that new dimethyl- and diisobutyl-substituted enantiopure pyridino-18-crown-6 
ether derivatives (S,S)-1–(S,S)-6 can be prepared from the corresponding enantiopure chiral 
diamines (S,S)-9 and (S,S)-10, respectively, and pyridinediacid dichlorides 14–16 in toluene by 
macrocyclization using high dilution technique. Pyridino-crown ethers (S,S)-1 and (S,S)-4, can 
be converted to piperidino-crown ethers (R,S,S,S)-7 and (R,S,S,S)-8, respectively by catalytic 
hydrogenation. The pKa measurements of pyridino- and piperidino-crown ethers suggest that 
they are good candidates for bifunctional organocatalysts.  

The feasibility of nanofiltration for crown ether catalyst purification and recovery was also 
demonstrated for the first time. The application of the new organocatalysts as well as their 
purification and recovery using two-stage membrane cascades will be reported as soon as the 
work on them is finished. 

 
 

Experimental Section 
 
General. Infrared spectra were recorded on a Bruker Alpha-T FT-IR spectrometer. Optical 
rotations were taken on a Perkin-Elmer 241 polarimeter which was calibrated by measuring the 
optical rotations of both enantiomers of menthol. NMR spectra were recorded in CDCl3

  either 
on a Bruker DRX-500 Avance spectrometer (at 500 MHz for 1H and at 125 MHz for 13C spectra) 
or on a Bruker 300 Avance spectrometer (at 300 MHz for 1H and at 75 MHz for 13C spectra) and 
it is indicated in each individual case. Mass spectra were recorded on CAMAG TLC-MS 
Interface (HPLC pump: Shimadzu LC-20AD Prominence SQ MS: Shimadzu LCMS-2020 MS 
settings: Detector Voltage: 1.10 kV, m/z: 105-1000, Scan speed: 1075 u/sec, DL temperature: 
250 °C, Nebulizing Gas Flow: 1.5 L/min, Drying Gas Flow: 15 L/min. eluent: acetonitrile:0.1 
v/v% formic acid 95:5, 1.500 mL/min). Elemental analyses were performed on a Vario EL III 
instrument (Elementanalyze Corp., Germany) in the Microanalytical Laboratory of the 
Department of Organic Chemistry, Institute for Chemistry, L. Eötvös University, Budapest, 
Hungary. Melting points were taken on a Boetius micro-melting point apparatus. Starting 
materials were purchased from Aldrich Chemical Company unless otherwise noted. The 10% 
Pd/C (Selcat Q) catalyst was manufactured in accordance with a patent47 of Szilor Fine 
Chemicals (Budapest, Hungary). The dispersion of the catalyst, determined by H2-, O2- and CO-
chemisorption measurements, is D = 0.50. Silica gel 60 F254 (Merck) and aluminium oxide 60 
F254 neutral type E (Merck) plates were used for TLC. Aluminium oxide (neutral, activated, 
Brockman I) and silica gel 60 (70-230 mesh, Merck) were used for column chromatography. 
Ratios of solvents for the eluents are given in volumes (mL/mL). Evaporations were carried out 
under reduced pressure unless otherwise stated.  

All pKa determinations were carried out in an aqueous medium. The proton-dissociation 
constants were determined by both the UV-spectrophotometric titrations using the D-PAS 
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technique and, in the absence of a chromophore, by potentiometric titration using the pH-metric 
method (Sirius Analytical Instruments Ltd., Forest Row, UK) attached to a Sirius T3 
instrument.48

 The pKa values were calculated by Refinement ProTM software. Spectrophotometry 
can be applied to pKa measurement provided that the compound has a chromophore in proximity 
to the ionisation centre, and the absorbance changes sufficiently as a function of pH. The 
absorbancies in the spectral region of 260-300 nm were used in the analysis. All measurements 
were performed in solutions of 0.15 M KCl under nitrogen atmosphere, at t = 25.0 ± 0.5 °C. All 
pKa values were measured in 6 or 9 replicates. 

Membranes were fabricated based on the recent developments by Valtcheva et al.49,50 

Polybenzimidazole membrane (22 wt%) crosslinked with α,α’-dibromo-p-xylene was used for 
the rejection studies of the crown ethers. Solutes were dissolved in toluene (0.1 gL−1) and loaded 
onto 58 cm2 membrane disc. The nanofiltration was carried out in cross-flow configuration with 
recirculation (100 Lh−1) at 20 bar (see Figure 6). Permeate flux was measured and permeate and 
retentate samples were taken at steady state after approximately 2 days of continuous operation. 
Permeate fluxes (F) and rejections (R) were calculated as given in Equation 1 and Equation 2, 
respectively: 

 
    (1) 

    (2) 

 
where F is the permeate flux, VP is the volume of permeate, Am is the membrane area, t is the 
time, Rx is the rejection of compound x, cP,x is the permeate concentration of compound x, and 
cR,x is the retentate concentration of compound x. 
 

 
 

Figure 6. Schematic diagram of the nanofiltration process comprising of a stirred feed tank, high 
pressure pump, crossflow membrane cell, pressure gauge and back pressure regulator. 
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General procedure for preparation of the enantiopure diamines (S,S)-9 and (S,S)-10, 
respectively. Enantiopure amino alcohol (S)-11 or (S)-12 (0.05 mol), in dry THF (120 mL) was 
added dropwise to a stirred suspension of sodium hydride (60% in mineral oil; 5.20 g, 0.13 mol) 
in dry THF (120 mL) at 0 °C under Ar. The reaction mixture was stirred at rt for 2 h, treated with 
diethylene glycol bis-p-toluenesulphonate (13, 12.43 g, 0.03 mol) dissolved in dry THF (120 
mL), and stirred at rt for a further 72 h. The reaction mixture was treated with water (480 mL) 
and the volatile components were removed by evaporation. The pH of the residue was adjusted 
to 1 with 10 M HCl, and shaken with ethyl acetate (3 × 50 mL). The aqueous phase was 
evaporated and the product was isolated from the dihydrochloride salt by ion-exchange 
chromatography [Amberlite resin IRA-402 (OH), ethanol] to give diamines (S,S)-9 (3.04 g, 46%) 
and (S,S)-10 (4.48 g, 49%), respectively as oily products. Physical and spectroscopic data of the 
products follow.  
(2S,2′S)-(+)-1,1′-[2,2′-Oxybis(ethane-2,1-diyl)bis(oxy)]dipropane-2-amine (S,S)-9. Rf: 0.16 
(silica gel TLC, CH3CN-MeOH-Et3N 1:1:0.1); [α]D

25= +18 (c 2.79, CHCl3); IR (neat) νmax 3358, 
3289, 3186, 2958, 2865, 1654, 1590, 1452, 1374, 1350, 1297, 1248, 1100, 997, 878, 828, 659, 
586, 530 cm–1; 1H NMR (500 MHz, CDCl3) δ (ppm) 0.98 (d, 6H, J 7 Hz), 3.07-3.19 (m, 4H), 
3.35-3.38 (m, 2H), 3.54-3.61 (m, 8H), 7.30 (d, 2H, shaking with D2O, amino protons 
disappeared); 13C NMR (125 MHz, CDCl3) δ (ppm) 19.44, 45.98, 70.32, 70.39, 78.02; MS calcd 
for C10H24N2O3: 220.2, found (M+H)+: 221.2; Anal. calcd for C10H24N2O3: C, 54.52; H, 10.98; 
N, 12.72. Found: C, 54.47; H, 11.03; N, 12.61.  
In order to prove the existence of the amino groups, a sample (23.1 mg 0.105 mmol) of diamine 
(S,S)-9 was converted to its bisacetamide derivative by reacting it with acetic anhydride (24 µL, 
0.254 mmol) in DCM (1 mL) at rt for 10 min. The volatile components were evaporated and the 
crude product (28.1 mg, 88%) was dried in a desiccator in the presence of KOH pellets for 
overnight. Physical and spectroscopic data of N,N′-(2S,2′S)-1,1′-[2,2′-oxybis(ethane-2,1-
diyl)bis(oxy)]bis(propane-2,1-diyl)diacetamide are the following: Rf: 0.81 (SiO2 VRK, 
CH3CN-MeOH-Et3N 1:1:0.1); 

25][ D  –37 (c 1.76, CHCl3); IR (neat) νmax 3297, 3076, 2973, 2869, 

1735, 1652, 1550, 1494, 1457, 1375, 1286, 1262, 1222, 1118, 1043, 976, 719, 604, 559, 539 cm–

1; 1H NMR (500 MHz, CDCl3) δ (ppm) 1.18 (d, 6H, J 7 Hz), 1.97 (s, 6H), 3.43-3.49 (m, 4H), 
3.62-3.65 (m, 8H), 4.11-4.17 (m, 2H), 6.16 (br s., 2H, shaking with D2O, amide protons 
disappeared); 13C NMR (125 MHz, CDCl3) δ (ppm) 17.55, 23.29, 44.84, 70.42, 70.52, 74.00, 
169.61; MS calcd for C14H25N2O5: 304.2, found (M+H)+: 305.2; Anal. calcd for C14H25N2O5: C, 
55.24; H, 9.27; N, 9.20. Found: C, 55.11; H, 9.41; N, 9.14. 
(2S,2′S)-(+)-1,1′-[2,2′-Oxybis(ethane-2,1-diyl)bis(oxy)]bis(4-methylpentane-2-amine) (S,S)-
10. Rf: 0.18 (silica gel TLC, CH3CN-MeOH-Et3N 1:1:0.1); 25][ D = +4 (c 2.59, CHCl3); IR (neat) 

νmax 3360, 3283, 2953, 2868, 1578, 1467, 1383, 1366, 1297, 1261, 1107, 943, 922, 878, 809, 
614, 524,486 cm–1; 1H NMR (300 MHz, CDCl3) δ (ppm) 0.85 (d, 6H, J 7 Hz), 0.87 (d, 6H, J  7 
Hz), 1.09-1.19 (m, 4H), 1.61-1.74 (m, 2H), 2.95-3.03 (m, 2H), 3.38-3.61 (m, 12H), 7.27 (d, 4H, 
shaking with D2O, amino protons disappeared); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 21.95, 
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23.35, 24.50, 43.03, 48.31, 70.42, 70.47; MS calcd for C16H36N2O3: 304.3, found (M+H)+: 305.3; 
Anal. calcd for C16H36N2O3: C, 63.12; H, 11.92; N, 9.20. Found: C, 63.09; H, 11.94; N, 9.19. 
In order to prove the existence of the amino groups, a sample (21.5 mg 0.07 mmol) of diamine 
(S,S)-10 was converted to its bisacetamide derivative reacting it with acetic anhydride (17 µL, 
0.17 mmol) in DCM (1 mL) at rt for 10 min. The volatile components were evaporated and the 
crude product (23.0 mg, 84%) was dried in a desiccator in the presence of KOH pellets for 
overnight. Physical and spectroscopic data of N,N′-(2S,2′S)-1,1′-(2,2′-oxybis(ethane-2,1-
diyl)bis(oxy))bis(4-methylpenthane-2,1-diyl)diacetamide are the following: Rf: 0.63 (SiO2 
VRK, CH3CN-MeOH-Et3N 1:1:0.1); 

25][ D = –33 (c 0.31, CHCl3); IR (neat) νmax 3466, 3430, 

3275, 3078, 2955, 2928, 2868, 1743, 1647, 1550, 1468, 1373, 1297, 1261, 1104, 1037, 951, 802, 
608, 600 cm–1; 1H NMR (300 MHz, CDCl3) δ (ppm) 0.90 (d, 12H, J 7 Hz), 1.31-1.46 (m, 4H), 
1.56-1.65 (m, 2H), 1.97 (s, 6H) 3.43-3.52 (m, 4H), 3.57-3.64 (m, 8H), 4.09-4.18 (m, 2H), 5.94 
(d, 2H, shaking with D2O, amide protons disappeared); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 
22.55 and 23.22 (diastereotopic methyl groups), 23.63, 25.12, 41.09, 47.43, 70.71, 70.85, 73.46, 
169.90; MS calcd for C20H40N2O5: 388.3, found (M+H)+: 389.3; Anal. calcd for C20H40N2O5: C, 
61.82; H, 10.38; N, 7.21. Found: C, 61.73; H, 10.47; N, 7.14. 
 
General procedure for the preparation of the enantiopure, amide type pyridino-crown 
ethers (S,S)-1–(S,S)-6. To a pyridinedicarboxylic acid 17 or 18 or 19 (2.08 mmol) was first 
added a catalytic amount of pure DMF (two drops) followed by dropwise addition of thionyl 
chloride (5.16 mL, 8.46 g, 70.75 mmol), and the resulting mixture was stirred at reflux 
temperature under Ar for 6 h. The volatile components were evaporated and the traces of SOCl2 
were removed by repeated distillation of toluene from the mixture. The crude product was used 
in the next step without further purification.  
Mixtures of diamine (S,S)-9 or (S,S)-10 (2.08 mmol) and triethylamine (0.78 mL, 5.62 mmol) in 
pure and dry toluene (390 mL) and the above prepared pyridine-2,6-dicarbonyl dichloride 14 or 
15 or 16 (2.08 mmol) in pure and dry toluene (390 mL) were added simultaneously over a 5 h 
period to vigorously stirred pure and dry toluene (120 mL) at 0 °C. After the addition, the 
reaction mixture was stirred at rt for 30 hours and then filtered. The volatile components were 
evaporated, the residue was taken up in DCM (200 mL), and the solution was shaken with water 
(200 mL). The aqueous layer was extracted with DCM (3×200 mL). The combined organic 
phase was dried over MgSO4, filtered and the solvent was evaporated. The crude product was 
purified as described below for each compound to result in the optically active pyridino-crown 
ethers [(S,S)-1–(S,S)-6]. 
(4S,14S)-(–)-4,14-Dimethyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1]heneicosa-1(21),17,19-
triene-2,16-dione (S,S)-1. Crown ether (S,S)-1 was prepared as described above in the General 
procedure starting from pyridine-2,6-dicarboxylic acid (17) (347.8 mg, 2.08 mmol), thionyl 
chloride (5.16 mL, 70.75 mmol), chiral diamine (S,S)-9 (458.5 mg, 2.08 mmol) and triethylamine 
(0.78 mL, 5.62 mmol) using toluene (900 mL). The crude product was purified by column 
chromatography on neutral aluminium oxide using EtOH-toluene 1:80 mixture as an eluent to 
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yield (S,S)-1 (307.1 mg, 42%) as white crystals. Mp: 165-167 °C; Rf: 0.58 (alumina TLC, EtOH-
toluene 1:20); [α]D

25= –65 (c 1.03, CHCl3); IR (KBr) νmax 3419, 2962, 2922, 2853, 1659, 1643, 
1583, 1570, 1537, 1447, 1423, 1410, 1377, 1363, 1356, 1346, 1261, 1103, 1018, 801 cm–1; 1H 
NMR (500 MHz, CDCl3) δ (ppm) 1.32 (d, 6H, J 7 Hz), 3.49-3.51 (m, 2H), 3.62-3.66 (m, 8H), 
3.86-3.90 (m, 2H), 4.32-4.35 (m, 2H), 7.94 (t, 1H, J 8 Hz), 8.25 (d, 2H, J 8 Hz), 8.29 (d, 2H, J 8 
Hz, shaking with D2O amide protons shifted to 8.56 ppm); 13C NMR (75.5 MHz, CDCl3) δ 
(ppm) 18.00, 45.65, 70.38, 72.29, 74.02, 125.10, 138.69, 149.23, 162.97; MS calcd for 
C17H25N3O5: 351.2, found (M+H)+: 352.2; Anal. calcd for C17H25N3O5: C, 58.11; H, 7.17; N, 
11.96. Found: C, 58.07; H, 7.19; N, 11.94. 
(4S,14S)-(–)-19-Chloro-4,14-dimethyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1]heneicosa-
1(21),17,19-triene-2,16-dione (S,S)-2. Crown ether (S,S)-2 was prepared as described above in 
the General procedure starting from chelidamic acid (18) (358.9 mg, 1.96 mmol), thionyl 
chloride (4.86 mL, 66.67 mmol), chiral diamine (S,S)-9 (432.0 mg, 1.96 mmol), triethylamine 
(0.74 mL, 5.30 mmol) using toluene (850 mL). The crude product was purified by column 
chromatography on neutral aluminium oxide using EtOH-toluene 1:80 mixture as an eluent to 
yield (S,S)-2 (151.2 mg, 20%) as pale yellow oil. Rf: 0.45 (alumina TLC, EtOH-toluene 1:20); 
[α]D

25= –22 (c 1.12, CHCl3); IR (neat) νmax 3421, 3078, 2873, 2345, 1670, 1646, 1578, 1517, 
1474, 1450, 1358, 1258, 1168, 1132, 1103, 1002, 893, 853, 800, 782, 749, 666, 607, 528, 485 
cm–1; 1H NMR (500 MHz, CDCl3) δ (ppm) 1.36 (d, 6H, J 7 Hz); 3.66-3.72 (m, 10H); 3.91-3.95 
(m, 2H); 4.35-4.40 (m, 2H); 8.16 (d, 2H, J 9 Hz, shaking with D2O, amide protons shifted to 8.53 
ppm); 8.34 (s, 2H); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 18.12, 45.95, 70.53, 72.40, 73.95, 
125.59, 147.63, 150.82, 161.96; MS calcd for C17H24ClN3O5: 385.1, found (M+H)+: 386.1; Anal. 
calcd for C17H24ClN3O5: C, 52.92; H, 6.27; Cl, 9.19; N, 10.89. Found: C, 52.74; H, 6.34; Cl, 
9.12; N, 10.70. 
(4S,14S)-(–)-19-Methoxy-4,14-dimethyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1.]henei-
cosa-1(21),17,19-triene-2,16-dione (S,S)-3. Crown ether (S,S)-3 was prepared as described 
above in the General procedure starting from methoxy-substituted carboxylic acid (19) (143.9 
mg, 0.73 mmol), thionyl chloride (1.81 mL, 24.83 mmol), chiral diamine (S,S)-9 (160.9 mg, 0.73 
mmol), triethylamine (0.28 mL, 1.97 mmol) using toluene (320 mL). The crude product was 
purified by column chromatography on neutral aluminium oxide using EtOH-toluene 1:140 
mixture as an eluent to yield (S,S)-3 (55.7 mg, 20%) as yellowish crystals. Mp: 129.5-131.5 °C; 
Rf: 0.50 (alumina TLC, EtOH-toluene 1:100); [α]D

25= –52 (c 0.97 CHCl3); IR (KBr) νmax 3399, 
3318, 2978, 2959, 2922, 2898, 1673, 1648, 1601, 1543, 1517, 1469, 1452, 1363, 1315, 1114, 
1089, 1044, 1007, 884 cm–1; 1H NMR (500 MHz, CDCl3) δ (ppm) 1.38 (d, 6H, J 7 Hz); 3.55-
3.57 (m, 2H); 3.67-3.74 (m, 8H); 3.90-3.95 (m, 2H); 3.96 (s, 3H); 4.35-4.41 (m, 2H); 7.86 (s, 
2H); 8.35 (d, 2H, J 9 Hz, shaking with D2O, amide protons shifted to 8.57 ppm); 13C NMR (75.5 
MHz, CDCl3) δ (ppm) 18.10, 45.87, 56.13, 70.55, 72.37, 74.20, 111.06, 151.40, 163.15, 168.39; 
MS calcd for C18H27N3O6: 381.2, found (M+H)+: 382.2; Anal. Calcd for C18H27N3O6: C, 56.68; 
H, 7.13; N, 11.02. Found: C, 56.65; H, 7.17; N, 10.94. 
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(4S,14S)-(–)-4,14-Diisobutyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1]heneicosa-1(21),17, 
19-triene-2,16-dione (S,S)-4. Crown ether (S,S)-4 was prepared as described above in the 
General procedure starting from pyridine-2,6-dicarboxylic acid (17) (109.0 mg, 0.65 mmol), 
thionyl chloride (1.61 mL, 22.11 mmol), chiral diamine (S,S)-10 (197.9 mg, 0.65 mmol), 
triethylamine (0.25 mL, 1.75 mmol) using toluene (290 mL). The crude product was purified by 
column chromatography on neutral aluminium oxide using EtOH-toluene 1:160 mixture as an 
eluent to yield (S,S)-4 (42.6 mg, 15%) as a pale yellow oil. Rf: 0.55 (alumina TLC, EtOH-toluene 
1:20); [α]D

25= –132 (c 1.54, CHCl3); IR (neat) νmax 3407, 2954, 2925, 2868, 1671, 1568, 1518, 
1469, 1444, 1385, 1366, 1356, 1337, 1260, 1247, 1168, 1111, 1031, 999, 962, 846, 805, 755, 
734, 687, 668, 650, 620, 572, 562 cm–1; 1H NMR (500 MHz, CDCl3) δ (ppm) 0.96 (d, 6H, J 7 
Hz, diastereotopic methyl groups), 0.99 (d, 6H, J 7 Hz, diastereotopic methyl groups), 1.52-1.57 
(m, 2H), 1.60-1.66 (m, 2H), 1.69-1.75 (m, 2H), 3.62-3.70 (m, 10H), 3.94-3.98 (m, 2H), 4.35-4.38 
(m, 4H), 8.00 (t, 1H, J 8 Hz), 8.25 (d, 2H, J 9 Hz, shaking with D2O, amide protons shifted to 
8.53 ppm), 8.34 (d, 2H, J 8 Hz); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 22.78, 25.12, 41.28, 
48.00, 70.36, 72.49, 72.80, 125.08, 138.71, 149.26, 162.98; MS calcd for C23H37N3O5: 435.3, 
found (M+H)+: 436.3; Anal. calcd for C23H37N3O5: C, 63.42; H, 8.56; N, 9.65. Found: C, 63.29; 
H, 8.63; N, 9.54. 
(4S,14S)-(–)-19-Chloro-4,14-diisobutyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1]heneicosa 
-1(21),17,19-triene-2,16-dione (S,S)-5. Crown ether (S,S)-5 was prepared as described above in 
the General procedure starting from chelidamic acid (18) (161.1 mg, 0.88 mmol), thionyl 
chloride (2.17 mL, 29.93 mmol), chiral diamine (S,S)-10 (197.9 mg, 0.88 mmol), triethylamine 
(0.33 mL, 2.38 mmol) using toluene (170 mL). The crude product was purified by column 
chromatography on neutral aluminium oxide using EtOH-toluene 1:160 mixture as an eluent to 
yield (S,S)-5 (58.0 mg, 14%) as a pale yellow oil. Rf: 0.60 (alumina TLC, EtOH-toluene 1:20); 
[α]D

25= –35 (c 0.93, CHCl3); IR (neat) νmax 3418, 2962, 2905, 2349, 1675, 1653, 1559, 1517, 
1457, 1447, 1363, 1259, 1087, 1015, 865, 795, 702, 661 cm–1; 1H NMR (500 MHz, CDCl3) δ 
(ppm) 0.96 (d, 6H, J 7 Hz, diastereotopic methyl groups), 0.99 (d, 6H, J 7 Hz, diastereotopic 
methyl group), 1.50-1.56 (m, 2H), 1.60-1.65 (m, 2H), 1.71-1.77 (m, 2H), 3.63-3.71 (m, 10H), 
3.89-3.92 (m, 2H), 4.32-4.37 (m, 2H), 8.30 (d, 2H J 9 Hz, shaking with D2O, amide protons 
shifted to 8.53 ppm); 8.33 (s, 2H); 13C-NMR (75.5 MHz, CDCl3) δ (ppm) 22.89, 22.98, 25.30, 
41.26, 48.48, 70.54, 72.32, 73.00, 125.56, 147.64, 150.94, 162.21; MS calcd for C23H36ClN3O5: 
469.2, found (M+H)+: 470.2; Anal. calcd for C23H36ClN3O5: C, 58.78; H, 7.72; Cl: 7.54; N, 8.94. 
Found: C, 58.66; H, 7.78; Cl: 7.53; N, 8.91. 
(4S,14S)-(–)-19-Methoxy-4,14-diisobutyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1.] 
heneicosa -1(21),17,19-triene-2,16-dione (S,S)-6. Crown ether (S,S)-6 was prepared as 
described above in the General procedure starting from methoxy-substituted carboxylic acid (19) 
(287.8 mg, 1.46 mmol), thionyl chloride (3.60 mL, 49.66 mmol), chiral diamine (S,S)-10 (328.3 
mg, 1.46 mmol), triethylamine (0.55 mL, 3.95 mmol) using toluene (280 mL). The crude product 
was purified by column chromatography on neutral aluminium oxide using EtOH-toluene 1:180 
mixture as an eluent to yield (S,S)-6 (75.0 mg, 11%) as a yellowish brown oil. Rf: 0.52 (alumina 
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TLC, EtOH-toluene 1:20); [α]D
25= –16 (c 0.83, CHCl3); IR (neat) νmax 3424, 3083, 2962, 2926, 

2854, 2677, 1727, 1673, 1650, 1632, 1602, 1574, 1530, 1468, 1450, 1439, 1412, 1397, 1365, 
1333, 1262, 1200, 1103, 1031, 972, 889, 842, 800, 762, 738, 693, 661, 639, 580, 530, 460, 456 
cm–1; 1H NMR (500 MHz, CDCl3) δ (ppm) 0.96 (d, 6H, J 7 Hz), 0.99 (d, 6H, J 7 Hz), 1.51-1.56 
(m, 2H), 1.61-1.66 (m, 2H), 1.68-1.74 (m, 2H), 3.61-3.91 (m, 10H), 3.95 (s, 3H), 3.96-3.99 (m, 
2H), 4.33-4.37 (m, 2H), 7.86 (s, 2H), 8.25 (d, 2H, J 10 Hz, shaking with D2O, amide protons 
shifted to 8.53 ppm); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 22.78, 25.11, 41.29, 48.02, 55.95, 
70.39, 72.46, 72.83, 110.91, 151.26, 162.98, 168.25; MS calcd for C24H39N3O6: 465.3, found 
(M+H)+: 466.3; Anal. calcd for C24H39N3O6: C, 61.91; H, 8.44; N, 9.03. Found: C, 61.90; H, 
8.46; N, 9.00. 
 
General procedure for hydrogenation of the enantiopure amide type pyridino-crown ethers 
(S,S)-1 and (S,S)-4. The hydrogenation reactions were carried out in a 80 mL stainless steel 
autoclave (Technoclave, Budapest, Hungary) equipped with a magnetic stirrer (stirring speed: 
1100 rpm), at 20 bar hydrogen pressure and at 120 °C for 24 h. Typically, the reactor containing 
pyridino-crown ether (S,S)-1 and (S,S)-4 (1 mmol), 10% Pd/C (Selcat Q) catalyst (0.15 g) and 
MeOH (20 mL) was flushed with nitrogen and hydrogen, then charged with hydrogen to the 
specified pressure. After the hydrogenation was completed (24 h), the catalyst was filtered off 
and the solvent was removed. The residue was purified by column chromatography on silica gel 
using MeOH-acetonitrile 1:10 mixture as an eluent to yield (R,S,S,S)-7 (173.9 mg, 57%) as a 
white crystal or (R,S,S,S)-8 (146.0 mg, 48%) as a colourless oil. Physical and spectroscopic data 
of the products are the following: 
(1R,4S,14S,17S)-(–)-4,14-Dimethyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1]heneicosane-
2,16-dione (R,S,S,S)-7: Mp: 179-183 °C; Rf: 0.43 (alumina TLC, EtOH-toluene 1:20); [α]D

25= –
24 (c 1.17, CHCl3); IR (KBr) νmax 3376, 3341, 3235, 2962, 2863, 1666, 1620, 1556, 1510, 1454, 
1384, 1370, 1303, 1274, 1261, 1195, 1107, 1056, 921, 800 cm–1; 1H NMR (300 MHz, CDCl3) δ 
(ppm) 1.22 (d, 3H, J 6 Hz); 1.24 (d, 3H, J 6 Hz); 1.40-1.55 (m, 2H); 1.78-1.95 (m, 2H), 2.07-
2.11 (m, 2H); 3.38-3.46 (m, 2H); 3.56-3.69 (m, 10H); 3.77-3.84 (m, 2H); 4.08-4.23 (m, 2H); 
7.07 (br s., 2H, shaking with D2O, amide protons shifted to 7.30 ppm); 13C NMR (75.5 MHz, 
CDCl3) δ (ppm) 17.82, 17.92, 24.20; 29.82, 30.06, 44.61, 45.09, 60.98, 61.21, 70.28, 70.45, 
71.76, 71.87, 73.79, 73.97, 172.56, 172.77; MS calcd for C17H31N3O5: 357.2, found (M+H)+: 
358.2; Anal. calcd for C17H31N3O5: C, 57.12; H, 8.74; N, 11.76. Found: C, 57.05; H, 8.88; N, 
11.72. 
(1R,4S,14S,17S)-(–)-4,14-Diisobutyl-6,9,12-trioxa-3,15,21-triazabicyclo[15.3.1]heneicosane-
2,16 dione (R,S,S,S)-8: Rf: 0.45 (alumina TLC, EtOH-toluene 1:20); [α]D

25= –40 (c 1.02, CHCl3); 
IR (neat) νmax 3390, 3305, 3270, 2952, 2925, 2867, 1649, 1522, 1469, 1453, 1385, 1366, 1349, 
1333, 1300, 1246, 1200, 1116, 1028, 950, 920, 881, 816, 729, 645, 549, 503, 477 cm–1; 1H NMR 
(300 MHz, CDCl3) δ (ppm) 0.94 (d, 12H, J 6 Hz), 1.24-1.31 (m, 2H), 1.37-1.43 (m, 2H), 1.53-
1.64 (m, 4H), 1.81-1.96 (m, 2H), 2.06-2.13 (m, 2H), 3.19-3.29 (m, 2H), 3.54-3.67 (m, 10H), 
3.72-3.81 (m, 2H), 3.99-4.21 (m, 2H), 7.03-7.06 (d, 1H, shaking with D2O, amide proton 
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disappeared), 7.11-7.14 (d, 1H, shaking with D2O, amide proton disappeared); 13C NMR (75.5 
MHz, CDCl3) δ (ppm) 22.76, 22.84, 22.94, 23.01, 24.36, 25.27, 25.32, 29.82, 30.33, 40.71, 
41.07, 46.86, 48.22, 61.17, 61.38, 70.51, 70.58, 71.73, 71.85, 72.69, 73.28, 172.94, 172.96; MS 
calcd for C23H43N3O5: 441.3, found (M+H)+: 442.3; Anal. calcd for C23H43N3O5: C, 62.56; H, 
9.81; N, 9.52. Found: C, 62.49; H, 9.85; N, 9.48.  
N2,N6-Dibutylpyridine-2,6-dicarboxamide (20). To pyridinedicarboxylic acid 17 (10.0 g, 59.8 
mmol) was added first a catalytic amount of DMF (two drops) followed by thionyl chloride (43.4 
mL, 71.1 g, 598 mmol), and the resulting mixture was stirred at reflux temperature under Ar for 
2 h. The volatile components were evaporated and the traces of SOCl2 were removed by repeated 
distillation of toluene from the mixture. The crude product was used in the next step without 
further purification. To this crude pyridine-2,6-dicarbonyl dichloride (14) DCM (20 mL) was 
added, and the resulting solution was treated with butylamine (59.1 mL, 43.74 g, 598 mmol) 
dissolved in pure and dry DCM (20 mL) at 0 °C. After the addition, the reaction mixture was 
stirred at rt for 22 hours, then filtered, and the residue washed with DCM (200 mL). The filtrate 
and washings were shaken with water (3×200 mL). The organic phase was dried over MgSO4, 
filtered and the solvent was evaporated. The residue was recrystallized from CHCl3-Et2O to give 
dicarboxamide 20 (14.42 g, 87%) as white crystals. Mp: 159.1-159.3 °C; Rf: 0.39 (silica gel 
TLC, MeOH-toluene 1:4); IR (KBr) νmax 3329, 3283, 2959, 2931, 2871, 1679, 1652, 1531, 1460, 
1443, 1411, 1372, 1311, 1243, 1222, 1145, 850, 746, 677, 646 cm–1; 1H NMR (300 MHz, 
CDCl3) δ (ppm) 0.90 (t, 6H, J 8 Hz), 1.29-1.42 (m, 4H), 1.53-1.63 (m, 4H), 3.41-3.47 (m, 4H), 
8.00 (t, 1H, J 8 Hz), 8.10 (br. s, 2H, shaking with D2O amide protons shifted to 8.12 ppm), 8.34 
(d, 2H, J 8 Hz); 13C NMR (75.5 MHz, CDCl3) δ (ppm) 13.92, 20.35, 31.95, 39.56, 125.04, 
139.12, 149.17, 163.78; MS calcd for C15H23N3O2: 277.2, found (M+H)+: 278.2; Anal. calcd for 
C15H23N3O2: C, 64.95; H, 8.36; N, 15.15. Found: C, 64.84; H, 8.42; N, 15.13. 
(2R,6S)-N2,N6-Dibutylpiperidine-2,6-dicarboxamide (R,S)-21. The hydrogenation was carried 
out in a 80 mL stainless steel autoclave (Technoclave, Budapest, Hungary) equipped with a 
magnetic stirrer (stirring speed: 1100 rpm). The reactor containing pyridinedicarboxamide 20 
(1.0 g, 3.6 mmol), 10% Pd/C (Selcat Q) catalyst (0.3 g) and MeOH (20 mL) was flushed with 
nitrogen and hydrogen, then charged with hydrogen to 12 bar at 80 °C. After the hydrogenation 
was completed (4 h), the catalyst was filtered off and the solvent was removed to yield 
piperidinedicarboxamide (R,S)-21 (0.86 g, 84%) as white crystals. Mp: 132-133 °C; Rf: 0.31 
(silica gel TLC, MeOH-toluene 1:4, spots were visualized by treatment with 5% ethanolic 
phosphomolybdic acid solution and heating the dried plates); IR (KBr) νmax 3300, 3103, 2957, 
2930, 2861, 2799, 1646, 1563, 1467, 1455, 1437, 1365, 1325, 1263, 1240, 1152, 1140, 1116, 
1140, 1116, 1093, 1081, 1053, 975, 938, 888, 872, 780, 743, 691, 551, 459 cm–1; 1H NMR (300 
MHz, CDCl3) δ (ppm) 0.89 (t, 6H, J 7 Hz), 1.19-1.32 (m, 6H), 1.44-1.46 (m, 4H), 1.90-2.03 (m, 
4H), 2.22 (br. s, 1H, shaking with D2O piperidine NH proton shifted to 2.15 ppm), 3.18-3.22 (m, 
6H), 6.62 (br. s, 2H, shaking with D2O amide protons shifted to 6.56 ppm); 13C NMR (75.5 
MHz, CDCl3) δ (ppm) 13.85, 20.20, 24.24, 29.78, 31.79, 38.95, 60.42, 173.20; MS calcd for 
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C15H29N3O2: 283.2, found (M+H)+: 284.2; Anal. calcd for C15H29N3O2: C, 63.57; H, 10.31; N, 
14.83. Found: C, 63.46; H, 10.35; N, 14.80. 
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