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Experimental procedures

All commercially available solvents and reagents were of highest quality and used without further purification. NMR spectra for nitroxides were recorded after reduction by the Zn/CF3COOH system in CD3OD as described earlier [S1] or by the Zn/ND4Cl in CD3OD/D2O as described below. 1H NMR spectra were recorded at 300, 400 or 500 MHz on Bruker Avance AV 300, AV 400 and DRX 500 spectrometers, as indicated next to each NMR analysis. 1H chemical shifts (δ) were internally referenced to the residual solvent peak. The J-constant values in 1H NMR spectra are given in Hz. The IR spectra were acquired on a FTIR spectrometer in KBr or neat. The progress of the reactions was monitored by TLC and carried out using UV light at 254 nm, 10% ethanol solution of phosphomolybdic acid, and/or Dragendorff reagent as visualizing agents. Column chromatography was performed on silica 60 (0.063 – 0.2 mm). HRMS were recorded on a double-focusing, high-resolution mass spectrometer equipped with a high-performance toroidal ESA and quadrupole time-of-flight mass spectrometer
Nitroxides 2, 6, 11 were obtained according to literature protocols [S2, S3].
S1.
Dobrynin, S. A.; Usatov, M. S.; Zhurko, I. F.; Morozov, D. A.; Polienko, Y. F.; Glazachev, Y. I.; Parkhomenko, D. A.; Tyumentsev, M. A.; Gatilov, Y. V.; Chernyak, E. I.; Bagryanskaya, E. G.; Kirilyuk, I. A. Molecules 2021, 26, 5761. https://doi.org/10.3390/molecules26195761
S2.
Zhurko, I. F.; Dobrynin, S. A.; Glazachev, Y. I.; Gatilov, Y. V.; Kirilyuk, I. A. Molecules 2024, 29, 599. https://doi.org/10.3390/molecules29030599
S3.
Usatov, M. S.; Dobrynin, S. A.; Polienko, Y. F.; Morozov, D. A.; Glazachev, Y. I.; An’kov, S. V.; Tolstikova, T. G.; Gatilov, Y. V.; Bagryanskaya, I. Y.; Raizvikh, A. E.; Bagryanskaya, E. G.; Kirilyuk, I. A. Int. J. Mol. Sci. 2024, 25, 1550. https://doi.org/10.3390/ijms25031550
Reduction of nitroxide with Zn/ND4Cl

To a mixture of nitroxide (18.0 mg), zinc dust (100 mg) in CD3OD (1 mL) was added a solution of ND4Cl (25 mg) in D2O (0.1 mL). The mixture was stirred for 5 min and filtered of.
(2S*,3R*,4R*)-2-(tert-butyl)-2,5,5-triethyl-3,4-bis(((methylsulfonyl)oxy)methyl)pyrrolidin-1-oxyl (3)
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To a solution of 2 (3.04 g, 10.6 mmol) and methanesulfonyl chloride (3.68 g, 32.1 mmol) in dry CHCl3 (70 mL) triethylamine (4.32 g, 42.7 mmol) was added dropwise at room temperature. The reaction mixture was stirred at room temperature for 24 h (monitored by TLC, SiO2, CHCl3/MeOH 100:1, UV 254 nm). Upon completion, the mixture was diluted with H2O (100 mL) and the layers were separated. The organic layer was washed with H2O (3 × 50 mL), dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude residue was purified by column chromatography on silica gel (CHCl3/MeOH 100:1) followed by crystallization from Et2O to give 3 as a yellow crystalline solid (4.42 g, 94% yield); m.p. 141-142 °C; IR (KBr), νmax, cm-1: 1348 (SO2 as), 1176 (SO2 sy); Anal. Calcd for C18H36NO7S2: C 48.84, H 8.20, N 3.16, S 14.49, found: C 48.84, H 8.17, N 3.18, S 14.44; HRMS (EI/DFS) m/z: [M]+ calcd. for C18H36NO7S2: 442.1928, found: 442.1919; 1H NMR (500 MHz; CD3OD, Zn/CF3COOH system, δ ppm): 1.08 (t, Jt= 7.4 Hz, 3H), 1.10 (t, Jt=7.4 Hz, 3H), 1.14 (t, Jt= 7.4 Hz, 3H), 1.17 (s, 9H), 1.93 (dq, Jd= 14.8 Hz, Jq= 7.4 Hz, 1H), 1.94 (dq, Jd= 14.2 Hz, Jq= 7.4 Hz, 1H), 2.01 (dq, Jd= 15.5 Hz, Jq= 7.4 Hz, 1H), 2.05 (dq, Jd= 14.8 Hz, Jq= 7.4 Hz, 1H), 2.09 (dq, Jd= 14.2 Hz, Jq= 7.4 Hz, 1H), 2.12 (dq, Jd= 15.5 Hz, Jq= 7.4 Hz, 1H), 2.78 (ddd, Jd1= 4.2 Hz, Jd2= 5.1 Hz, Jd3= 12.8 Hz, 1H), 2.89 (ddd, Jd1= 3.1 Hz, Jd2= 4.4 Hz, Jd3= 12.8 Hz, 1H), 3.14 (s, 3H), 3.15 (s, 3H), 4.47 (dd, Jd1= 5.1 Hz, Jd2= 8.7 Hz, 1H), 4.48 (dd, Jd1= 4.2 Hz, Jd2= 8.7 Hz, 1H), 4.52 (dd, Jd1= 4.4 Hz, Jd2= 10.6 Hz, 1H), 4.55 (dd, Jd1= 3.1 Hz, Jd2= 10.6 Hz, 1H); 13C {1H} NMR (125 MHz, CD3OD, Zn/CF3COOH system, δ ppm): 8.4, 8.5, 11.1, 25.42, 25.55, 26.6, 30.2, 37.2, 37.3, 39.3, 45.3, 52.6, 67.3, 69.2, 72.5, 77.5.
General method of synthesis of nitroxides 4 and 5
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A mixture of nitroxide 3 (4.44 g, 10.04 mmol), NaN3 (1.38 g, 21.23 mmol) and dimethyl sulfoxide (50 mL) was stirred and heated at 50 °C for 48 h (monitored by TLC, SiO2, CHCl3/MeOH 200:1, UV 254 nm). The reaction mixture was diluted with H2O (100 mL), and the nitroxides were extracted with ethyl acetate (3 × 50 mL). The organic layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The residue was separated by column chromatography on silica gel (CHCl3 to CHCl3/MeOH 200:1 gradient).
(3S*,4R*,5S*)-3-(azidomethyl)-5-(tert-butyl)-2,2,5-triethyl-4-(((methylsulfonyl)oxy)methyl)pyrrolidin-1-oxyl (4)

Yield 2.86 g (73%); m.p. 111-112 °C; IR (KBr), νmax, cm-1: 2108 (N3 st), 1356 (SO2 st as), 1173 (SO2 st sy); Anal. Calcd for C17H33N4O4S: C 52.42, H 8.54, N 14.38, S 8.23, found: C 52.54, H 8.58, N 14.49, S 8.03; HRMS (EI/DFS) m/z: [M]+ calcd for C17H33N4O4S: 389.2217, found: 389.2221.

(2S*,3S*,4S*)-3,4-bis(azidomethyl)-2-(tert-butyl)-2,5,5-triethylpyrrolidin-1-oxyl (5)

Yield 0.31 g (9%); IR (neat), νmax, cm-1: 2106 (N3 st); Anal. Calcd for C16H30N7O: C 57.12, H 8.99, N 29.14, found: C 57.16, H 9.02, N 28.80; HRMS (EI/DFS) m/z: [M]+ calcd for C16H30N7O: 336.2506, found: 336.2505.
General method of synthesis of nitroxides 7, 8
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A solution of 4 (4.25 g, 10.9 mmol) in dry THF (130 mL) was added dropwise to a suspension of lithium aluminum hydride (4.56 g, 120 mmol) in dry THF (200 mL) at room temperature. The reaction mixture was stirred for 2 h (monitored by TLC, SiO2, CHCl3/EtOH/aq. NH3 200:1:1, UV 254 nm), then quenched by slow addition of 1 M aq. NaOH (30 mL) and H2O (100 mL). The organic layer was decanted, and the viscous sediment was washed with Et2O/i-PrOH (10:1) three times (3 × 50 mL). The combined organic phases were washed with distilled H2O (3 × 50 mL), dried over anhydrous Na2CO3, filtered, and concentrated under reduced pressure. The residue was separated by column chromatography on silica gel (CH2Cl2 to CH2Cl2/aq. NH3/EtOH 200:3:4 gradient).
(3S*,4R*,5S*)-3-(aminomethyl)-5-(tert-butyl)-2,2,5-triethyl-4-(hydroxymethyl)pyrrolidin-1-oxyl (7)

Yield 2.44 g (78%); m.p. 128-130 °C; IR (KBr), νmax, cm-1: 3356 (NH2, st), 3286 (NH2, st); Anal. Calcd for C16H33N2O2: C 67.32, H 11.65, N 9.81, found: C 66.95, H 11.40, N 9.75; HRMS (EI/DFS) m/z: [M]+ calcd for C16H33N2O2: 285.2537, found 285.2534; 1H NMR (400 MHz; CD3OD, Zn/CF3COOH system; δ ppm): 1.05 (t, Jt= 7.4 Hz, 3H), 1.11 (t, Jt= 7.4 Hz, 3H), 1.16 (t, Jt= 7.4 Hz, 3H), 1.17 (s, 9H), 1.86 (dq, Jd= 14.0 Hz, Jq= 7.4 Hz, 1H), 1.88 (dq, Jd= 14.0 Hz, Jq= 7.4 Hz, 1H), 1.94 (dq, Jd= 14.0 Hz, Jq= 7.4 Hz, 1H), 1.98 (dq, Jd= 14.0 Hz, Jq= 7.4 Hz, 1H), 2.02 (dq, Jd= 14.0 Hz, Jq= 7.4 Hz, 1H), 2.06 (dq, Jd= 14.0 Hz, Jq= 7.4 Hz, 1H), 2.65 (ddd, Jd1= 11.3 Hz, Jd2 = 9.3 Hz, Jd3= 1.3 Hz, 1H), 2.68 (ddd, Jd1= 11.3 Hz, Jd2 = 7.4 Hz, Jd3= 1.0 Hz, 1H), 3.03 (dd, Jd1= 12.6 Hz, Jd2= 9.3 Hz, 1H), 3.30 (dd, Jd1= 12.6 Hz, Jd2= 1.3 Hz, 1H), 3.76 (dd, Jd1= 11.7 Hz, Jd2= 7.4 Hz, 1H), 4.10 (dd, Jd1= 11.7 Hz, Jd2= 1.0 Hz, 1H); 13C {1H} (100 MHz; CD3OD, Zn/CF3COOH system; δ ppm): 8.3, 8.4, 11.5, 24.8, 25.0, 26.8, 29.5, 39.6, 41.2, 51.7, 53.0, 61.4, 72.6, 78.0.
(1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (8)

Yield 0.456 g (16%); IR (neat), νmax, cm-1: 2966 (CH, st); HRMS (EI/DFS) m/z: [M]+ calcd for C16H31N2O: 267.2431, found: 267.2433; 1H NMR (400 MHz; CD3OD, Zn/CF3COOH system; δ ppm): 0.99 (t, Jt= 7.4 Hz, 3H), 1.03 (t, Jt= 7.4 Hz, 3H), 1.15 (s, 9H), 1.22 (t, Jt= 7.4 Hz, 3H), 1.95 (dq, Jd= 15.3 Hz, Jq= 7.4 Hz, 1H), 1.95 (dq, Jd= 15.1 Hz, Jq= 7.4 Hz, 1H), 1.95 (dq, Jd= 15.5 Hz, Jq= 7.4 Hz, 1H), 1.99 (dq, Jd= 15.45 Hz, Jq= 7.4 Hz, 1H), 2.10 (dq, Jd= 15.1 Hz, Jq= 7.4 Hz, 1H), 2.17 (dq, Jd= 15.1 Hz, Jq= 7.4 Hz, 1H), 3.11 (ddd, Jd1= 13.5 Hz, Jd2= 12.1 Hz, Jd3= 6.5 Hz, 1H), 3.18 (dd, Jd1= 12.1 Hz, Jd2= 11.0 Hz, 1H), 3.33 (ddd, Jd1= 13.5 Hz, Jd2= 12.1 Hz, Jd3= 7.5 Hz, 1H), 3.35 (dd, Jd1= 12.1 Hz, Jd2= 11.0 Hz, 1H), 3.53 (dd, Jd1= 7.5 Hz, Jd2= 10.5 Hz, 1H), 3.55 (dd, Jd1= 10.5 Hz, Jd2= 6.5 Hz, 1H); 13C {1H} NMR (100 MHz, CD3OD, Zn/CF3COOH system; δ ppm): 8.3, 8.8, 12.3, 23.4, 25.5, 26.5, 30.4, 38.8, 43.7, 43.9, 50.6, 55.1, 72.4, 77.5.
(2S*,3R*,4S*)-2-(tert-butyl)-2,5,5-triethyl-3-(hydroxymethyl)-4-((2,2,2-trifluoroacetamido)methyl)pyrrolidin-1-oxyl (9)
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A mixture of nitroxide 7 (0.387 g, 1.35 mmol), ethyl trifluoroacetate (0.599 g, 4.22 mmol) and THF (10 mL) was stirred at room temperature for 24 h (monitored by TLC, SiO2, CHCl3/MeOH 100:1; UV 254 nm). The reaction mixture was concentrated under reduced pressure. The residue was purified by column chromatography on silica gel (hexane/Et2O 2:1) to give 9 as a yellow crystals (0.449 g, 87% yield); m.p. 122-124 °C, IR (KBr), νmax, cm-1: 1722 (CO, st); Anal. Calcd for C18H32N2O3F3: C 56.68, H 8.46, N 7.34, F 14.94; found: C 57.01, H 8.38, N 7.28, F 15.15; HRMS (EI/DFS) m/z: [M-28]+ calcd for C16H28N2O3F3: 353.2047, found 353.2045. 1H NMR (500 MHz; CD3OD, Zn/HCOOH system; δ ppm): 1.08 (t, Jt= 7.4 Hz, 3H), 1.11 (t, Jt= 7.4 Hz, 3H), 1.14 (t, Jt= 7.4 Hz, 3H), 1.18 (s, 9H), 1.84 (dq, Jd= 15.2 Hz, Jq= 7.4 Hz, 1H), 1.89-2.12 (m, 5H), 2.50 (ddd, Jd1= 3.6 Hz, Jd2= 7.6 Hz, Jd3= 12.3 Hz, 1H), 2.54 (ddd, Jd1= 1.4 Hz, Jd2= 6.0 Hz, Jd3= 12.3 Hz, 1H), 3.27 (dd, Jd1= 7.6 Hz, Jd2= 14.0 Hz, 1H), 3.77 (dd, Jd1= 6.0 Hz, Jd2= 11.6 Hz, 1H), 3.90 (dd, Jd1= 3.60 Hz, Jd2=14.0 Hz, 1H), 4.02 (dd, Jd1= 1.4 Hz, Jd2= 11.6 Hz, 1H). 13C {1H} NMR (125 MHz, CD3OD, Zn/HCOOH system; δ ppm): 8.3, 8.7, 11.6, 24.9, 25.4, 26.9, 30.1, 39.5, 40.6, 51.9, 53.9, 62.1, 72.5, 77.9, 117.4 (q, Jq = 286.8 Hz), 158.7 (q, Jq = 37.1 Hz).
(2S*,3S*,4R*)-2-(tert-butyl)-2,5,5-triethyl-3-(((methylsulfonyl)oxy)methyl)-4-((2,2,2-trifluoroacetamido)methyl)pyrrolidin-1-oxyl (10)
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N,N-Diisopropylethylamine (0.601 g, 4.650 mmol) was added dropwise to a mixture of nitroxide 9 (0.556 g, 1.46 mmol) and methanesulfonyl chloride (0.595 g, 5.19 mmol) in dry CHCl3 (15 mL). The reaction mixture was stirred at room temperature for 24 h (monitored by TLC, SiO2, hexane/EtOAc 2:1; UV 254 nm). The organic layer was washed with H₂O (3 × 10 mL), separated, dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude product was purified by column chromatography on silica gel (hexane/EtOAc 2:1) to give 10 as a yellow solid (0.585 g, 87% yield); m.p. 101-105 °C; IR (KBr), νmax, cm-1: 1722 (CO, st), 1356 (SO2, as), 1178 (SO2, sy). Anal. Calcd for C19H34SN2O5F3: C 49.66, H 7.46, S 6.98, N 6.10, F 12.40; found: C 49.66, H 7.38, S 7.16, N 5.81, F 12.25; HRMS (EI/DFS) m/z: [M]+ calcd for C19H34SN2O5F3: 459.2135, found: 459.2130; 1H NMR (300 MHz; CD3OD, Zn/HCOOH system; δ ppm): 1.09 (t, Jt= 7.4 Hz, 3H), 1.09 (t, Jt= 7.4 Hz, 3H), 1.14 (t, Jt= 7.4 Hz, 3H), 1.18 (s, 9H), 1.89 (dq, Jd= 14.3 Hz, Jq= 7.4 Hz, 1H), 1.93 (dq, Jd= 15.9 Hz, Jq= 7.4 Hz, 1H), 2.01 (dq, Jd= 16.5 Hz, Jq= 7.4 Hz, 1H), 2.04 (dq, Jd= 15.9 Hz, Jq= 7.4 Hz, 1H), 2.04 (dq, Jd= 14.3 Hz, Jq= 7.4 Hz, 1H), 2.13 (dq, Jd= 16.5 Hz, Jq= 7.4 Hz, 1H), 2.76 (ddd, Jd1= 12.5 Hz, Jd2= 3.1 Hz, Jd3= 2.3 Hz, 1H), 2.84 (ddd, Jd1= 12.5 Hz, Jd2= 5.8 Hz, Jd3= 6.4 Hz, 1H), 3.17 (s, 3H), 3.56 (dd, Jd1= 5.8 Hz, Jd2= 15.2 Hz, 1H), 3.63 (dd, Jd1= 6.4 Hz, Jd2= 15.2 Hz, 1H), 4.52 (dd, Jd1= 3.1 Hz, Jd2= 10.9 Hz, 1H), 4.57 (dd, Jd1= 2.34 Hz, Jd2= 10.9 Hz, 1H); 13C {1H} NMR (75 MHz, CD3OD, Zn/HCOOH system; δ ppm): 6.7, 7.0, 9.6, 23.87, 23.89, 25.1, 28.4, 35.6, 37.6, 38.2, 38.3, 46.2, 67.3, 71.1, 75.7, 115.4 (q, Jq = 286.5 Hz), 157.7 (q, Jq = 37.1 Hz)
Synthesis of bicycle 8 from nitroxide 10
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A mixture of 10 (0.585 g; 1.27 mmol), sodium hydroxide (0.154 g; 3.85 mmol), methanol (15 mL), and water (5 mL) was heated at 40 °C for 2 days (monitored by TLC, SiO2, CHCl3/MeOH/aq. NH3 100:10:1, UV 254 nm). The reaction mixture was concentrated under reduced pressure. The residue was dissolved in CH2Cl2 (20 mL), washed with H2O (2 × 10 mL), and the organic layer was separated. The organic layer was dried over anhydrous Na2CO3, filtered, and concentrated under reduced pressure. The crude product was purified by column chromatography on silica gel (CHCl3/MeOH/aq. NH3 200:10:1) to give 8 (0.151 g, 44% yield). The spectral data were identical to those reported above.
(3aS*,6aS*)-1,1,3,3-tetraethyl-octahydropyrrolo[3,4-c]pyrrol-2-oxyl (13)
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A mixture of nitroxide 11 (0.702 g, 1.61 mmol) and 95% formic acid (5 mL) was stirred for 4 h (monitored by TLC, SiO2, CHCl3/MeOH 60:1, UV 254 nm). The formic acid was removed in vacuum to give crude nitroxide 12. 100 mL of 0.33 M aq. NaOH was added to 12 to reach pH ≈ 11. The product was extracted with CH2Cl2 (3 × 15 mL). The combined organic layer was washed with aq. NaHSO4 (3 × 10 mL, 0.33 M). The aqueous phase was separated and washed with pure CHCl3 (2 × 10 mL). Aq. NaOH (5 mL, 2.5 M) was added to the aqueous solution, and amine 13 was extracted with CHCl3 (3 × 10 mL). The combined organic phases were dried over Na2CO3, filtered, and concentrated under reduced pressure. The crude product was purified by column chromatography on silica gel (CHCl3/MeOH/aq. NH3 100:10:1) to give 13 (0.328 g, 85% yield); m.p. 66-69 °C; IR (KBr), νmax, cm-1: 3340 (NH, st). Anal. Calcd for C14H27N2O: C 70.24, H 11.37, N 11.70; found: C 69.85, H 11.32, N 11.43; HRMS (EI/DFS) m/z: [M]+ calcd for C14H27N2O: 239.2118, found: 239.2117. 1H NMR (400 MHz; CD3OD, Zn/CF3COOH system; δ ppm): 0.94 (t, Jt=7.4 Hz, 6H), 0.97 (t, Jt=7.4 Hz, 6H), 1.80 (dq, Jd=14.0 Hz, Jq=7.4 Hz, 2H), 1.84 (dq, Jd=14.6 Hz, Jq=7.4 Hz, 2H), 1.92 (dq, Jd=14.6 Hz, Jq=7.4 Hz, 2H), 2.05 (dq, Jd=14.0 Hz, Jq=7.4 Hz, 2H), 2.95 (ddd, Jd1=13.8 Hz, Jd2=12.0 Hz, Jd3=6.7 Hz, 2H), 3.17 (dd, Jd1=12.0 Hz, Jd2=10.5 Hz, 2H), 3.52 (dd, Jd1=10.5 Hz, Jd2=6.7 Hz, 2H); 13C {1H} NMR (100 MHz; CD3OD, Zn/CF3COOH system; δ ppm): 7.9, 8.6, 23.6, 30.5, 43.7, 55.2, 71.8.
crude (3S*,4R*)-3-(ammoniomethyl)-2,2,5,5-tetraethyl-4-{[(methylsulfonyl)oxy]methyl}pyrrolidin-1-oxyl formate (12)
IR (KBr), νmax, cm-1: 1350 (SO2, as), 1174 (SO2, sy); 1H NMR (400 MHz; CD3OD,D2O; Zn/ND4Cl system; δ ppm): 1.02 (t, Jt=7.4 Hz, 6H), 1.05 (t, Jt=7.4 Hz, 3H), 1.06 (t, Jt=7.4 Hz, 3H), 1.76-1.88 (m, 3H), 1.94 (dq, Jd=14.2 Hz, Jq=7.4 Hz, 1H), 2.00-2.20 (m, 4H), 2.61 (ddd, Jd1=9.6 Hz, Jd2=7.7 Hz, Jd3=4.1 Hz, 1H), 2.76 (ddd, Jd1=9.6 Hz, Jd2=6.5 Hz, Jd3=5.1 Hz, 1H), 3.28 (s, 3H), 3.30 (dd, Jd1=13.8 Hz, Jd2=7.7 Hz, 1H), 3.42 (dd, Jd1=13.8 Hz, Jd2=3.4 Hz, 1H), 4.47 (dd, Jd1=11.1 Hz, Jd2=6.5 Hz, 1H), 4.62 (dd, Jd1=11.1 Hz, Jd2=5.1 Hz, 1H); 13C {1H} NMR (100 MHz; CD3OD,D2O; Zn/ND4Cl system; δ ppm): 8.3, 8.5, 8.7, 9.2, 23.6, 24.1, 27.8, 37.9, 40.5, 45.8, 48.2, 69.5, 78.0, 78.1;
(3S*,4R*)-3-(azidomethyl)-2,2,5,5-tetraethyl-4-(((methylsulfonyl)oxy)methyl)pyrrolidin-1-oxyl (15)
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Triethylamine (0.440 g, 4.35 mmol) was added dropwise to a solution of 14 (0.614 g, 2.17 mmol) and methanesulfonyl chloride (0.390 g, 3.39 mmol) in dry CHCl3 (20 mL). The reaction mixture was stirred at room temperature for 12 h (monitored by TLC, SiO2, hexane/Et2O 1:1; UV 254 nm). The reaction mixture was washed with H2O (3 × 15 mL), and the organic layer was separated. The organic layer was dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude product was purified by column chromatography on silica gel (CHCl3/MeOH 200:1) to give 15 as a yellow solid (0.738 g, 94% yield); m.p. 101-107 °C; IR (KBr), νmax, cm-1: 2102 (N3, st), 1356 (SO2, as), 1176 (SO2, sy); Anal. Calcd for C15H29SN4O4: C, 49.84; H, 8.09; N, 15.50; S 8.87, found: C 49.62; H 8.11; N 15.20; S 8.56. HRMS (EI/DFS) m/z: [M]+ calcd for C15H29SN4O4 361.1904, found: 361.1901.
General method of synthesis of nitroxides 17 and 13 
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A solution of 15 (0.718 g, 1.99 mmol) and PPh3 (0.538 g, 2.05 mmol) in dry Et2O (100 mL) was heated to reflux and stirred for 2 h (monitored by TLC, SiO2, hexane/Et2O 1:1, UV 254 nm). The precipitate 17 was filtered off and washed with Et2O (3 × 10 mL). A solution of 17 (0.923 g, 1.55 mmol) in EtOH/H₂O (2:1, 90 mL) was refluxed for 24 h (monitored by TLC, SiO2, CHCl3/MeOH/aq. NH3 100:10:1, UV 254 nm). The solvent was evaporated in vacuum. The residue was purified by column chromatography on silica gel (CHCl3/MeOH/aq. NH3 100:10:1) to give 13 (0.366 g, 99% from 17, 77% over two steps). The spectral data for 13 were identical to those reported above. 

((3aR*,6aR*)-1,1,3,3-tetraethyl-5-(triphenylphosphoranylidene)octahydropyrrolo[3,4-c]pyrrole-2-oxyl-5-ium) methanesulfonate (17) 
Yield 0.993 g (84%); m.p. 181-182 °C; IR (KBr), νmax, cm-1: 1211, 1041 (SO, st); Anal. Calcd for C33H44PSN2O4:C, 66.53; H, 7.44; N, 4.70; P, 5.20; S, 5.38, found: C, 66.55; H, 7.41; N, 4.71; P, 5.00; S, 5.37; HRMS (EI/DFS) m/z: [M]+ calcd for C32H41PN2O: 500.2951 , found: 500.2947.
Synthesis of 8 via Staudinger reaction
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A solution of 4 (2.86 g, 7.33 mmol) and PPh3 (1.92 g, 7.33 mmol) in dry THF (30 mL) was heated to reflux and stirred for 2 h (monitored by TLC, SiO2, CHCl3/MeOH 100:1, UV 254 nm). The solvent was evaporated, and EtOH/H2O (2:1, 30 mL) was added. The mixture was stirred and heated to 60 °C for 24 h (monitored by TLC, SiO2, CHCl3/MeOH/aq. NH3 100:10:1, UV 254 nm). The solvent was evaporated in vacuum. The residue was purified by column chromatography on silica gel (CHCl3/MeOH/aq. NH3 100:10:1) to afford 8 (1.612 g, 82% yield). The spectral data for 8 were identical to those reported above.
(3aR*,6aR*)-1,1,3,3-tetraethyl-5-methyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (18)
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A mixture of nitroxide 13 (0.105 g, 0.439 mmol), aq. formaldehyde solution (21%, d15 1.058 g/mL, 9.2 mL, 68.14 mmol) and formic acid (95%, 3.54 g, 73.11 mmol) was stirred for 36 h at 60 °C (monitored by TLC, SiO2, CHCl3/MeOH/aq. NH3 100:10:1, UV 254 nm). The solvent was evaporated, and aq. Na2CO3 (2 M, 10 mL) was added. The product was extracted with Et2O (3 × 10 mL). The combined organic phases were dried over anhydrous Na2CO3, filtered, and concentrated under reduced pressure. The residue was purified by column chromatography on silica gel (CHCl3/MeOH/aq. NH3 100:10:1) to give 18 as a yellow solid (0.079 g, 71%); m.p. 41-45 °C; IR (KBr), νmax, cm-1: 2783 (C-H, st); Anal. Calcd for C15H29N2O: C, 71.10; H, 11.54; N, 11.05, found: C, 71.13; H, 11.55; N, 10.69. HRMS (EI/DFS) m/z: [M]+ calcd for C15H29N2O: 253.2274, found: 253.2270. 1H NMR (500 MHz; CD3OD, Zn/CF3COOH system; δ ppm): 1.00 (t, Jt=7.4 Hz, 6H), 1.03 (t, Jt=7.4 Hz, 5.2H), 1.80-1.98 (m, 6H), 2.02-2.12 (m, 2H), 3.07 (s, 3H), 2.91-3.97 (br, 6H). 13C {1H} (125 MHz; CD3OD; Zn/CF3COOH system; δ ppm): 8.1, 8.8, 23.8, 30.7, 43.3, 54.0 (br), 55.1 (br), 72.3.
((3aR*,6aR*)-1,1,3,3-tetraethyl-5,5-dimethyloctahydropyrrolo[3,4-c]pyrrole-2-oxyl-5-ium) iodide (19)
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A mixture of nitroxide 18 (0.06 g, 0.237 mmol), methyl iodide (4.56 g, 32.13 mmol) in dry Et2O (0.25 mL) was allowed to stand at room temperature for 24 h (monitored by TLC, SiO2, CHCl3/MeOH/aq. NH3 100:10:1, UV 254 nm). The precipitated crystals were filtered off and washed with dry Et2O (3 × 1 mL) to give 19 as a yellow crystals (0.085 g, 90% yield); m.p. 165.8-167.7 °C; IR (KBr), νmax, cm-1: 2970 (CH, st). Anal. Calc. for C16H32IN2O: C, 48.61; H, 8.16; I, 32.10; N, 7.09. Found: C, 48.55; H, 8.05; I, 32.02; N, 7.01; HRMS (EI/DFS) m/z: [M]+ calcd for (C16H32N2O)+ 268.2509, found 268.2512; 1H NMR (500 MHz; CD3OD, Zn/CF3COOH system; δ ppm): 1.00 (t, Jt=7.4 Hz, 6H), 1.02 (t, Jt=7.4 Hz, 6H), 1.90 (dq, Jd=14.0 Hz, Jq=7.4 Hz, 2H), 1.92 (dq, Jd=15.2 Hz, Jq=7.4 Hz, 2H), 2.02 (dq, Jd=15.2 Hz, Jq=7.4 Hz, 2H), 2.09 (dq, Jd=14.0 Hz, Jq= 7.4 Hz, 2H), 3.31-3.36 (m, 2H), 3.41 (s, 6H), 3.49-3.55 (m, 2H), 3.92-4.00 (m, 2H); 13C {1H} NMR (125 MHz; CD3OD; Zn/CF3COOH system; δ ppm): 8.2, 8.9, 23.8, 30.5, 54.2, 57.0, 66.7, 72.5.
General method synthesis of chloro- and bromoacetamides 20a,b 
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The corresponding haloanhydride of haloacetic acid (0.602 mmol) in dry CHCl3 (2 mL) was added dropwise to a mixture of the nitroxide 13 (0.115 g, 0.480 mmol) and DIPEA (0.095 g, 0.735 mmol) in dry CHCl3 (5 mL) at 0 °C. The mixture was stirred for 2 h, allowing it to slowly warm to room temperature and analyzed by TLC (SiO2, CHCl3/MeOH 30:1, UV 254 nm). The mixture was washed with H2O (3 × 7 mL), and the organic layer was separated and concentrated under reduced pressure. The crude oil was purified by column chromatography on silica gel (hexane/ethyl acetate mixtures).

(3aS*,6aS*)-5-(2-chloroacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20a)

Yield 0.146 g (96%); IR(neat), νmax, cm-1: 1660 (CO, st); Anal. Calcd for C16H28ClN2O2: C, 60.84; H, 8.94; N, 8.87; Cl, 11.22; Found: C, 60.54; H, 8.92; N, 8.47; Cl, 11.02; HRMS (EI/DFS) m/z: [M]+ calcd for C16H28ClN2O2: 315.1834, found: 315.1840; 1H NMR (400 MHz; CD3OD; Zn/CF3COOH system; δ ppm): 0.98 (t, Jt=7.4 Hz, 3H), 0.99 (t, Jt=7.4 Hz, 3H), 1.00 (t, Jt=7.4 Hz, 3H), 1.01 (t, Jt=7.1 Hz, 3H); 1.76-1.95 (m, 6H), 1.98-2.11 (m, 4H), 2.72 (ddd, Jd1=14.0 Hz, Jd2=6.6 Hz, Jd3=10.9 Hz, 1H), 2.81 (ddd, Jd1=14.0 Hz, Jd2=6.7 Hz, Jd3=10.9 Hz, 1H), 3.12 (dd, Jd1=10.9 Hz, Jd2=10.6 Hz, 1H), 3.41 (dd, Jd1=10.9 Hz, Jd2=9.2 Hz, 1H), 3.73 (dd, Jd1=6.6 Hz, Jd2=9.2 Hz, 1H), 3.75 (dd, Jd1=6.7 Hz, Jd2=10.6 Hz, 1H). 13C {1H} NMR (125 MHz; CD3OD; Zn/CF3COOH system; δ ppm): 8.2, 8.9, 21.7 (for CH2D 21.49, JC-D=20 Hz), 23.8, 23.9, 30.8, 45.1, 47.2, 53.9, 55.1, 72.3, 72.4, 172.8.
(3aR*,6aR*)-5-(2-bromoacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20b)
Yield 0.120 g (70%); IR (neat), νmax, cm-1: 1659 (CO, st); Anal. Calcd for C16H28BrN2O2: C, 53.34; H, 7.83; N, 7.77; Br, 22.18; Found: C, 53.00; H, 7.89; N, 7.70; Br, 22.17; HRMS (EI/DFS) m/z: [M]+ calcd for C16H28BrN2O2:359.1329, found: 359.1325; 1H NMR (500 MHz; CD3OD; Zn/CF3COOH system δ): 0.97 (t, Jt=7.4 Hz, 3H), 0.99 (t, Jt=7.4 Hz, 3H), 1.00 (t, Jt=7.4 Hz, 3H), 1.00 (t, Jt=7.4 Hz, 3H), 1.77-1.96 (m, 6H), 1.98-2.09 (m, 4H), 2.72 (ddd, Jd1=13.8 Hz, Jd2=6.6 Hz, Jd3=11.0 Hz, 1H), 2.82 (ddd, Jd1=13.8 Hz, Jd2=6.6 Hz, 10.6 Hz, 1H), 3.12 (dd, Jd1=11.0 Hz, Jd2=10.4 Hz, 1H), 3.41 (dd, Jd1=10.6 Hz, Jd2=9.2 Hz, 1H), 3.73 (dd, Jd1=6.6 Hz, Jd2= 9.2 Hz, 1H), 3.73 (dd, Jd1=6.6 Hz, Jd2= 10.4 Hz, 1H). 13C {1H} NMR (125 MHz; CD3OD; Zn/CF3COOH system; δ ppm): 8.1, 8.9, 21.8 (for CH2D 21.52, JC-D=20 Hz), 23.7, 23.8, 30.7, 45.1, 47.2, 53.8, 55.0, 72.3, 72.3, 172.8
(3aR*,6aR*)-5-(2-iodoacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20c)
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Sodium iodide (0.844 g, 5.63 mmol) was added to a solution of nitroxide 20a (0.532 g, 1.68 mmol) in acetone (20 mL). The mixture was stirred at room temperature for 3 days (monitored by TLC, SiO2, CHCl3/MeOH 70:1, UV 254 nm). The white precipitate was filtered off, and the filtrate was concentrated in vacuum. The residue was purified by column chromatography on silica gel (hexane/EtOAc 1:1) to afford 20c as a yellow oil (0.679 g, 99% yield); IR (neat), νmax, cm-1: 1649 (CO, st); Anal. Calcd for C16H28IN2O2: C, 47.18; H, 6.93; N, 6.88; I, 31.16; Found: C, 47.50; H, 6.89; N, 6.64; I, 31.08; HRMS (EI/DFS) m/z: [M]+ calcd for C16H28IN2O2: 407.1190, found: 407.1186. 1H NMR (400 MHz; CD3OD; Zn/CF3COOH system δ): 0.98 (t, Jt=7.4 Hz, 3H), 0.99 (t, Jt=7.4 Hz, 3H), 1.00 (t, Jt=7.4 Hz, 3H), 1.01 (t, Jt=7.4 Hz, 3H), 1.76-1.96 (m, 6H), 1.98-2.11 (m, 4H), 2.73 (ddd, Jd1=13.8 Hz, Jd2=11.0 Hz, Jd3= 6.8 Hz, 1H), 2.83 (ddd, Jd1=13.8 Hz, Jd2= 11.0 Hz, Jd3= 6.7 Hz, 1H), 3.13 (dd, Jd1=11.0 Hz, Jd2=10.6 Hz, 1H), 3.42 (dd, Jd1=11.0 Hz, Jd2= 9.2 Hz, 1H), 3.75 (dd, Jd1=6.8 Hz, Jd2= 9.2 Hz, 1H), 3.76 (dd, Jd1=6.7 Hz, Jd2= 10.6 Hz, 1H). 13C {1H} NMR (100 MHz; CD3OD; Zn/CF3COOH system δ): 8.2, 8.9, 21.8 (for CH2D 21.5, JC-D=20 Hz), 23.8, 23.9, 30.9, 45.2, 47.2, 53.9, 55.1, 72.4, 72.5, 172.8.
General method of synthesis of nitroxides 22a,b 


[image: image15.emf]N

H

N

R

O

CDI, THF (abs.)

N

N

R

O

N

O

N

13

R=Et

8  R=t-Bu

22a

R=Et   83%

22b R=t-Bu 93%

reflux


A mixture of the corresponding nitroxide 8 or 13 (5.50 mmol) and CDI (0.926 g, 5.71 mmol) in dry THF (10 mL) was heated to and stirred for 3 h (monitored by TLC, SiO2, CHCl3/MeOH 10:1, UV 254 nm). The solvent was evaporated in vacuum, and the residue was dissolved in CH2Cl2 (10 mL) and washed with H2O (3 × 10 mL). The organic layer was separated, dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The product was crystallized from hexane/EtOAc mixture, filtered off, washed with hexane, and dried in vacuum.

(3aR*,6aR*)-1,1,3,3-tetraethyl-5-(1H-imidazole-1-carbonyl)octahydropyrrolo[3,4-c]pyrrol-2-oxyl (22a)

Yield 1.52 g (83%); m.p. 65-69 °C (crystalized from hexane/ethyl acetate 7:1); IR (KBr), νmax, cm-1: 3124 (sp2C-H, st), 1693 (CO, st); Anal. Calcd for C18H29N4O2: C, 64.84; H, 8.77; N, 16.80; Found: C, 64.69; H, 8.61; N, 16.52; HRMS (EI/DFS) m/z: [M]+ calcd for C18H29N4O2: 333.2285, found: 333.2281.
(1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyl-5-(1H-imidazole-1-carbonyl)octahydropyrrolo[3,4-c]pyrrol-2-oxyl (22b)

Yield 1.86 g (93%); m.p. 154-155 °C (crystalized from hexane/ethyl acetate 4:5); IR(KBr), νmax, cm-1: 3109 (sp2C-H, st)1697 (CO, st); Anal. Calcd for C20H33O2N4: C, 66.45; H, 9.20; N, 15.50; Found: C, 66.53; H, 9.01; N, 15.39; HRMS (EI/DFS) m/z: [M]+ calcd for C20H33O2N4: 361.2598, found: 361.2600.
General method of synthesis of nitroxides 23a,b
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A mixture of corresponding nitroxide 22ab (2.69 mmol), methyl iodide (4.84 g; 34.10 mmol; 2.12 mL) in dry THF (15 mL) was allowed to stand at room temperature for 12 h (monitored by TLC, SiO2, ethyl acetate, UV-254 nm). Solvent was evaporated in vacuum, residue was crystallized from dry ether, filtered and dried in vacuum.

((3aR*,6aR*)-1,1,3,3-tetraethyl-5-(3-methyl-1H-imidazol-3-ium-1-carbonyl)octahydropyrrolo[3,4-c]pyrrol-2-oxyl) iodide (23a)

Yield 1.09 g (85%); m.p. 120 °C dec.; IR (KBr), νmax, cm-1: 3080 (sp2C-H, st), 1731 (CO, st).
((1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyl-5-(3-methyl-1H-imidazol-3-ium-1-carbonyl)octahydropyrrolo[3,4-c]pyrrol-2-oxyl) iodide (23b)

Yield 1.26 g (93%); m.p. 120-126 °C; IR (KBr), νmax, cm-1: 3078 (sp2 C-H, st), 1734 (CO, st). 
NMR Spectra
Figure 1 1H NMR (500 MHz; CD3OD; Zn/CF3COOH) of (2S*,3R*,4R*)-2-(tert-butyl)-2,5,5-triethyl-3,4-bis(((methylsulfonyl)oxy)methyl)pyrrolidin-1-oxyl (3)
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Figure 2 13C{1H} (125 MHz; CD3OD; Zn/CF3COOH) of (2S*,3R*,4R*)-2-(tert-butyl)-2,5,5-triethyl-3,4-bis(((methylsulfonyl)oxy)methyl)pyrrolidin-1-oxyl (3)
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Figure 3 1H NMR (400 MHz; CD3OD; Zn/CF3COOH) of (3S*,4R*,5S*)-3-(aminomethyl)-5-(tert-butyl)-2,2,5-triethyl-4-(hydroxymethyl)pyrrolidin-1-oxyl (7)
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Figure 4 13C {1H} (100 MHz; CD3OD; Zn/CF3COOH) of (3S*,4R*,5S*)-3-(aminomethyl)-5-(tert-butyl)-2,2,5-triethyl-4-(hydroxymethyl)pyrrolidin-1-oxyl (7)
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Figure 5 1H NMR (400 MHz; CD3OD; Zn/CF3COOH) of (1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (8)
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Figure 6 13C {1H} NMR (100 MHz; CD3OD; Zn/CF3COOH) of (1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (8)
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Figure 7 1H NMR (500 MHz; CD3OD; Zn/HCOOH) (2S*,3R*,4S*)-2-(tert-butyl)-2,5,5-triethyl-3-(hydroxymethyl)-4-((2,2,2-trifluoroacetamido)methyl)pyrrolidin-1-oxyl (9)
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Figure 8 13C {1H} NMR (125 MHz; CD3OD; Zn/HCOOH) of (2S*,3R*,4S*)-2-(tert-butyl)-2,5,5-triethyl-3-(hydroxymethyl)-4-((2,2,2-trifluoroacetamido)methyl)pyrrolidin-1-oxyl (9)
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Figure 9 1H NMR (300 MHz; CD3OD; Zn/HCOOH) of (2S*,3S*,4R*)-2-(tert-butyl)-2,5,5-triethyl-3-(((methylsulfonyl)oxy)methyl)-4-((2,2,2-trifluoroacetamido)methyl)pyrrolidin-1-oxyl (10)
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Figure 10 13C {1H} NMR (75 MHz; CD3OD; Zn/HCOOH) of (2S*,3S*,4R*)-2-(tert-butyl)-2,5,5-triethyl-3-(((methylsulfonyl)oxy)methyl)-4-((2,2,2-trifluoroacetamido)methyl)pyrrolidin-1-oxyl (10)
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Figure 11 1H NMR (400 MHz; CD3OD,D2O; Zn/ND4Cl) of crude (3S*,4R*)-3-(ammoniomethyl)-2,2,5,5-tetraethyl-4-{[(methylsulfonyl)oxy]methyl}pyrrolidin-1-oxyl formate (12)
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Figure 12 13C {1H} NMR (100 MHz; CD3OD,D2O; Zn/ND4Cl) of crude (3S*,4R*)-3-(ammoniomethyl)-2,2,5,5-tetraethyl-4-{[(methylsulfonyl)oxy]methyl}pyrrolidin-1-oxyl formate (12)
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Figure 13 1H NMR (400 MHz; CD3OD; Zn/CF3COOH) of (3aS*,6aS*)-1,1,3,3-tetraethyl-octahydropyrrolo[3,4-c]pyrrol-2-oxyl (13)
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Figure 14 13C {1H} NMR (100 MHz; CD3OD; Zn/CF3COOH) of (3aS*,6aS*)-1,1,3,3-tetraethyl-octahydropyrrolo[3,4-c]pyrrol-2-oxyl (13)
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Figure 15 1H NMR (500 MHz; CD3OD; Zn/CF3COOH) of (3aR*,6aR*)-1,1,3,3-tetraethyl-5-methyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (18)
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Figure 16 13C {1H} NMR (125 MHz; CD3OD; Zn/CF3COOH) of (3aR*,6aR*)-1,1,3,3-tetraethyl-5-methyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (18)
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Figure 17 1H NMR (500 MHz; CD3OD; Zn/CF3COOH) of ((3aR*,6aR*)-1,1,3,3-tetraethyl-5,5-dimethyloctahydropyrrolo[3,4-c]pyrrole-2-oxyl-5-ium) iodide (19)
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Figure 18 13C {1H} NMR (125 MHz; CD3OD; Zn/CF3COOH) of ((3aR,6aR)-1,1,3,3-tetraethyl-5,5-dimethyloctahydropyrrolo[3,4-c]pyrrole-2-oxyl-5-ium) iodide (19)
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Figure 19 1H NMR (400 MHz; CD3OD; Zn/CF3COOH) of (3aS*,6aS*)-5-(2-chloroacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20a)
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Figure 20 13C {1H} NMR (125 MHz; CD3OD; Zn/CF3COOH) of (3aS*,6aS*)-5-(2-chloroacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20a)
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Figure 21 1H NMR (500 MHz; CD3OD; Zn/CF3COOH) of (3aR*,6aR*)-5-(2-bromoacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20b)
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Figure 22 13C {1H} NMR (125 MHz; CD3OD; Zn/CF3COOH) of (3aR*,6aR*)-5-(2-bromoacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20b)
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Figure 23 1H NMR (400 MHz; CD3OD; Zn/CF3COOH) of (3aR*,6aR*)-5-(2-iodoacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20c)
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Figure 24 13C {1H} NMR (100 MHz; CD3OD; Zn/CF3COOH) of (3aR*,6aR*)-5-(2-iodoacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20c)
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2D NMR Spectra
Figure 25 1H-1H COSY NMR (400 MHz; CD3OD; Zn/CF3COOH) of (1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (8)
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Figure 26 1H-1H NOESY NMR (400 MHz; CD3OD; Zn/CF3COOH) of (1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (8)
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IR Spectra
Figure 27 IR(KBr) of (2S*,3R*,4R*)-2-(tert-butyl)-2,5,5-triethyl-3,4-bis(((methylsulfonyl)oxy)methyl)pyrrolidin-1-oxyl (3)
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Figure 28 IR(KBr) of (3S*,4R*,5S*)-3-(azidomethyl)-5-(tert-butyl)-2,2,5-triethyl-4-(((methylsulfonyl)oxy)methyl)pyrrolidin-1-oxyl (4)
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Figure 29 IR(neat) of (2S*,3S*,4S*)-3,4-bis(azidomethyl)-2-(tert-butyl)-2,5,5-triethylpyrrolidin-1-oxyl (5)
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Figure 30 IR(KBr) of (3S*,4R*,5S*)-3-(aminomethyl)-5-(tert-butyl)-2,2,5-triethyl-4-(hydroxymethyl)pyrrolidin-1-oxyl (7)
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Figure 31 IR(neat) of (1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (8)
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Figure 32 IR(KBr) of (2S*,3R*,4S*)-2-(tert-butyl)-2,5,5-triethyl-3-(hydroxymethyl)-4-((2,2,2-trifluoroacetamido)methyl)pyrrolidin-1-oxyl (9)
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Figure 33 IR(KBr) of (2S*,3S*,4R*)-2-(tert-butyl)-2,5,5-triethyl-3-(((methylsulfonyl)oxy)methyl)-4-((2,2,2-trifluoroacetamido)methyl)pyrrolidin-1-oxyl (10)
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Figure 34 IR (neat) of crude (3S*,4R*)-3-(ammoniomethyl)-2,2,5,5-tetraethyl-4-{[(methylsulfonyl)oxy]methyl}pyrrolidin-1-oxyl formate (12)

[image: image122.wmf]N

O

M

s

H

3

N

O

H

C

O

2

-


[image: image50.wmf]4000

3800

3600

3400

3200

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

Wavenumber (cm-1)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Transmittance

3400.04

3272.76

2973.83

2939.12

2885.12

1714.49

1668.2

1583.34

1538.99

1463.77

1382.77

1349.99

1207.28

1174.49

1058.78

1045.28

954.64

892.92

831.21

773.35

696.21

620.99

555.42

528.42

503.35


Figure 35 IR(KBr) of (3aS*,6aS*)-1,1,3,3-tetraethyl-octahydropyrrolo[3,4-c]pyrrol-2-oxyl (13)
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Figure 36 IR(KBr) of (3S*,4R*)-3-(azidomethyl)-2,2,5,5-tetraethyl-4-(((methylsulfonyl)oxy)methyl)pyrrolidin-1-oxyl (15)
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Figure 37 IR(KBr) of ((3aR*,6aR*)-1,1,3,3-tetraethyl-5-(triphenylphosphoranylidene)octahydropyrrolo[3,4-c]pyrrole-2-oxyl-5-ium) methanesulfonate (17)
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Figure 38 IR(KBr) of (3aR*,6aR*)-1,1,3,3-tetraethyl-5-methyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (18)
[image: image126.emf]N

N

O


[image: image54.wmf]4000

3800

3600

3400

3200

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

Wavenumber (cm-1)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Transmittance

3434.76

2966.12

2937.19

2879.33

2863.91

2846.55

2782.91

1739.56

1631.56

1558.27

1461.85

1407.85

1376.99

1311.42

1230.42

1216.92

1170.63

1149.42

1072.28

995.13

948.85

923.78

863.99

815.78

786.85

754.07

696.21

609.42

594

540

460.92

451.28

439.71


Figure 39 IR(KBr) of ((3aR*,6aR*)-1,1,3,3-tetraethyl-5,5-dimethyloctahydropyrrolo[3,4-c]pyrrole-2-oxyl-5-ium) iodide (19)
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Figure 40 IR(neat) of (3aS*,6aS*)-5-(2-chloroacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20a)
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Figure 41 IR(neat) of (3aR*,6aR*)-5-(2-bromoacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20b)
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Figure 42  IR(neat) of (3aR*,6aR*)-5-(2-iodoacetyl)-1,1,3,3-tetraethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (20c)
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Figure 43 IR(KBr) of (3aR*,6aR*)-1,1,3,3-tetraethyl-5-(1H-imidazole-1-carbonyl)octahydropyrrolo[3,4-c]pyrrol-2-oxyl (22a)
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Figure 44 IR(KBr) of (1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyl-5-(1H-imidazole-1-carbonyl)octahydropyrrolo[3,4-c]pyrrol-2-oxyl (22b)
[image: image132.emf]N

N

O

O

N

N


[image: image60.wmf]4000

3800

3600

3400

3200

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

Wavenumber (cm-1)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Transmittance

3571.69

3436.69

3126.19

3108.83

3008.55

2966.12

2939.12

2896.69

2879.33

1697.13

1510.06

1469.56

1461.85

1407.85

1376.99

1346.13

1319.13

1286.35

1263.2

1201.49

1174.49

1105.06

1074.21

1016.35

958.49

923.78

902.56

869.78

833.14

809.99

769.49

754.07

674.99

657.64

632.57

595.92

522.64


Figure 45 IR(KBr) of ((3aR*,6aR*)-1,1,3,3-tetraethyl-5-(3-methyl-1H-imidazol-3-ium-1-carbonyl)octahydropyrrolo[3,4-c]pyrrol-2-oxyl) iodide (23a)
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Figure 46 IR(KBr) of ((1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyl-5-(3-methyl-1H-imidazol-3-ium-1-carbonyl)octahydropyrrolo[3,4-c]pyrrol-2-oxyl) iodide (23b)
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EPR measurements 
CW EPR spectra were recorded in the X-band (≈9.87 GHz) using commercial Bruker Elexsys E 540 spectrometer (Bruker Corporation, Billerica, MA, USA). The measurements were performed in glass capillaries (100 μL) with the following spectrometer settings: modulation amplitude – 1 G; microwave power – 2 mW. Simulations of solution electron spin resonance lines were carried out in the EasySpin software (6.0.0), which is available at http://www.easyspin.org. EPR spectra were recorded for 0.4 mM buffer solutions of nitroxyl radicals. 
The kinetics measurements were carried out using following general procedure. Fresh stock solutions of ascorbic acid (40, 80, 120 mM), glutathione (GSH) (8.0 mM), and a nitroxide (0.4 mM) in 10 mM phosphate buffer were prepared. The pH of the solutions was adjusted to 7.5 with NaOH (0.1 M solution). The stock solutions were carefully and quickly mixed using a stirrer Vortex V-1 Plus to achieve a concentration of 0.2 mM of the nitroxide, 10, 20 and 30 mM of ascorbate and 2 mM of glutathione. The mixture was taken into an EPR glass capillary. The sample was immediately placed into the resonator of the X-band CW EPR spectrometer and a series of spectra were recorded automatically one after another at equal intervals. Double integrals of the whole spectra were used to follow the nitroxide reduction. The data are plotted in Table S1 (see below). The analysis of the data was performed on the basis of previously published data on kinetics and mechanism of reduction of similar sterically shielded nitroxides in ascorbate–glutathione mixtures [S4]. The large excess of ascorbate allowed to process EPR signal decay rate as pseudo-first order reaction kinetics. The rate constants of the second-order reaction were determined by extracting the slope from the plot of the rate constant k1 versus concentration of ascorbate. The measurement error was calculated based on the three kinetic points. 
S4. Bobko, A. A.; Kirilyuk, I. A.; Grigor’ev, I. A.; Zweier, J. L.; Khramtsov, V. V. Reversible reduction of nitroxides to hydroxylamines: Roles for ascorbate and glutathione. Free Radical Biol. Med. 2006, 42 (3), 404–412. https://doi.org/10.1016/j.freeradbiomed.2006.11.007.
Table S1 Reduction rate constants of nitroxide

	Nitroxide
	k2*104, M-1s-1
	Kinetic curves
	k1

	6
	7.1±0.6
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	13
	11±1
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	7
	1.6+0.2
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	8
	4.4±0.3
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Table S2 EPR spectral parameters of nitroxides

	Nitroxide
	αN, mT (±0.005)
	αH, mT (±0.005)
	Spectrum

	6
	1.53
	0.23x2
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	13
	1.57
	0.15x2
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	7
	1.53
	0.27
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	8
	1.57
	0.19
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Line shape analysis of NMR spectra

Line shape analysis was performed using the gNMR 5.0 software [S5] is shown in Fig. S47-S50. Parameters of spin system are shown in Table S3-S6.
S5. Budzelaar P. H. M. gNMR: NMR Simulation Program, version 5.0. 6.0 //Ivorysoft, Nijmegen, Netherlands. – 2006.
Figure 47 (1R*,3aS*,6aS*)-1-(tert-butyl)-1,3,3-triethyloctahydropyrrolo[3,4-c]pyrrol-2-oxyl (8)
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* With CHD2 group at 3.341 ppm, J(H-D) = 1.65 Hz and concentration 0.6346

Table S3. Parameters of spin system for 8
	
	σ
	n
	J[1]
	J[2]
	J[3]
	J[4]
	J[5]
	J[6]
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	3
	3.347
	1
	12.09
	0
	-
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	-
	


* With CHD2 group at 3.341 ppm and J(H-D) = 1.65 Hz

Figure 48 (2S*,3R*,4S*)-2-(tert-butyl)-2,5,5-triethyl-3-(hydroxymethyl)-4-((2,2,2-trifluoroacetamido)methyl)pyrrolidin-1-oxyl (9)
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* With CHD2 group at 3.29 ppm, J(H-D) = 1.81 Hz and concentration 0.6774

Table S4. Parameters of spin system for 9
	
	σ
	n
	J[1]
	J[2]
	J[3]
	J[4]
	J[5]
	J[6]
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Figure 49 (3aS*,6aS*)-1,1,3,3-tetraethyl-octahydropyrrolo[3,4-c]pyrrol-2-oxyl (13)
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Table S5. Parameters of spin system for 13
	
	σ
	n
	J[1]
	J[2]
	J[3]
	J[4]
	J[5]
	J[6]
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Figure 50 (3aS*,6aS*)-5-(2-chloroacetyl)-1,1,3,3-[image: image138.emf]N
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Table S6. Parameters of spin system for 20a
	
	σ
	n
	J[1]
	J[2]
	J[3]
	J[4]
	J[5]
	J[6]
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XRD Data X-ray crystallographic analysis 

The X-ray diffraction experiments for compounds 3, 4, 7, 9, 20a, 23a were carried out on a Bruker Kappa Apex II CCD diffractometer using φ, ω-scans of narrow (0.5 – 0.8°) frames with Mo Kα radiation (λ = 0.71073 Å) and a graphite monochromator. Absorption corrections were applied using the empirical multiscan method with the SADABS program [S6]. The X-ray diffraction experiments for compounds 22a, 22b were carried out on a Tongda 5000 diffractometer at 294(2) K with ω-scan method, using Mo-Kα radiation (λ = 71.073 pm). CrysAlis PRO 1.171.41.120a (Rigaku OD, 2021) [S7] was used for data reduction, including the absorption correction by multi-scan methods with SCALE3 ABSPACK program [S8]. The structures were solved by direct methods using the SHELXT-2014/5 (3, 4, 7, 9, 20a, 23a) and SHELXT2018/2 (22a, 22b) [S9]. The obtained crystal structures were refined by full-matrix least-squares method against all F2 in anisotropic approximation using the SHELXL-2018/3 [S10]. The hydrogen atoms positions were calculated with the riding model. Free solvent accessible volume in compounds 22a and 23a derived from PLATON [S11] routine analysis was found to be 12.8% (514.0 Å3) and 26.7% (752.0 Å3) accordingly. This volume is occupied by highly disordered solvent molecules that could not be modeled as a set of discrete atomic sites. We employed PLATON/SQUEEZE procedure to calculate the contribution to the diffraction from the solvent region and thereby produced a set of solvent-free diffraction intensities. The most probable solvents are hexane for 22a  and acetonitrile for 23a. 
Table S7 listing detailed crystallographic data and molecular structures for the all compounds. CCDC – 2586974, 2586975, 2586976, 2586977, 2586978, 2586979, 2586980, 2586981 for 3, 4, 7, 9, 20a, 22a, 22b, 23a accordingly contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre (CCDC): 12 Union Road, Cambridge CB21EZ, UK (fax: +44 122 3336033 or e-mail: deposit@ccdc.cam.ac.uk; internet: www.ccdc.cam.ac.uk). For the all compounds the bond lengths and bond angles are the same as the statistical means [S12].
[S6] SADABS, v. 2008-1, Bruker AXS, Madison, WI, USA, 2008. 

[S7] CrysAlis Pro: Data Collection and Data Reduction Software Package. Agilent Technologies.   

http://www.selectscience.net/products/crysalispro/?prodID=197116   

Agilent (2014). CrysAlis PRO. Agilent Technologies Ltd, Yarnton, Oxfordshire, England.

[S8] CrysAlis RED, Oxford Diffraction Ltd., Version 1.171.35.11 (2011). 

Oxford Diffraction (2006). CrysAlis RED. Oxford Diffraction Ltd, Abingdon, Oxfordshire, England

[S9] G.M. Sheldrick. SHELXT – Integrated space-group and crystal-structure determination. Acta Crystallogr., Sect. A, 2015, A71, 3-8

[S10] G.M. Sheldrick, Crystal Structure Refinement with SHELXL. Acta Crystallogr. Sect. C, 2015, C71, 3–8.
[S11] A. L. Spek, Single-crystal structure validation with the program PLATON, J. Appl. Crystallogr., 2003, 36, 7–13. https://doi.org/10.1107/S0021889802022112
[S12] Allen F.H., Kenard O., Watson D.G., Bramer L., Orpen A.G., Taylor R. // J. Chem. Soc., Perkin Trans. II. – 1987. – P. S1-S19.
Table S7. XRD data for compounds 3, 4, 7, 9, 20a, 22a, 22b, 23a. 
	Compound
	3
	4
	7

	Empirical formula
	C18H36NO7S2
	C17H33N4O4S
	C16H33N2O2

	Formula weight
	442.60
	389.53
	285.44

	Temperature K
	296(2)
	296(2)
	296(2)

	Wavelength Å
	0.71073
	0.71073
	0.71073

	Crystal system
	Monoclinic
	Orthorhombic
	Triclinic

	Space group
	P21/n
	Pbca
	P-1

	Unit cell dimensions a Å
	9.0221(7)  
	11.3760(3)
	8.5980(7)  

	b Å
	19.6102(18)
	18.0531(6)
	12.3334(12)

	c Å
	12.9219(11)
	19.7867(7)
	16.6573(15)

	α o
	90         
	90        
	80.695(3)  

	β o
	101.481(3) 
	90        
	79.811(3)  

	γ o
	90         
	90        
	80.252(3)  

	Volume Å3
	2240.5(3)  
	4063.6(2) 
	1697.6(3)  

	Z
	4          
	8         
	4          

	Density (calcd.) Mg.m–3
	1.312
	1.273
	1.117

	Abs. coefficient mm–1
	0.275
	0.188
	0.073

	F(000)
	956
	1688
	636

	Crystal size mm3
	0.04 x 0.25 x 0.80
	0.25 x 0.41 x 0.68
	0.32 x 0.33 x 0.68

	Θ range for data collection °
	2.5 – 26.1
	2.7 - 27.5
	2.5 – 25.1

	Index ranges
	-11 ≤ h ≤ 11, -24 ≤ k ≤ 24, -15 ≤ l ≤ 15
	-14 ≤ h ≤14, -23 ≤ k ≤23, 
-25 ≤ l ≤25
	-10 ≤ h ≤ 10, -14 ≤ k ≤ 14, -19 ≤ l ≤ 19

	Reflections collected
	23446
	42470
	24963

	Independent reflections
	4416 R(int) = 0.068
	4671 R(int )= 0.059
	5969 R(int )= 0.031

	Completeness to θ %
	99.9 
	99.9
	98.9 

	Data / restraints / parameters
	4416 / 0 / 261
	4671 / 0 / 242
	5969/ 0 /397

	Goodness-of-fit on F2
	1.02
	1.10
	1.03

	Final R indices I > 2σ(I)
	R1 = 0.0448, wR2 = 0.1262
	R1 = 0.0484, wR2 = 0.1274
	R1 = 0.0537, wR2 = 0.1267

	Final R indices (all data)
	R1 = 0.0676, wR2 = 0.1411
	R1 = 0.0669, wR2 = 0.1463
	R1 = 0.0859, wR2 = 0.1558

	Largest diff. peak / hole e.Å-3
	0.26/ -0.24
	0.33 / -0.27
	0.17/ -0.18

	CCDC
	2586974
	2586975
	2586976


Table S7 (continued)
	Compound
	9
	20a
	22a

	Empirical formula
	C18H32F3N2O3
	C16H30ClN2O3
	C18H29N4O2

	Formula weight
	381.45
	333.87
	333.45

	Temperature K
	200(2)
	296(2)
	294(2)

	Wavelength Å
	0.71073
	0.71073
	0.71073

	Crystal system
	Orthorhombic
	Monoclinic
	Monoclinic

	Space group
	Pna21
	P21/c
	P21/n

	Unit cell dimensions a Å
	19.319(3) 
	7.5664(9)  
	11.7543(6) 

	b Å
	13.554(3) 
	12.9024(16)
	19.1439(10)

	c Å
	7.8989(13)
	18.892(2)  
	18.7608(11)

	α o
	90        
	90         
	90         

	β o
	90        
	90.826(4)  
	107.556(6) 

	γ o
	90        
	90         
	90         

	Volume Å3
	2068.3(6) 
	1844.2(4)  
	4025.0(4)  

	Z
	4         
	4          
	8          

	Density (calcd.) Mg.m–3
	1.225
	1.202
	1.101

	Abs. coefficient mm–1
	0.100
	0.221
	0.073

	F(000)
	820
	724
	724

	Crystal size mm3
	0.25 x 0.55 x 0.55
	0.20 x 0.35 x 0.80
	0.10 x 0.30 x 0.60

	Θ range for data collection °
	2.9 – 25.0
	2.2 – 26.1
	2.1 – 25.0

	Index ranges
	-18 ≤ h ≤ 22, -12 ≤ k ≤ 16, -8 ≤ l ≤ 9
	-9 ≤ h ≤ 9, -15 ≤ k ≤ 15, -23 ≤ l ≤ 23
	-13 ≤ h ≤ 13, -22 ≤ k ≤ 22, -21 ≤ l ≤ 22

	Reflections collected
	9812
	22159
	48232

	Independent reflections
	3126 R(int) = 0.059
	3661 R(int) = 0.033
	7029 R(int) = 0.047

	Completeness to θ %
	99.7 
	100.0
	99.0

	Data / restraints / parameters
	3126 / 7 / 235                         
	3661 / 1 / 208
	7029/ 0 / 439

	Goodness-of-fit on F2
	1.01
	1.03
	1.00

	Final R indices I > 2σ(I)
	R1 = 0.0706, wR2 = 0.1653
	R1 = 0.0657, wR2 = 0.1657
	R1 = 0.0651, wR2 = 0.1725

	Final R indices (all data)
	R1 = 0.1140, wR2 = 0.1940
	R1 = 0.1013, wR2 = 0.1884
	R1 = 0.0822, wR2 = 0.1871

	Largest diff. peak / hole e.Å-3
	0.24 / -0.23
	0.74 / -0.37
	1.05 / -0.40

	Flack
	0.1(9)
	
	

	CCDC
	2586977
	2586978
	2586979


Table S7 (continued)
	Compound
	22b
	23a

	Empirical formula
	C20H34N4O2
	C19H32IN4O2

	Formula weight
	362.51
	475.38

	Temperature K
	294(2)
	296(2)

	Wavelength Å
	0.71073
	0.71073

	Crystal system
	Orthorhombic
	Monoclinic

	Space group
	Pbca
	P21/c

	Unit cell dimensions a Å
	18.5931(13) 
	7.621(2)  

	b Å
	11.3745(7)  
	22.857(7) 

	c Å
	19.1681(12) 
	16.342(6) 

	α o
	90          
	90        

	β o
	90          
	98.124(17)

	γ o
	90          
	90        

	Volume Å3
	4053.8(5)   
	2818.2(16)

	Z
	8           
	4         

	Density (calcd.) Mg.m–3
	1.188
	1.120

	Abs. coefficient mm–1
	0.078
	1.151

	F(000)
	1584
	972

	Crystal size mm3
	0.28 x 0.42 x 0.43
	0.03 x 0.05 x 0.80

	Θ range for data collection °
	2.4 – 26.4
	2.5 – 25.0

	Index ranges
	-23 ≤ h ≤ 23, -12 ≤ k ≤ 14, -23 ≤ l ≤ 23
	-9 ≤ h ≤ 8, -27 ≤ k ≤ 27, -19 ≤ l ≤ 19

	Reflections collected
	50358
	25688

	Independent reflections
	4136 R(int) = 0.073
	4961 R(int) = 0.060

	Completeness to θ %
	99.6 
	99.7

	Data / restraints / parameters
	4136/ 0 / 241                         
	4961 / 7 / 233

	Goodness-of-fit on F2
	1.02
	1.02

	Final R indices I > 2σ(I)
	R1 = 0.0625, wR2 = 0.1617
	R1 = 0.0532, wR2 = 0.1248

	Final R indices (all data)
	R1 = 0.0855, wR2 = 0.1731
	R1 = 0.0969, wR2 = 0.1439

	Largest diff. peak / hole e.Å-3
	0.51 / -0.44
	0.94 / -0.39

	CCDC
	2586980
	2586981


Table S8. XRD structures for compounds 3, 4, 7, 9, 20a, 22a, 22b, 23a. 
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