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A. Experimental Procedures

General Details. Reactions were performed in oven-dried glassware fitted with rubber septa under an
argon atmosphere. CH,CIl, and THF were dried by passage through a bed of activated alumina.
Commercial reagents were used without further purification. Thin-layer chromatography was performed
on Merck 60 F254 precoated silica gel plates, which were visualized by exposure to UV (254 nm) or
stained by submersion in p-anisaldehyde solution, KMnO4/H,SO, or ethanolic phosphomolybdic acid
solution followed by heating on a hot plate. Flash column chromatography was performed on silica gel
(230-400 mesh, Merck KGA). *H NMR spectra were recorded at 500 or 600 MHz and **C NMR spectra at
125 MHz or 150 MHz with Brucker Avance spectrometers. Chemical shifts are reported in ppm with
reference to solvent signals ["H-NMR: CHCI; (7.27), C¢HDs (7.16), CD,HOD (3.31); *C-NMR: CDCl;
(77.23), C¢Dg (128.40), CD3CN (118.69) CD;OD (49.15)]. Signal patterns are indicated as s, singlet; d,
doublet; t, triplet; g, quartet; m, multiplet. Infrared spectra were recorded using an ASI ReactiR™ 1000
spectrometer. Mass spectra were measured with a Waters LCT Premier. Optical rotations were measured
with a Jasco P-1010 polarimeter.
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Synthesis of Secondary Amine 6
NHoMe-HCI, Et3N
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(2S,3S)-1-(benzyloxycarbonyl)-3-(tert-butyldimethylsilyloxy)pyrrolidine-2-carboxylic acid (S2)
OTBS

OH
N

Cbz o

To a solution of N-Chz-2-hydroxy-L-proline S1* (8.10 g, 30.5 mmol), Et;N (21 ml, 150 mmol) and CH,Cl,
(100 mL), was added TBSOTf (25 mL, 110 mmol) at room temperature. The resulting solution was
maintained for 30 min at room temperature, quenched with H,O (100 mL), and acidified with citric acid
(11.7 g) to pH 3. This mixture was extracted with CH,ClI, (200 mL), then EtOAc (300 mL). The combined
organic extracts were washed with brine (100 mL), dried over MgSQO,, and concentrated. The residue was
dissolved in MeOH (68 mL) and H,O (34 mL), and K,CO; (4.22 g, 30.5 mmol) was added. This solution
was maintained for 3 h at room temperature and diluted with H,O (100 mL). The aqueous solution was
washed with hexane/EtOAc (9:1, 2x 100 ml), and acidified with citric acid (14.6 g) to pH 3. The acidified
aqueous layer was extracted with EtOAc (2x 200 mL). The organic layer was washed with brine (100 mL),
dried over MgSQO,, and concentrated. The residue was purified by silica gel column chromatography
(hexane/EtOAc 3:1 to 1:2) to give 7.87 g of S2 (68%): colorless crystals, mp 98-99 °C; [a]*°5 20.6 (¢ 1.07,
CH;OH); IR (film) 3359, 2925, 1679, 1428 cm™; 'H NMR (500 MHz, CDCls) § 0.12 (m, 6H), 0.89 (s,
9H), 1.87 (m, 1H), 2.05 (m, 1H), 3.66 (m, 2H), 4.23 (s, 2/5H), 4.28 (s, 3/5H), 4.50 (m, 2/5H), 4.61 (m,

11. Adams, E. Int. J. Pept. Prot. Res. 1976, 8, 503-516.
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3/5H), 5.13 (d, J = 12.6 Hz, 2/5H), 5.17 (d, J = 12.6 Hz, 2/5H), 5.21 (s, 6/5H), 7.33 (m, 5H); **C NMR
(125 MHz, CDCl3) & —4.88, —4.85, 18.1, 18.1, 25.7, 25.8, 33.0, 33.7, 45.0, 45.2, 67.2, 67.7, 68.1, 68.7,
74.4, 76.0, 127.6, 127.9, 127.9, 128.2, 128.5, 128.6, 136.2, 136.6, 154.6, 156.4, 174.0, 176.1; HRMS
(ESI), calcd for Cy9H2905NSiNa™ (M+Na)*™ 402.1713, found 402.1697.

(2S,3S)-benzyl 3-(tert-butyldimethylsilyloxy)-2-(methylcarbamoyl)pyrrolidine-1-carboxylate (S3)

OTBS
\ o)
CbZ  \HMe

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI, 715 mg, 3.73 mmol) was added to
a mixture of S2 (1.18 g, 3.11 mmol), methylamine hydrochloride (420 mg, 6.22 mmol), Et;N (870 uL, 6.2
mmol), N-hydroxybenzotriazole monohydrate (HOBt-H,0O, 504 mg, 3.73 mmol) and CH,CI, (31 mL) at
room temperature. This mixture was stirred for 1 d at room temperature and quenched with H,O (30 mL).
The mixture was extracted with EtOAc (2x 50 mL). The combined organic layers were washed with brine
(30 mL), dried over MgSO, and concentrated. The residue was purified by silica gel column
chromatography (hexane/EtOAc 1:1) to give 1.10 g of S3 (90%): yellow oil; [o]*'5 —34.7 (¢ 1.11, CHCI);
IR (film) 3332, 2954, 2931, 2894, 2858, 1708, 1663 cm™; 'H NMR (500 MHz, CDCls) & 0.09 (s, 6H),
0.86 (s, 9H), 1.93 (m, 2H), 2.69 (s, 6/5H), 2.77 (s, 9/5H), 3.63 (m, 2H), 4.15 (s, 1H), 4.53 (s, 2/5H), 4.66
(s, 3/5H), 5.12 (d, J = 12.2 Hz, 2/5H), 5.15 (d, J = 12.7 Hz, 3/5H), 5.22 (d, J = 12.2 Hz, 2/5H), 5.22 (d, J =
12.7 Hz, 3/5H), 6.06 (s, 2/5H), 6.68 (s, 3/5H), 7.31 (m, 5H); **C NMR (125 MHz, CDCl;) & —4.73 (CH3),
—-4.67 (CH,3), 18.1 (C), 25.9 (CHj3), 26.2 (CH3), 32.7 (CHy), 33.8 (CH,), 45.4 (CH,), 45.7 (CH,), 67.4
(CHy), 67.5 (CHy), 69.7 (CH), 70.5 (CH), 73.9 (CH), 75.8 (CH), 127.8 (CH), 128.0 (CH), 128.3 (CH),
128.7 (CH), 136.5 (C), 155.6 (C), 156.7 (C), 170.5 (C), 170.8 (C); HRMS (ESI), calcd for
Ca0H3,04N,SiNa” (M+Na)* 415.2029, found 415.2019.

(2S,3S)-3-(tert-butyldimethylsilyloxy)-N-methylpyrrolidine-2-carboxamide (6)
OTBS

N )
H NHMe
Palladium on carbon (10 wt%, 415 mg) was added to a solution of S3 (16.3 g, 41.5 mmol) and MeOH

(210 mL) at room temperature. This reaction mixture was stirred under hydrogen atmosphere for 1d at
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room temperature. The mixture was filtered through Celite, and the filter cake was washed with
CH,Cl,/MeOH (20:1, 400 mL), and the filtrate was concentrated to give 10.7 g of 6 (100%); colorless oil;
[]®> —9.4 (c 1.28, CHCIy); IR (film) 3327, 2954, 2931, 2887, 2858, 1659 cm™; 'H NMR (500 MHz,
CDCl3) 8 0.12 (s, 3H), 0.14 (s, 3H), 0.90 (s, 9H), 1.68 (m, 2H), 2.79 (d, J = 4.5 Hz, 3H), 2.95 (m, 1H),
3.22 (ddd, J = 8.6, 8.6, 8.6 Hz, 1H), 3.55 (s, 1H), 4.57 (s, 1H), 7.49 (bs, 1H); **C NMR (125 MHz, CDCl,)
8 —4.6 (CHsy), 18.2 (C), 25.8 (CHj3), 26.0 (CHs), 34.5 (CH,), 45.2 (CHy), 70.2 (CH), 76.5 (CH), 173.2 (C);
HRMS (ESI), calcd for Ci,H,70,N,Si™ (M+H)™ 259.1842, found 259.1843.

2-((2S,3S)-3-(tert-butyldimethylsilyloxy)-2-(methylcarbamoyl)pyrrolidin-1-yl)-2-oxoethylethanoate
(8)
OTBS

0]

NHM
o) e

OAc

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI, 341 mg, 1.78 mmol) was added to
a solution of 6 (369 mg, 1.43 mmol), acetylglycolic acid 7 (211 mg, 1.78 mmol), EtzN (250 uL, 1.8 mmol),
1-hydroxy-7-azabenzotriazole (HOAt, 242 mg, 1.78 mmol) and THF (14 mL) at room temperature. This
mixture was stirred for 16 h at room temperature, and quenched with H,O (15 mL). The agueous solution
was extracted with hexane/THF (1:1, 30 mL), and then EtOAc (2x 30 mL). The combined organic extracts
were washed with brine (40 mL), dried over MgSQ,, and concentrated. The residue was purified by silica
gel column chromatography (EtOAc to CH,CIl,/MeOH 20:1) to give 513 mg of 8 (100%): colorless oil;
[a]®®> —62.2 (c 0.94, CHCI); IR (film) 3327, 2956, 2933, 2892, 2860, 1752, 1659 cm™; 'H NMR (500
MHz, CDCl3, 10:1 mixture of rotamers, signals of the major isomer are reported) & 0.088 (s, 3H), 0.094 (s,
3H), 0.87 (s, 9H), 1.96 (ddd, J = 12.9, 6.4, 1.5 Hz, 1H), 2.21 (s, 3H), 2.24 (dddd, J = 12.9, 11.3, 9.0, 3.8
Hz, 1H), 2.76 (d, J = 4.9 Hz, 3H), 3.61 (m, 2H), 4.38 (s, 1H), 4.69 (d, J = 14.9 Hz, 1H), 4.73 (d, J = 14.9
Hz, 1H), 4.73 (d, J = 3.8 Hz, 1H), 6.81 (bs, 1H); **C NMR (125 MHz, CDCls, 10:1 mixture of rotamers,
signals of the major isomer are reported)d —4.64 (CH3), —4.62 (CHj), 18.2 (C), 20.8 (CHj3), 25.9 (CHy),
26.4 (CH3), 34.2 (CHy), 44.6 (CH,), 61.8 (CH,), 69.2 (CH), 72.7 (CH), 167.7 (C), 169.9 (C), 170.9 (C);
HRMS (ESI), calcd for C16H300sN,SiNa*™ (M+Na)* 381.1822, found 381.1809.
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(2S,3S)-3-(tert-butyldimethylsilyloxy)-1-(2-hydroxyethanoyl)-N-methylpyrrolidine-2-
carboxamide (9)
OTBS

0]

NHM
o) e

OH

LiOH-H,0 (1.09 g, 26.0 mmol) was added to a solution of 8 (8.21 g, 22.9 mmol), THF (115 mL) and H,O
(115 mL) at room temperature. This solution was maintained for 10 min at room temperature, cooled to 0
°C, and quenched after 5 min with 1M NaHSO, in H,O (46 mL). The aqueous solution was extracted with
EtOAcC (2x 300 ml). The combined organic layers were washed with brine (200 mL), dried over MgSOy,
and concentrated. The residue was purified with silica gel column chromatography (EtOAc to
CH,Cl,/MeOH 20:1) to give 7.25 g of 9 (100%, two rotamers, dr=12:1 in CDCl3): colorless amorphous
solid; [a]*'b —62.0 (c 0.93, CHCIy); IR (film) 3321, 2954, 2931, 2890, 2858, 1652 cm™; 'H NMR (500
MHz, CDCl3, 12:1 mixture of rotamers, signals of the major isomer are reported) & 0.089 (s, 3H), 0.093 (s,
3H), 0.87 (s, 9H), 1.95 (ddd, J = 13.0, 7.0, 1.3 Hz, 1H), 2.26 (dddd, J = 13.0, 9.5, 8.8, 3.9 Hz, 1H), 2.78 (d,
J = 4.9 Hz, 3H), 3.29 (s, 1H), 3.44 (ddd, J = 9.5, 8.8, 1.3 Hz, 1H), 3.51 (ddd, J = 9.5, 9.5, 7.0 Hz, 1H),
4.20 (s, 2H), 4.36 (s, 1H), 4.72 (d, J = 3.9 Hz, 1H), 6.81 (bs, 1H); **C NMR (125 MHz, CDCls, 12:1
mixture of rotamers, signals of the major isomer are reported)d —4.7 (CHs), —4.6 (CHs), 18.2 (C), 25.9
(CH3), 26.4 (CHs), 34.1 (CH,), 43.8 (CH,), 60.7 (CH,), 69.3 (CH), 72.8 (CH), 169.9 (C), 172.5 (C);
HRMS (ESI), calcd for C14H,304N,SiNa (M+Na)* 339.1716, found 339.1710.

(3R,8S,8aS)-8-(tert-butyldimethylsilyloxy)-3-hydroxy-2-methylhexahydropyrrolo[1,2-a]pyrazine-1,4-
dione (10a) and (3S,8S,8aS)-8-(tert-butyldimethylsilyloxy)-3-hydroxy-2-methylhexahydro
pyrrolo[1,2-a]pyrazine-1,4-dione (10b)

LOTBS OTBS

[Nl 0 [Nl 0
O)\/vale O)\rNMe

OH OH
Sulfur trioxide pyridine complex (5.06 g, 31.8 mmol) was added to a solution of 9 (3.34 g, 10.6 mmol),
EtsN (8.9 mL, 64.0 mmol), DMSO (18 mL) and CH,CI, (88 mL) at room temperature. This solution was
maintained for 2.5 h at room temperature, and quenched with saturated agueous NaHCO; (100 mL). The
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mixture was extracted with CH,Cl, (200 mL) and then EtOAc (200 mL). The combined organic layers
were washed with H,O (100 mL) and brine (100 mL), dried over MgSQ,, and concentrated. The resulting
solid was crystallized from hexane/EtOAc to give 1.44 g of 10a (43%). The mother liquid was
concentrated and the residue purified by silica gel column chromatography (EtOAc to CH,Cl,/MeOH
20:1) to give 520 mg of 10a (16%) and 173 mg of 10b (5%): 10a: colorless crystals, mp 149-150 °C;
[a]®> —65.8 (¢ 1.05, CHCI); IR (film) 3311, 2954, 2931, 2892, 2858, 1663 cm™; 'H NMR (500 MHz,
CDCls) 6 0.15 (s, 3H), 0.17 (s, 3H), 0.91 (s, 9H), 1.87 (dddd, J = 13.1, 7.5, 5.8, 5.3 Hz, 1H), 2.03 (dddd, J
=13.1, 7.5, 7.5, 5.6 Hz, 1H), 3.07 (s, 3H), 3.50 (ddd, J = 11.9, 7.5, 7.5 Hz, 1H), 3.78 (ddd, J = 11.9, 7.5,
5.8 Hz, 1H), 4.13 (d, J = 4.9 Hz, 1H), 4.71 (ddd, J = 5.6, 5.3, 4.9 Hz, 1H), 5.08 (d, J = 4.8 Hz, 1H), 5.29
(bs, 1H); *C NMR (125 MHz, CDCls) & —4.7 (CHs), —4.6 (CH3), 18.2 (C), 25.9 (CHs), 32.3 (CHs3), 33.2
(CH,), 43.3 (CH,), 65.1 (CH), 73.6 (CH), 83.1 (CH), 164.5 (C), 167.9 (C); HRMS (ESI), calcd for
C14H260,N,SiNa* (M+Na)* 337.1559, found 337.1558. 10b: colorless oil; [a]*p —13.3 (¢ 1.19, CHCIs); IR
(film) 3346, 2954, 2931, 2890, 2858, 1671 cm™; *H NMR (500 MHz, CDCl5) & 0.15 (s, 3H), 0.16 (s, 3H),
0.91 (s, 9H), 1.90 (dddd, J = 13.0, 7.3, 4.7, 3.7 Hz, 1H), 1.98 (dddd, J = 13.0, 8.1, 7.7, 5.5 Hz, 1H), 3.01 (s,
3H), 3.56 (ddd, J = 12.0, 8.1, 7.3 Hz, 1H), 3.91 (d, J = 3.0 Hz, 1H), 3.92 (ddd, J = 12.0, 7.7, 4.7 Hz, 1H),
450 (d, J = 4.1 Hz, 1H), 4.89 (ddd, J = 5.5, 3.7, 3.0 Hz, 1H), 5.11 (d, J = 4.1 Hz, 1H); *C NMR (125
MHz, CDCl3) 6 —4.7 (CH3), —4.6 (CHs), 18.2 (C), 25.9 (CHj3), 28.1 (CHs3), 33.5 (CH,), 44.1 (CH,), 67.3
(CH), 73.6 (CH), 76.7 (CH), 165.2 (C), 165.5 (C); HRMS (ESI), calcd for Ci4H2604N,SiNa” (M+Na)*
337.1559, found 337.1555.

NOE experiment for 10a and NOESY experiment for 10b
OTBS OTBS

WHETTT
N ° ><no NOE
NMe .~ NM

O%\< e . e

H<"

10a (500 MHz, CDCls) 10b (500 MHz, CDCl)

(3R,8S,8aS)-8-hydroxy-2-methyl-1,4-dioxooctahydropyrrolo[1,2-a]pyrazin-3-yl ethanoate (11)
OH

glll
o Z
s °

S6



Acetic anhydride (1.8 mL, 19 mmol) was added to a solution of 10a (3.88 g, 12.3 mmol), pyridine (2.00
mL, 25 mmol), DMAP (150 mg, 1.23 mmol) and CH,Cl; (82 mL) at room temperature. This solution was
maintained for 1 h at room temperature, and quenched with pH 7 phosphate buffer (50 mL). The mixture
was extracted with Et,0 (2x 200 mL). The combined organic layers were washed with brine (50 mL),
dried over MgSQO,, and concentrated. The residue was purified by silica gel column chromatography
(hexane/EtOAc 1:1) to give 4.18 g of the corresponding acetate (95%): colorless oil; [a]*5 -9.2 (c 0.96,
CH,Cl,); IR (film) 2956, 2939, 2982, 2860, 1756, 1694 cm™; *H NMR (600 MHz, CDCls) & 0.15 (s, 3H),
0.18 (s, 3H), 0.92 (s, 9H), 1.90 (dddd, J = 13.0, 8.0, 7.3, 5.7 Hz, 1H), 2.08 (dddd, J = 13.0, 7.3, 6.5, 5.7 Hz,
1H), 2.15 (s, 3H), 3.07 (s, 3H), 3.56 (ddd, J = 12.0, 8.0, 6.5 Hz, 1H), 3.75 (ddd, J = 12.0, 7.3, 7.3 Hz, 1H),
4.20 (d, J = 5.0 Hz, 1H), 4.70 (ddd, J = 5.7, 5.7, 5.0 Hz, 1H), 6.10 (s, 1H); **C NMR (150 MHz, CDCl5) &
—-4.7 (CH3), —4.6 (CHj3), 18.2 (C), 20.9 (CHs), 25.9 (CHg), 33.2 (CHy), 33.7 (CH3), 43.2 (CHy), 65.2 (CH),
73.6 (CH), 81.9 (CH), 160.3 (C), 168.7 (C), 170.1 (C); HRMS (ESI), calcd for CigH250sN,SiNa* (M+Na)*
379.1665, found 379.1655.

Tetrabutylammonium fluoride (1M in THF, 6.5 mL, 6.5 mmol) was added to a solution of this acetate
derivative (774 mg, 2.17 mmol), AcOH (1.5 mL, 26 mmol) and THF (22 mL) at room temperature. This
solution was heated to 60 °C, stirred for 1.5 h, cooled to room temperature, and concentrated. The residue
was purified by silica gel column chromatography (EtOAc) to give 404 mg of 11 (77%): colorless crystals,
mp 111-112 °C; [a]*'s —45.1 (¢ 1.13, CH,CL,); IR (film) 3436, 2983, 2954, 2896, 1752, 1671 cm™; 'H
NMR (600 MHz, C¢D¢) 6 1.39 (dddd, J = 12.5, 9.8, 9.8, 9.8 Hz, 1H), 1.47 (s, 3H), 1.60 (dddd, J = 12.5,
7.5,7.5, 2.5 Hz, 1H), 2.71 (s, 1H), 3.03 (ddd, J = 12.1, 9.8, 2.5 Hz, 1H), 3.11 (ddd, J = 12.1, 9.8, 7.5 Hz,
1H), 3.44 (bs, 1H), 3.68 (d, J = 7.9 Hz, 1H), 3.91 (ddd, J = 9.8, 7.9, 7.5 Hz, 1H), 6.13 (s, 1H); **C NMR
(150 MHz, C¢Ds) 6 20.2 (CHs), 30.0 (CH,), 32.6 (CH3), 42.1 (CHy), 62.9 (CH), 72.9 (CH), 82.0 (CH),
159.8 (C), 170.0 (C), 170.1 (C); HRMS (ESI), calcd for CioH1,0sN,Na* (M+Na)® 265.0800, found
265.0806.

(3R,8S,8aS)-8-((bromomethyl)dimethylsilyloxy)-2-methyl-1,4-dioxooctahydropyrrolo[1,2-a]
pyrazin-3-yl ethanoate (12)
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(Bromomethyl)chlorodimethylsilane (450 uL, 3.3 mmol) was added to a solution of 11 (198 mg, 817
pmol), triethylamine (910 uL, 6.50 mmol) and CH,CI, (8.2 mL) at room temperature. This solution was
maintained for 10 min at room temperature, and quenched with pH 7 phosphate buffer (10 mL). The
mixture was extracted with CH,Cly/hexane (1:1, 15 mL), and then Et,O (20 mL). The combined organic
layers were washed with brine (10 mL), dried over Na,SO, and concentrated. Triethylamine was removed
azeotropically from toluene (2x 5 mL) under reduced pressure. The residue was purified by silica gel
column chromatography (hexane/EtOAc 3:1 to 1:1) to give 306 mg of 12 (98%): colorless oil; [a]*'p
-19.2 (¢ 1.09, CH,Cl,); IR (film) 2960, 2898, 1756, 1686 cm™; *H NMR (600 MHz, C¢Ds) & 0.26 (s, 3H),
0.30 (s, 3H), 1.35 (dddd, J = 12.9, 9.0, 8.4, 6.9 Hz, 1H), 1.43 (s, 3H), 1.50 (dddd, J = 12.9, 8.4, 6.9, 4.7 Hz,
1H), 2.39 (d, J = 13.1 Hz, 1H), 2.43 (d, J = 13.1 Hz, 1H), 2.73 (s, 3H), 3.13 (ddd, J = 12.4, 9.0, 4.7 Hz,
1H), 3.25 (ddd, J = 12.4, 8.4, 8.4 Hz, 1H), 3.93 (d, J = 6.3 Hz, 1H), 4.04 (ddd, J = 6.9, 6.9, 6.3 Hz, 1H),
6.16 (s, 1H); *C NMR (150 MHz, C¢Dg) & —2.4 (CH3), 2.2 (CHs), 16.8 (CHy), 20.2 (CH3), 32.5 (CHy),
33.0 (CHa), 42.7 (CHy), 64.2 (CH), 73.9 (CH), 82.3 (CH), 160.1 (C), 168.7 (C), 170.0 (C); HRMS (ESI),
calcd for C13H,;05N,SiBrNa* (M+Na)* 415.0301, found 415.0290.

Synthesis of a-Bromomethyl Silyl Ether 13

1. O
NMeB
HO)K/ eBoc

OH EDCI, HOBtjH,0 JOH CISiMe(CH,Br) 0-gi-Me

: EtsN, THF, rt, 86% EtsN, CH,Cl,, rt \_p;
OMe N o o
N 2. AcCl (54%) N

H HCl ~ MeOH-CH,Clp, it A _NMe
(6] € 2L 12,
3. Amberlite IRA67 O o)\/ NMe

s4 CHyCly, rt S5 13
(90%, 2 steps)

(8S,8a5)-8-hydroxy-2-methylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione (S5)
OH

N )
O}\/NMe

Triethylamine (3.3 mL, 23.7 mmol) and N-hydroxybenzotriazole monohydrate (HOBt-H,0O, 1.71 g, 12.7
mmol) were added to a mixture of S4° (2.00 g, 11.0 mmol), N-Boc-sarcosine (2.30 g, 12.1 mmol) and THF

22. Demange, L.; Cluzeau, J.; Ménez, A.; Dugave, C. Tetrahedron Lett. 2001, 42, 651-653.
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(220 mL) at room temperature. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI,
2.43 g, 12.7 mmol) was divided into four portions and added to the reaction mixture every hour at room
temperature. The resulting mixture was stirred overnight at room temperature and quenched with saturated
aqueous sodium bicarbonate (200 mL). The mixture was extracted with THF/hexane (1:1, 400 mL) and
then EtOAc (300 mL). The combined organic layers were washed with brine (200 mL), dried over Na,SOy,,
and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc 3:1 to
EtOAC) to give 3.00 g of the corresponding dipeptide (86%).

Acetyl chloride (5.0 mL) was added to a solution of the this dipeptide (3.12 g, 9.86 mmol) and
CH,CIy/MeOH (1:1, 100 mL) at 0 °C. This solution was maintained for 2.5 h at room temperature, and
concentrated. The residue was dissolved in CH,CI, (100 mL), and Amberlite IRA 67 (6.24 g) was added to
the solution at room temperature. This mixture was stirred overnight at room temperature and filtered
through a pad of silica gel to give 1.64 g of S5 (90% over 2 steps): colorless crystals, mp 112-113 °C;
[a]® =75.2 (¢ 1.06, CH,Cl,); IR (film) 3415, 2954, 2896, 1648 cm™; *H NMR (500 MHz, CDCls) & 1.95
(dddd, J = 12.8, 10.0, 10.0, 10.0 Hz, 1H), 2.34 (dddd, J = 12.8, 7.3, 7.3, 2.7 Hz, 1H), 3.00 (s, 3H), 3.48 (s,
1H), 3.60 (m, 2H), 3.79 (dd, J = 9.6, 1.3 Hz, 1H), 3.79 (dd, J = 16.9, 1.3 Hz, 1H), 4.18 (dd, J = 16.9, 2.1
Hz, 1H), 4.31 (ddd, J = 10.0, 9.6, 7.3 Hz, 1H); *C NMR (125 MHz, CDCl;) & 29.8 (CH,), 33.2 (CHy),
41.7 (CH,), 53.3 (CH,), 62.7 (CH), 72.5 (CH), 162.6 (C), 167.2 (C); HRMS (ESI), calcd for
CgH1,03N,Na™ (M+Na)*, 207.0746, found 207.0754.

(8S,8aS)-8-((bromomethyl)dimethylsilyloxy)-2-methylhexahydropyrrolo[1,2-a]pyrazine-1,4-
dione (13)

(Bromomethyl)chlorodimethylsilane (770 pL, 5.7 mmol) was added to a solution of S5 (299 mg, 1.62
mmol), triethylamine (1.58 ml, 11.3 mmol) and CH,CI, (16 mL) at room temperature. This solution was
maintained for 30 min at room temperature and quenched with pH 7 phosphate buffer (2x 20 mL). The
mixture was extracted with Et,O (30 mL). The organic layer was washed with brine (20 mL), dried over
Na,SO, and concentrated. Triethylamine was removed azeotropically from toluene (2x 5 mL) under
reduced pressure. The residue was purified with flash column chromatography (hexane/EtOAc 3:1 to
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EtOAC) to give 292 mg of 13 (54%), together with 22.4 mg of recovered S5 (7%): 13: colorless oil; [0]*5
—31.0 (c 1.14, CH,Cl,); IR (film) 2958, 2896, 1663 cm™; "H NMR (500 MHz, CsDs) & 0.30 (s, 3H), 0.34
(s, 3H), 1.41 (dddd, J = 13.0, 9.0, 7.2, 6.7 Hz, 1H), 1.53 (dddd, J = 13.0, 7.9, 7.0, 5.7 Hz, 1H), 2.31 (s, 3H),
2.50 (s, 2H), 3.14 (d, J = 16.5 Hz, 1H), 3.15 (ddd, J = 11.6, 9.0, 5.7 Hz, 1H), 3.22 (dd, J = 16.5, 1.3 Hz,
1H), 3.34 (ddd, J = 11.6, 7.9, 6.7 Hz, 1H), 3.35 (dd, J = 7.0, 1.3 Hz, 1H), 4.30 (ddd, J = 7.2, 7.0, 7.0 Hz,
1H); *C NMR (125 MHz, C¢Ds) & —2.22 (CHj3), —2.15 (CH3), 17.1 (CHy,), 32.8 (CH,), 33.1 (CHs), 42.5
(CH,), 53.4 (CH,), 64.6 (CH), 74.1 (CH), 162.7 (C), 166.3 (C); HRMS (ESI), calcd for
C11H19N,05SiBrNa* (M+Na)*, 357.0246, found 357.0240.

General Procedure for Radical-Promoted C-H Bond Oxidation of 13

OTMS OTMS

" OAc OH
o)

N © N

O)\/NMe O)\/NMe
A stirring mixture of 13 (13.4 mg, 40 pumol), Cu(OAc), (72.7 mg, 400 umol), AIBN (120 pumol), a
mediator (120 umol) and solvent (2.0 mL) was heated to 80 °C and maintained at this temperature for 40
min. After cooling to room temperature, the reaction mixture was quenched with pH 7 phosphate buffer
(10 mL). The mixture was extracted with Et,O (2x 15 mL). The combined organic layers were washed
with brine (10 mL), dried over Na,SQ,4, and concentrated. The residue was purified by silica gel column
chromatography (hexane/EtOAc 2:1) to give acetate 14 and hemiaimnal 15 in the amounts reported in
Table 1: Acetate 14: colorless oil; [a]*p 144.0 (c 0.80, CH,CLy); IR (film) 2962, 2906, 1744, 1683 cm™;
'H NMR (500 MHz, C¢Dg) 8 0.10 (s, 9H), 1.39 (ddd, J = 13.3, 8.3, 1.5 Hz, 1H), 1.48 (s, 3H), 1.83 (dddd, J
=13.3,10.1, 9.7, 3.9 Hz, 1H), 2.48 (s, 3H), 3.28 (ddd, J = 11.5, 10.1, 1.5 Hz, 1H), 3.51 (d, J = 16.7 Hz,
1H), 4.09 (ddd, J = 11.5, 9.7, 8.3 Hz, 1H), 4.23 (d, J = 16.7 Hz, 1H), 4.55 (d, J = 3.9 Hz, 1H); *C NMR
(125 MHz, Cg¢D¢) 6 0.44 (CHs), 20.8 (CHs), 29.7 (CHy), 33.2 (CHs) 44.7 (CHy), 54.2 (CH,), 77.2 (CH),
93.5 (C), 162.7 (c), 165.4 (C), 169.8 (C); HRMS (ESI), calcd for C13H»,05N,SiNa™ (M+Na)*, 337.1196,
found 337.1187. Hemiaminal 15: colorless oil; [oc]25D -50.6 (c 1.12, CH,CIy); IR (film) 3309, 2960, 2904,
1667 cm™; *H NMR (600 MHz, C¢Dg) & 0.17 (s, 9H), 1.49 (m, 2H), 2.36 (s, 3H), 3.14 (ddd, J = 11.6, 8.2,
8.2 Hz, 1H), 3.25 (d, J = 16.7 Hz, 1H), 3.44 (ddd, J = 11.6, 8.0, 5.4 Hz, 1H), 3.93 (d, J = 16.7 Hz, 1H),
4.24 (dd, J = 7.8, 7.8 Hz, 1H), 4.34 (s, 1H); *C NMR (125 MHz, C¢Dg) & 0.45 (CHs), 29.9 (CH,), 33.0
(CH3), 41.3 (CH,), 53.1 (CHy), 73.7 (CH), 84.3 (C), 165.5 (C), 166.3 (C); HRMS (ESI), calcd for
C11H2N,0,SiNa* (M+Na)*, 295.1090, found 295.1078.
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(3S,8S,8aS)-2-methyl-1,4-dioxo-8-(trimethylsilyloxy)octahydropyrrolo[1,2-a]pyrazine-3,8a-diyl
diethanoate (16), (3S,8S,8aS)-8a-hydroxy-2-methyl-1,4-dioxo-8-(trimethylsilyloxy)octahydro
pyrrolo[1,2-a]pyrazin-3-yl ethanoate (17), (3S,8S,8aR)-8a-hydroxy-2-methyl-1,4-dioxo-8-
(trimethylsilyloxy)octahydropyrrolo[1,2-a]pyrazin-3-yl ethanoate (18), and (3S,8S)-2-methyl-1,4-
dioxo-8-(trimethylsilyloxy)octahydropyrrolo[1,2-a]pyrazin-3-yl ethanoate (19)

OTMS OTMS OTMs OTMs

U‘ OAc OH U\\OH U H
N O N @) N O N @)
O)\_/NMe O)\_/NMe O)\/NMe O)\/NMe
C:)Ac (:)Ac
A solution of AIBN (744 mg, 4.53 mmol), (TMS);3SiH (1.39 mL, 4.53 mmol) and (CH,CI), (16 mL) was
added over 1 h using a syringe pump to a stirring mixture of 12 (14.8 mg, 38.9 umol), Cu(OAc),-H,O
(1.68 mg, 8.41 mmol) and (CH,CI), (16 mL) at 80 °C, and the resulting mixture was stirred for an

additional 30 min at 80 °C. After cooling to room temperature, the reaction mixture was quenched with pH

Ac OAc

Olll

7 phosphate buffer (30 mL). The mixture was extracted with EtOAc (3x 50 mL). The combined organic
layers were washed with brine (30 mL), dried over MgSQO, and concentrated. The residue was purified by
silica gel column chromatography (hexane/EtOAc 4:1 to 1:2) to give 98.8 mg of B-acetate 16 (41%), 68.4
mg of B-hemiaminal 17 (32%), 25.7 mg of a-hemiaminal 18 (12%), and 12.2 mg of reduced product 19
(6%).

An improved procedure was developed, which is detailed below. A solution of AIBN (19.2 mg, 117
umol), (TMS);SiH (84 pL, 273 umol) and (CH,CI), (1.0 mL) was added over 1 h using a syringe pump to
a stirring mixture of 12 (14.8 mg, 38.9 umol), Cu(OAc),-H,0 (54.4 mg, 273 umol) and (CH,CI), (1.0 mL)
at 80 °C, and the resulting mixture was stirred for an additional 30 min at 80 °C. After cooling to room
temperature, the reaction mixture was quenched with pH 7 phosphate buffer (15 mL). The mixture was
extracted with EtOAc (3x 15 mL). The combined organic layers were washed with brine (15 mL), dried
over MgSO, and concentrated. The residue was purified by silica gel column chromatography
(hexane/EtOAC 4:1 to 1:2) to give 6.1 mg of B-acetate 16 (42%), 3.2 mg of B-hemiaminal 17 (25%), 0.8
mg of a-hemiaminal 18 (6%), and 0.7 mg of reduced product 19 (6%): B-Acetate 16: amorphous solid;
[a]®5 79.7 (¢ 1.03, CH,Cl,); IR (film) 2960, 1760, 1748, 1694 cm™; *H NMR (600 MHz, C¢Dg) & 0.06 (s,
9H), 1.37 (ddd, J = 13.5, 8.3, 1.5 Hz, 1H), 1.46 (s, 3H), 1.68 (s, 3H), 1.79 (dddd, J = 13.5, 9.7, 9.7, 4.0 Hz,
1H), 2.78 (s, 3H), 3.18 (ddd, J = 11.6, 9.7, 1.5 Hz, 1H), 4.03 (ddd, J = 11.6, 9.7, 8.3 Hz, 1H), 4.51 (d, J =
4.0 Hz, 1H), 6.83 (s, 1H); *C NMR (150 MHz, C4Dg) & 0.35 (CHj), 20.5 (CHs), 20.7 (CHs), 29.7 (CH,),
30.4 (CHg3), 44.8 (CHy), 76.8 (CH), 79.5 (CH), 93.1 (C), 162.7 (C), 163.1 (C), 169.4 (C), 170.0 (C);
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HRMS (ESI), calcd for CisH,,0O;N,SiNa* (M+Na)* 395.1251, found 395.1244. B-Hemiaminal 17:
amorphous solid; [a]®p 10.8 (c 0.68, CH,Cl,); IR (film) 3344, 2960, 2925, 2856, 1760, 1671 cm™; 'H
NMR (600 MHz, C¢Dg) & 0.08 (s, 9H), 1.33 (ddd, J = 12.9, 8.5, 2.4 Hz, 1H), 1.62 (s, 3H), 1.92 (dddd, J =
12.9, 9.7, 8.5, 4.0 Hz, 1H), 2.57 (s, 3H), 3.35 (ddd, J = 11.5, 9.7, 2.4 Hz, 1H), 3.55 (s, 1H), 4.11 (ddd, J =
11.5, 8.5, 8.5 Hz, 1H), 4.20 (d, J = 4.0 Hz, 1H), 6.37 (s, 1H); **C NMR (125 MHz, C¢Ds) & 0.48 (CHy),
20.4 (CHs), 29.9 (CHy), 30.7 (CHj3), 44.3 (CH,), 77.0 (CH), 78.3 (CH), 90.6 (C), 162.0 (C), 166.4 (C),
170.0 (C); HRMS (ESI), calcd for C13H2,06N,SiNa* (M+Na)* 353.1145, found 353.1140. o-Hemiaminal
18: amorphous solid; [o]*5 —33.6 (¢ 1.32, CH.,Cl,); IR (film) 3436, 2960, 2904, 1756, 1698 cm™; *H
NMR (600 MHz, C¢Ds) & 0.14 (s, 9H), 1.43 (m, 2H), 1.56 (s, 3H), 2.74 (s, 3H), 3.16 (ddd, J = 9.9, 7.3, 7.3
Hz, 1H), 3.33 (ddd, J = 9.9, 7.4, 4.2 Hz, 1H), 3.95 (dd, J = 7.0, 7.0 Hz, 1H), 4.37 (s, 1H), 6.41 (s, 1H); °C
NMR (150 MHz, CsD¢) & 0.42, 20.4, 29.2, 32.6, 41.4, 74.1, 80.5, 83.5, 162.2, 168.0, 170.5; HRMS (ESI),
calcd for Cy3H206N,SiNa* (M+Na)™ 353.1145, found 353.1135. Reduced products 19: colorless oil;
[a]®p —18.8 (c 0.84, CH,Cl,); IR (film) 2958, 2898, 1756, 1686 cm™; *H NMR (600 MHz, C¢Ds) & 0.20 (s,
9H), 1.38 (m, 2H), 1.42 (s, 3H), 2.76 (s, 3H), 3.17 (ddd, J = 11.9, 8.4, 5.8 Hz, 1H), 3.36 (ddd, J = 11.9, 7.7,
7.7 Hz, 1H), 4.01 (d, J = 5.6 Hz, 1H), 4.40 (ddd, J = 6.3, 6.3, 6.3 Hz, 1H), 6.19 (s, 1H); *C NMR (125
MHz, C¢Dg) & 0.55 (CHj), 20.2 (CHs), 32.9 (CH,), 33.1 (CHs), 43.0 (CH,), 64.9 (CH), 73.5 (CH), 82.4
(CH), 160.3 (C), 168.6 (C), 170.0 (C); C13H,,05N,SiNa" (M+Na)* 337.1196, found 337.1191.

NOESY experiments for 3-acetate 16 and o-hemiaminal 18

OTMS
OAc
(0]

H“OTMD

N
NOE H 5 O NOE
NMe
0™ 3 NMe
AcO H o :
U OAc
16 (600 MHz, CgDg) 18 (600 MHz, CgDg)

(3S,8S,8aS)-2-methyl-1,4-dioxo-8-(trimethylsilyloxy)octahydropyrrolo[1,2-a]pyrazine-3,8a-diyl
diethanoate (16)

Acetic anhydride (190 uL, 2.1 mmol) was added to a solution of 17 (452 mg, 1.37 mmol), DMAP (302
mg, 2.47 mmol) and CH,CI, (27 mL) at room temperature. This solution was maintained for 10 min at
room temperature, and quenched by adding pH 7 phosphate buffer (30 mL). The mixture was extracted
with Et,O (2x 50 mL). The combined organic layers were washed with brine (30 mL), dried over Na;SO,,
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and concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc 1:1) to
give 391 mg of 16 (77%).

(35,8S,8aS)-2-methyl-1,4-dioxooctahydropyrrolo[1,2-a]pyrazine-3,8,8a-triyl triethanoate (20)

OAc

) OAc

N )

NMe
0]
Ac

Omn

Tetrabutylammonium fluoride (1M in THF, 120 uL, 120 umol) was added to a solution of 16 (43.4 mg,
117 umol), AcOH (67 ml, 1.2 mmol) and THF (2.3 mL) at room temperature. This solution was
maintained for 1.5 h at room temperature, and concentrated. The residue was purified by silica gel column
chromatography (hexane/EtOAc 1.5:1 to EtOACc) to give 33.6 mg of the corresponding secondary alcohol
(96%): colorless crystals, mp 181-182 °C, [oc]st 98.3 (c 1.00, CH,CLy); IR (film) 3427, 1746, 1698, 1210
cm™; *H NMR (600 MHz, C¢Dg) & 1.37 (s, 3H), 1.42 (ddd, J = 13.6, 8.7, 2.1 Hz, 1H), 1.63 (s, 3H), 1.69
(dddd, J = 13.6, 10.3, 8.7, 4.7 Hz, 1H), 2.46 (bs, 1H), 2.73 (s, 3H), 3.09 (ddd, J = 11.8, 10.3, 2.1 Hz, 1H),
3.95 (ddd, J = 11.8, 8.7, 8.7 Hz, 1H), 4.41 (dd, J = 8.5, 4.7 Hz, 1H), 6.51 (s, 1H); **C NMR (125 MHz,
CD3CN) 6 21.3 (CHs) , 21.5 (CHs), 29.4 (CH,), 31.0 (CH3), 44.9 (CH,), 76.3 (CH), 79.8 (CH), 93.2 (C),
163.3 (C), 163.5 (C), 171.0 (C), 171.9 (C); HRMS (ESI), calcd for C1,H;607;N,Na* (M+Na)* 323.0855,
found 323.0846.

Acetic anhydride (58 uL, 610 umol) was added to a solution of the this alcohol (87.3 mg, 291 mmol),
DMAP (89.6 mg, 734 umol) and CH,Cl, (5.8 mL) at room temperature. This resulting solution was
maintained for 50 min at room temperature, and quenched with pH 7 phosphate buffer (10 mL). The
mixture was extracted with EtOAc (2x 20 mL). The combined organic layers were washed with brine (10
mL), dried over Na,SOy,, and concentrated. The residue was purified by silica gel column chromatography
(hexane/EtOAC 1:1 to hexane/EtOAc 1:2) to give 99.7 mg of 20 (100%): colorless amorphous solid;
[a]®5 85.1 (¢ 1.05, CH,CLy); IR (film) 2931, 1748, 1698, 1202 cm™; *H NMR (600 MHz, CsD¢) 5 1.34, (s,
3H), 1.52 (ddd, J = 14.7, 8.7, 2.2 Hz, 1H), 1.57 (s, 3H), 1.67 (s, 3H), 1.79 (dddd, J = 14.7, 10.1, 8.7, 4.4
Hz, 1H), 2.77 (s, 3H), 3.06 (ddd, J = 12.0, 10.1, 2.2 Hz, 1H), 3.85 (ddd, J = 12.0, 8.7, 8.7 Hz, 1H), 5.73 (d,
J = 4.4 Hz, 1H), 6.65 (s, 1H); *C NMR (125 MHz, C¢Dg) & 20.5 (CH3), 20.5 (CHs), 20.6 (CH3), 27.0
(CHy), 30.6 (CHg), 44.4 (CH,), 77.6 (CH), 79.9 (CH), 91.7 (C), 161.6 (C), 162.5 (C), 168.8 (C), 169.2 (C),
170.1 (C); HRMS (ESI), calcd for C;4H1505N,Na* (M+Na)* 365.0961, found 365.0960.
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Acetoxy Epidithiodioxopiperazine (22)
OAc

NS%fSNMZ

0P

A solution of 20 (52.7 mg, 154 umol) and MeCN (4.0 mL) in a sealed vial was degassed using the
freeze-pump-thaw technique (3x) and cooled to —78 °C. Hydrogen sulfide (bp —60 °C, 3 mL) was
condensed at —78 °C, and added via cannula to the solution of 20 at —78 °C. Then a solution of scandium
triflate (15.2 mg, 30.8 umol) and MeCN (4 mL), which had been degassed by the freeze-pump-thaw
technique (3x), was then added via cannula to the solution of 20. The sealed vial was then allowed to
warm to room temperature behind a blast shield, stirred for 13 h at room temperature, cooled to —78 °C,
sealed vial stopper was replaced with a rubber septa containing a bleed needle. The cooling bath was
removed, and the solution was allowed to warm to room temperature. Once the solution was at room
temperature, residual H,S and MeCN were removed under reduced pressure by connecting a vacuum
manifold mounted in the fume hood. The resulting residue was dissolved in MeOH (20 mL), and oxygen
was slowly bubbled through the solution for 12 h at room temperature. After concentration. The residue
was purified by silica gel column chromatography (hexane/EtOAc 1:1 to EtOAc) to give 16.5 mg of 22
(37%): yellow crystals, mp 206-207 °C dec; [a]*°p —81.3 (c 0.34, CH.,Cl,); IR (film) 2993, 1752, 1698,
1221 cm™; *H NMR (500 MHz, C¢Dg) & 1.50 (s, 3H), 1.58 (dddd, J = 12.7, 9.5, 9.5, 9.5 Hz, 1H), 1.91
(dddd, J = 12.7, 7.8, 7.2, 2.8 Hz, 1H), 2.33 (s, 3H), 2.64 (ddd, J = 11.4, 9.5, 7.8 Hz, 1H), 3.26 (ddd, J =
11.4, 9.5, 2.8 Hz, 1H), 4.34 (s, 1H) 5.98 (dd, J = 9.5, 7.2 Hz, 1H); *C NMR (125 MHz, CD;CN) & 21.1
(CH3), 30.2 (CH,), 32.1 (CHs), 43.8 (CHy), 69.0 (CH), 74.8 (CH), 78.6 (C), 162.9 (C), 166.0 (C), 170.3
(C); HRMS (ESI), calcd for C19H1,04N,S,Na” (M+Na)* 311.0136, found 311.0127.

Hydroxy Epidithiodioxopiperazine (23)
OH

[ l _0O
NS’S

-~ _NM
7% e

Scandium triflate (28.0 mg, 56.9 umol) was added to a solution of 22 (16.4 mg, 56.9 umol), MeCN (1.9
mL) and MeOH (0.1 mL) at room temperature. This solution was maintained for 7 h at room temperature,
and quenched with pH 7 phosphate buffer (5 mL). The mixture was extracted with EtOAc (3x20 mL). The
combined organic layers were washed with brine (10 mL), dried over Na,SO,4, and concentrated. The
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residue was purified by silica gel column chromatography (hexane/EtOAc 3:1 to EtOAc) to afford 14.0
mg of 23 (100%) as a crystalline solid. Single crystals were obtained by recrystallization from CH,Cl,: mp
198-199 °C dec; [a]*'p —46.5 (¢ 0.31, CH,Cl,); IR (film) 3042, 2991, 2925, 1671 cm™; 'H NMR (600
MHz, CD;0D) & 2.20 (dddd, J = 12.6, 9.9, 9.7, 8.6 Hz, 1H), 2.46 (dddd, J = 12.6, 7.5, 7.1, 2.3 Hz, 1H),
3.07 (s, 3H), 3.42 (ddd, J = 11.3, 8.6, 7.5 Hz, 1H), 3.79 (ddd, J = 11.3, 9.9, 2.3 Hz, 1H), 5.16 (dd, J = 9.7,
7.1 Hz, 1H), 5.68 (s, 1H); *C NMR (125 MHz, CD30D) & 31.7 (CHs), 32.3 (CH,), 43.4 (CH3), 68.7 (CH),
73.7 (CH), 81.5 (C), 164.6 (C), 167.8 (C); HRMS (ESI), calcd for CgH;003N,S,Na” (M+Na)* 269.0031,
found 269.0026.
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