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Previously published completed routes to cylindrospermopsin alkaloids. 
Previous total syntheses are shown below as a reference, as well as for an independent assessment of feasibility of adopting the existing total synthesis methods for the scalable total synthesis of cylindrospermopsins carrying non-exchangeable isotopes.
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Scheme S1. Total synthesis of racemic 7-epi-cylindrospermopsin by B. B. Snider and co-workers[endnoteRef:1]  [1:  Xie, C.; Runnegar, M. T. C.; Snider, B. B. J. Am. Chem. Soc., 2000, 122, 5017-5024.
] 
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Scheme S2. Asymmetric total synthesis of 7-epi-cylindrospermopsin and revision of relative stereochemistry by Weinreb and co-workers.[endnoteRef:2]  [2:  (a) Heintzelman, G. R.; Fang, W.-K.; Keen, S. P.; Wallace, G. A.; Weinreb, S. M. J. Am. Chem. Soc., 2001, 123, 8851-8853; (b) Heintzelman, G. R.; Fang, W.-K.; Keen, S. P.; Wallace, G. A.; Weinreb, S. M. J. Am. Chem. Soc., 2002, 124, 3939-3945.
] 
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Scheme S3. Enantioselective total synthesis of 7-epi-cylindrospermopsin and assignment of absolute configuration by White and Hansen.[endnoteRef:3] [3:  (a) White, J. D.; Hansen, J. D. J. Am. Chem. Soc., 2002, 124, 4950-4951; (b) White, J. D.;  Hansen, J. D. J. Org. Chem., 2005, 70, 1963-1977.
] 
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Scheme S4. Asymmetric total synthesis of cylindrospermopsins by Williams and co-workers.[endnoteRef:4]  [4:  (a) Looper, R. E.; Williams, R. M. Angew. Chem. Int. Ed., 2004, 43, 2930-2933; (b) Looper, R. E.; Runnegar, M. T. C.; Williams, R. M. Angew. Chem. Int. Ed., 2005, 44, 3879-3881; (c) Looper, R. E.; Runnegar, M. T. C.; Williams, R. M. Tetrahedron, 2006, 62, 4549-4562.] 



General Information.  All reactions were carried out under an inert atmosphere of dry argon in oven or flame-dried glassware, unless the reaction procedure states otherwise. Tetrahydrofuran (THF) and diethyl ether (ether) were distilled from sodium-benzophenone in a continuous still under an atmosphere of argon.  Dichloromethane, N,N-diisopropylethylamine and acetonitrile were distilled from calcium hydride in a continuous still under an atmosphere of argon. Reaction temperatures were controlled by IKA ETS-D4 fuzzy thermo couples. Analytical thin-layer chromatography (TLC) was performed using pre-coated TLC plates with Silica Gel 60 F254 (EMD no. 5715-7) and visualized using combinations of UV, anisaldehyde, ceric ammonium molybdate (CAM), potassium permanganate and iodine staining.  Flash column chromatography was preformed using 40-63 µm silica gel (Merck, Geduran, no. 11567-1) as the stationary phase. Reversed-phase chromatography was performed using SiliCycle SiliaSphere PC, C18 monomeric, 25 µm 90 Å functionalized spherical silica gel. Proton nuclear magnetic resonance spectra were recorded at 400, 500, and 600 MHz on Varian Unity Inova spectrometers. Carbon nuclear magnetic resonance spectra were recorded at 100 MHz, 125 MHz, and 150 MHz on Varian Unity Inova spectrometers. Nitrogen nuclear magnetic resonance spectra were recorded at 41 MHz on Varian Unity Inova spectrometer. All Chemical shifts were reported in δ units relative to tetramethylsilane. High Resolution mass spectral data were obtained using Waters Xevo G2-XS Tof mass spectrometer at the University of California, Santa Barbara. [15N]-Ammonium chloride (15N, 99.7% isotope purity) was purchased from Cambridge Isotope Laboratories.
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[15N2]-Urea. [15N2]-Urea was prepared by a modified method reported by Leitch and Davidson.[endnoteRef:5] Ammonium chloride (3.0 g, 55.0 mmol, >99% 15N isotope purity) was mixed with 6.00 g (0.15 mol) of granular NaOH in a 25 mL one neck round bottom flask equipped with a magnetic stirring bar and an outlet. The outlet was connected through a drying tube filled with granular sodium hydroxide to a 25 mL round bottom flask serving as a receiving vessel. The receiving flask was cooled to –78 °C. The mixture was gently heated with a blow torch until no more ammonia was condensing in the receiving vessel (approx. 15 min). After the weight of the collected ammonia was measured (0.98 g, 54.4 mmol, 99% recovery), water (4.5 mL) was carefully added at –78 °C. Diphenyl carbonate (6.54 g, 30.6 mmol) was added to the frozen mixture and the vessel was sealed. After the mixture warmed up to room temperature, it was placed into an oil bath preheated to 115 °C and stirred at this temperature for 4 h. The reaction mixture was cooled to room temperature, diluted with water (50.0 mL), and phenol was removed by extraction with Et2O (3×40.0 mL). The aqueous phase was separated and concentrated to dryness under reduced pressure. The residual water was removed by azeotropic evaporation with methanol to produce [15N2]-urea (1.605 g, 25.9 mmol, 94% yield based on 15NH4Cl) as a white powder. 1H NMR (400 MHz, DMSO-d6) δ 5.49 (d, J = 88.6 Hz, 4H, 2NH2). 13C NMR (101 MHz, DMSO-d6) δ 159.9 (t, J = 18.5 Hz). 15N NMR (41 MHz, DMSO-d6) δ –303.93. [5: 
 Leitch, L. C.; Davidson W. M. Can. J. Agr. Sci., 1949, 29, 189-190.] 
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Figure S1. The reaction setup for the generation of dry liquid 15NH3 from 15NH4Cl.
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[15N2]-Barbituric acid ([15N2]-4). Diethyl malonate (4.31 mL, 28.4 mmol) was added to a freshly prepared solution of sodium ethoxide obtained by dissolving 0.65 g (28.4 mmol) of sodium in dry ethanol (16.5 mL). After 5 min, [15N2]-urea (1.76 g, 28.4 mmol) was added to the resultant suspension of white precipitate, and the mixture was heated at reflux for 48 h. The reaction mixture was cooled to room temperature and acidified with 12 M HCl to pH = 1. The white precipitate was removed by filtration and washed with ethanol (20.0 mL) and water (2×30.0 mL). The filtrate was concentrated to dryness and mixed with 20.0 mL of ethanol/water mixture (1:1, v/v) to induce precipitation of the remaining product. After the filtration and wash with 10.0 mL of ethanol/water mixture (1:1, v/v) the material was combined with first fraction and dried under vacuum to afford 3.33 g (25.62 mmol, 90% yield) of [15N2]-barbituric acid as a white powder. 1H NMR (600 MHz, DMSO-d6) δ 11.10 (d, J = 91.1 Hz, 2H, NH2), 3.46 (s, 2H, CH2). 13C NMR (126 MHz, DMSO-d6) δ 167.8 (d, J = 10.9 Hz), 151.7 (t, J = 18.1 Hz), 39.5. 15N NMR (41 MHz, DMSO-d6) δ –228.22. GS-MS (m/z): [M]+ calcd for C4H415N2O3, 130.0163; found, 130.0158.

[image: ]
[bookmark: _Ref511228867][15N2]-2,4,6-Tribromopyrimidine ([15N2]-S1). This compound was prepared according to a procedure reported by White and Hansen[endnoteRef:6] using 3.40 g (26.2 mmol) of [15N2]-barbituric acid, affording 7.90 g (24.8 mmol, 94% yield) of the product as a pale yellow solid. 1H NMR (500 MHz, CDCl3) δ 7.73 (s, 1H). 13C NMR (126 MHz, CDCl3) δ 153.1 (d, J = 1.7 Hz), 150.8 (t, J = 3.7 Hz), 128.2 (t, J = 2.5 Hz). 15N NMR (41 MHz, CDCl3) δ –81.24. GS-MS (m/z): [M]+ calcd for C4HBr315N2, 315.7631; found, 315.7630. [6: 
 White, J. D.; Hansen, J. D. J. Am. Chem. Soc., 2002, 124, 4950-4951.] 
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[15N2]-4-Bromo-2,6-dimethoxypyrimidine ([15N2]-5). This compound was prepared according to a procedure reported by White and Hansen6 using 7.80 g (24.5 mmol) of [15N2]-2,4,6-tribromopyrimidine, affording 4.15 g (18.8 mmol, 77% yield) of the product as a white solid. 1H NMR (400 MHz, CDCl3) δ 6.57 (s, 1H), 3.98 (s, 3H), 3.94 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 171.7 (d, J = 8.7 Hz), 164.5 (dd, J = 9.1, 5.6 Hz), 152.0 (d, J = 3.4 Hz), 105.1 (dd, J = 2.8, 1.6 Hz), 55.5 (dd, J = 3.4, 2.8 Hz), 54.5 (d, J = 3.9 Hz). 15N NMR (41 MHz, CDCl3) δ –145.49 (d, J = 1.0 Hz), –165.63 (d, J = 1.1 Hz). HRMS-EI (m/z): [M+H]+ calcd for C6H8Br15N2O2, 220.9710; found, 220.9715.

[image: ]
Diphenyl thiocarbonate. Phenol (27.8 g, 0.295 mol), triethylamine (82.0 mL, 0.590 mol) and diethyl ether (600.0 mL) were mixed in a three-neck 1 L round bottom flask equipped with a magnetic stirring bar, thermometer, and a drying tube. After the mixture was cooled to 0 °C, thiophosgene (11.30 mL, 0.147 mol) was added dropwise via syringe over 30 min period, inducing immediate formation of a precipitate. The mixture was allowed to warm to room temperature and stirred for 1 h. The solution was poured into 1.0 L of water, the organic phase was separated and the aqueous phase was extracted with diethyl ether (3×100 mL). The combined organic phase was washed with water (2×500 mL), dried with MgSO4 and concentrated to dryness under reduced pressure. The crude product was recrystallized from hexanes to afford 30.80 g (0.134 mol, 90% yield) of diphenyl thiocarbonate as a white crystalline solid. 1H NMR (500 MHz, CDCl3) δ 7.48 (t, J = 7.9 Hz, 4H), 7.34 (t, J = 7.4 Hz, 2H), 7.24 (d, J = 7.5 Hz, 4H). 13C NMR (151 MHz, CDCl3) δ 194.7, 153.5, 129.5, 126.7, 121.7. HRMS-EI (m/z): [M+H]+ calcd for C13H12O2S, 232.0558; found, 232.0546.

[image: ]
[15N2]-Ammonium isothiocyanate. Ammonium chloride (2.50 g, 45.87 mmol, >99% 15N isotope purity) was mixed with 5.0 g (0.125 mol) of granular NaOH in a 25 mL one neck round bottom flask equipped with a magnetic stirring bar and an outlet for ammonia. The outlet was connected to a drying tube filled with granular sodium hydroxide. The drying tube was then connected to a 25 mL round bottom pressure vessel cooled to –78 °C, which served as a receiving flask. The mixture was gently heated with a blow torch until no more ammonia was condensing in the receiving vessel (approx. 15 min). After the weight of the collected ammonia was measured (0.82 g, 45.6 mmol, 99% recovery), water (4.0 mL) was carefully added at –78°C. Diphenyl thiocarbonate (4.80 g, 20.87 mmol) was added to the frozen mixture and the vessel was sealed. After the reaction vessel was warmed to room temperature, it was placed into an oil bath preheated at 115 °C and stirred at this temperature for 12 h. The mixture was cooled to room temperature, diluted with water (30.0 mL) and phenol was removed by extraction with Et2O (3×35.0 mL). The aqueous phase was separated and concentrated to dryness under reduced pressure. The residual water was removed by azeotropic evaporation with methanol to produce title compound (1.70 g, 21.8 mmol, 95% yield based on 15NH4Cl) as a white powder.  13C NMR (101 MHz, D2O) δ 133.5 (d, J = 13.4 Hz). 15N NMR (41 MHz, D2O) δ –174.65 (SCN).[endnoteRef:7] [7: 
 15NH4+ signal is too diffuse and is not observed. Laxer, A.; Major, D. T.; Gottlieb, H.E.; Fischer, B. J. Org. Chem., 2001, 66, 5463-5481.] 
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[15N2]-Thiourea. [15N2]-Thiourea was prepared according to a procedure reported by Fischer and co-workers[endnoteRef:8] starting from 8.40 g (0.108 mol) of [15N2]-ammonium isothiocyanate  affording 4.8 g (61.54 mmol, 57 % yield) of the product as a pinkish solid after six reaction cycles with recovery of the starting material. 13C NMR (126 MHz, acetone-d6) δ 186.2 (t, J = 15.5 Hz).  15N NMR (41 MHz, acetone-D6) δ –276.45.  [8: 
 Laxer, A.; Major, D. T.; Gottlieb, H.G.; Fischer, B. J. Org. Chem., 2001, 66, 5463-5481.] 
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[15N2]-S-Methylisothiourea hydroiodide. A solution of [15N2]-thiourea (4.00 g, 51.3 mmol) in 40.0 mL of methanol was placed in 100 mL round bottom flask equipped with a magnetic stirring bar and a reflux condenser. Iodomethane (3.20 mL, 51.3 mmol) was added in one portion and the mixture was heated at reflux for 2 h. The reaction mixture was allowed to cool to room temperature and concentrated to dryness under reduced pressure providing a yellowish solid that was mixed with EtOAc (50.0 mL), and the precipitate that did not dissolve was filtered. The precipitate was sequentially washed several times with EtOAc and diethyl ether until it become completely colorless. The product was dried under vacuum to provide 8.35 g (38.0 mmol, 74% yield) of white powder.  1H NMR (500 MHz, DMSO-d6) δ 8.81 (br s, 4H), 2.56 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 171.1 (t, J = 18.1 Hz), 13.6. 15N NMR (41 MHz, DMSO-D6) δ –271.08.
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[15N2]-Di-tert-butyloxycarbonyl-S-methylisothiourea ([15N2]-6). A procedure reported by Hammerschmid et al.[endnoteRef:9] was used with minor modifications for the preparation of [15N2]-di-tert-butyloxycarbonyl-S-methylisothiourea. Boc2O (24.4 g, 119.9 mmol) was added to a suspension of [15N2]-S-methylisothiourea hydroiodide (8.20 g, 37.3 mmol) in dichloromethane (90.0 mL) in one portion followed by the addition of saturated aqueous NaHCO3 (90.0 mL). The resultant mixture was vigorously stirred at room temperature for 72 h. The layers were separated and the aqueous phase was extracted with dichloromethane (3×50 ml). The combined organic phase was dried over Na2SO4 and concentrated under reduced pressure. Excess Boc2O was removed by vacuum distillation at 0.5 mmHg and the residue was purified by column chromatography (3% EtOAc in hexanes) to afford [15N2]-6 as a white solid (10.41 g, 35.65 mmol, 96% yield). 1H NMR (400 MHz, CDCl3) δ 11.58 (d, J = 90.9 Hz, 1H), 2.36 (s, 3H), 1.49 (s, 9H), 1.47 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 171.5 (dd, J = 12.5, 2.5 Hz), 160.9 (d, J = 7.9 Hz), 150.9 (d, J = 25.0 Hz), 83.3, 81.1 (d, J = 1.8 Hz), 28.2, 14.5 (d, J = 5.8 Hz). 15N NMR (41 MHz, CDCl3) δ –169.179 (d, J = 0.9 Hz), –245.99 (d, J = 1.1 Hz). HRMS-EI (m/z): [M+Na]+ calcd for C12H2215N2NaO4S, 315.1139; found, 315.1139. [9: 
 Hammerschmidt, F.; Kvaternik, H.; Schweifer, A.; Mereiter, K.; Aignerb, R. M. Synthesis, 2012, 44, 3387. ] 
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[15N3]-Di-tert-butyloxycarbonylguanidine. Ammonium chloride (1.55 g, 28.4 mmol, >99% 15N isotope purity) was mixed with 3.0 g (0.075 mol) of granular NaOH in a 25 mL one neck round bottom flask equipped with a magnetic stirring bar and an outlet for ammonia connected to a drying tube filled with granular NaOH. The drying tube was connected to a receiving flask, which was a 25 mL round bottom glass pressure vessel. The receiving flask was cooled to –78 °C. The reaction mixture was heated with a blow torch until no more ammonia was condensing in the receiving vessel (approx. 15 min). After the weight of collected ammonia was measured (0.50 g, 27.8 mmol, 98% recovery), the reagent was carefully mixed with a solution of [15N2]-6 (5.2 g, 17.8 mmol) in isopropanol (8.0 mL) at –78 °C. The reaction mixture was warmed to room temperature and stirred for 96 h. The mixture was then filtered and concentrated to produce [15N3]-di(Boc)guanidine (4.60 g, 17.6 mmol, 99% yield) as a white solid. 1H NMR (500 MHz, CDCl3) δ 8.26 (s, 3H), 1.42 (s, 18H). 13C NMR (126 MHz, CDCl3) δ 158.5 (dt, J = 21.1, 13.7 Hz), 81.1 (br s), 28.1. 15N NMR (41 MHz, CDCl3) δ –293.17 (s), –305.56 (s). HRMS-EI (m/z): [M+Na]+ calcd for C11H2115N3NaO4, 285.1341; found, 285.1338.

[image: ]
[15N3]-Guanidine hydrochloride. [15N3]-di(Boc)guanidine (6.1 g, 23.4 mmol) was mixed with 12 M hydrochloric acid and the mixture was heated at reflux for 1.5 h. The resultant colorless homogenous mixture was cooled to room temperature and concentrated under reduced pressure. The residual water was removed by azeotropic evaporation with methanol (3 x 50 mL) to provide [15N3]-guanidine hydrochloride (2.30 g, 23.4 mmol, 100% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 7.20 (d, J = 90.8 Hz, 6H). 13C NMR (151 MHz, DMSO-d6) δ 158.4 (q, J = 20.1 Hz). 15N NMR (41 MHz, DMSO-d6) δ –303.29.
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Alcohol [15N2]-7. A 250 mL one neck round bottom flask equipped with a magnetic stirring bar was charged with 5-hexyn-1-ol (2.7 g, 27.5 mmol), [15N2]-4-bromo-2,6-dimethoxypyrimidine-1,3 (5, 4.05 g, 18.3 mmol), triethylamine (34.0 mL) and THF (34.0 mL) under an atmosphere of argon. The reaction mixture was cooled to –30 °C and thoroughly degassed via three vacuum and argon backfill cycles. PdCl2(PPh3)2 (0.257 g, 0.37 mmol) and CuI (0.139 g, 0.73 mmol) were added under an argon flow. The reaction mixture was warmed to room temperature and stirred for 2 h, at which point a complete disappearance of the starting material was observed by TLC. The resultant black mixture was poured into 150.0 mL of water and the product was extracted with EtOAc (3×100 mL). The combined organic phase was dried over Na2SO4 and concentrated to dryness under reduced pressure. The crude resudue was purified by column chromatography (65% EtOAc in hexanes) to afford product 7 (4.29 g, 18.0 mmol, 98% yield) as a pale yellow oil. 1H NMR (500 MHz, CDCl3) δ 6.39 (s, 1H), 3.96 (s, 3H), 3.93 (s, 3H), 3.73 – 3.59 (m, 2H), 2.62 – 2.35 (m, 2H), 1.90 (s, 1H), 1.79 – 1.50 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 171.9 (d, J = 9.0 Hz), 165.4 (dd, J = 9.0, 6.0 Hz), 151.9 (d, J = 3.8 Hz), 106.7 – 102.5 (m), 94.2 (d, J = 1.9 Hz), 79.3 (d, J = 10.0 Hz), 62.2, 55.43 – 54.39 (dd, J = 3.31, 2.81 Hz), 54.0 (d, J = 4.0 Hz), 31.9, 24.5, 19.3. 15N NMR (41 MHz, CDCl3) δ –152.69 (d, J = 1.0 Hz), –163.14 (d, J = 1.0 Hz). HRMS-EI (m/z): [M+H]+ calcd for C12H1715N2O3, 239.1180; found, 239.1180.
[image: ]
Alcohol 7. Compound 7 (14.08 g, 59.6 mmol, 99% yield) was obtained using the preceding procedure starting from 12.95 g (59.7 mmol) of compound 5, 8.8 g (89.7 mmol) of 5-hexyn-1-ol, 0.84 g (1.2 mmol) of PdCl2(PPh3)2, 0.45 g (2.37 mmol) of CuI, 109.0 mL of triethylamine and 109.0 mL of THF. 1H NMR (500 MHz, CDCl3) δ 6.38 (s, 1H), 3.94 (s, 3H), 3.91 (s, 3H), 3.72 – 3.62 (m, 2H), 2.50 – 2.40 (m, 2H), 2.19 (s, 1H), 1.75 – 1.62 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 171.8, 165.4, 151.9, 104.4, 94.2, 79.2, 62.1, 55.0, 54.0, 31.9, 24.5, 19.3. HRMS-EI (m/z): [M+H]+ calcd for C12H17N2O3, 237.1239; found, 237.1247.

Table S1. Optimization of the crotylation protocol with crotylsilane (S,S)-9. 
[image: ]
	Reaction temperature, °C
	Reaction time
	Results

	0
	15 min
	71% yield, 88% eea

	–20
	20 min
	99% yield, 91% eea

	–40
	2 h 45 min 
	95% yield, 91% eea

	–78
	7 h
	30% conversionb, 91% eea


a. measured by HPLC; b. determined by 1H NMR of the crude reaction
Aldehyde S2 was prepared according to the procedure reported by Jung and co-workers.[endnoteRef:10] The temperature effect was investigated using the following procedure. Aldehyde S2 (50.0 mg, 0.224 mmol) and dichloromethane (2.2 mL) were added to a 5.0 mL two neck round bottom flask equipped with a magnetic stirring bar, thermometer, and argon inlet adapter. The reaction mixture was cooled to the indicated temperature and crotylsilane (S,S)-9[endnoteRef:11] (0.153 g, 0.270 mmol, E/Z 10:1) and Sc(OTf)3 (5.5 mg, 11 µmol) were added. After the indicated time and temperature, TLC showed a complete consumption of the starting material. Next, a 1.0 M solution of tetra-n-butylammonium fluoride in THF (0.224 mL, 0.224 mmol) was added and the mixture was warmed to room temperature. The solvent was removed under reduced pressure and the residue was purified by column chromatography (30% EtOAc in hexanes). A second column chromatography using the same solvent system was required to obtain product S3 of sufficient purity, which was isolated as a colorless oil.[endnoteRef:12] The enantiomeric purity of the material was determined in each case by HPLC analysis. [Chiralcel ® AD-H; 1% i-PrOH- Hexanes; flow rate = 1 mL/ min; detection at 215 nm; t1 = 50.60 min. (major), t2 = 57.28 min. (minor)]. []D20 = –1.265° (c 1.0, CHCl3).  1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 5.81 – 5.69 (m, 1H), 5.15 – 5.04 (m, 2H), 4.43 (s, 2H), 3.80 (s, 3H), 3.49 – 3.40 (m, 2H), 3.42 – 3.35 (m, 1H), 2.25 – 2.14 (m, 1H), 1.76 – 1.33 (m, 7H), 1.02 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ159.1, 140.3, 130.7, 129.2, 116.2, 113.7, 74.6, 72.5, 70.0, 55.2, 44.1, 34.0, 29.7, 22.4, 16.2. HRMS-EI (m/z): [M+H]+ calcd for C17H27O3, 279.1960; found, 279.1948. [10: 
 Jung, M. E.; Berliner, J. A.; Angst, D.; Yue, D.; Koroniak, L.; Watson, A. D.; Li, R. Org. Lett. 2005, 7, 3933-3935.]  [11: 
 Kim, H.; Ho, S.; Leighton, J. L. J. Am. Chem. Soc., 2011, 133, 6517-6520.
]  [12:  Fuwa, H.; Okuaki, Y.; Yamagata, N.; Sasaki M. Angew. Chem. Int. Ed., 2015, 54, 868-873.
] 
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Homoallylic alcohol [15N2]-10. A solution of oxalyl chloride (2.6 mL, 36.0 mmol) in 160.0 mL of dichloromethane cooled to –78 °C. Me2SO (2.8 mL, 39.5 mmol) was added dropwise over 5 min period followed by stirring at –78 °C for another 20 min. A solution of [15N2]-7 (4.28 g, 18.0 mmol) in 20.0 mL of dichloromethane was added dropwise over 3 min. The reaction mixture was allowed to stir at –78 °C for 10 min and triethylamine (10.0 mL, 71.9 mmol) was added. The cooling bath was removed and the reaction was warmed to 0 ºC during 30 min. At that point, TLC analysis indicated a complete reaction, and the mixture was poured in water (200 mL). The organic phase was separated and the aqueous phase was extracted with dichloromethane (3×70 mL). The combined organic phase was washed with saturated aqueous ammonium chloride (200 mL), dried over Na2SO4 and concentrated to dryness under reduced pressure. The crude product was purified by column chromatography (25% EtOAc in hexanes → 50% EtOAc in hexanes) to yield colorless oil which was immediately used in the next step due to aldehyde instability.
The aldehyde was placed into a two neck 500 mL round bottom flask equipped with stirring bar, thermometer and argon inlet adapter and dissolved in dichloromethane (180 mL). The solution was cooled to –20 °C and (E)-crotylsilane (S,S)-9 (15.3 g, 26.9 mmol, E/Z 10:1) was added followed by Sc(OTf)3 (0.44 g, 0.90 mmol). The mixture was stirred at –20 °C for 1.5 - 2 h (complete disappearance of aldehyde was observed by TLC). Next, a solution of tetra-n-butylammonium fluoride (9.4 g, 36.0 mmol) in 20.0 mL of dichloromethane was added and the mixture was warmed to room temperature. The solvent was removed under reduced pressure and the residue was fractionated by column chromatography (35% EtOAc in hexanes). Fractions containing the product were combined and the product (4.87 g, 16.7 mmol, 93% yield over two steps, dr 10:1) was isolated as yellowish oil after the second column chromatography using the same solvent system. The enantiopurity of the material was determined by HPLC analysis after the benzoylation with benzoyl chloride (see below).
[15N2]-10: []D19 – 0.4° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 6.39 (s, 1H), 5.81 – 5.65 (m, 1H), 5.18 – 5.00 (m, 2H), 3.96 (s, 3H), 3.92 (s, 3H), 3.45 – 3.34 (m, 1H), 2.45 (t, J = 6.9 Hz, 2H), 2.23 – 2.12 (m, 1H), 1.88 – 1.77 (m, 1H), 1.72 – 1.59 (m, 2H), 1.53 – 1.44 (m, 1H), 1.02 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.8 (d, J = 8.7 Hz), 165.4 (dd, J = 9.1, 6.1 Hz), 151.9 (d, J = 3.5 Hz), 140.6, 116.6, 105.8 – 103.2 (m), 94.3 (d, J = 1.9 Hz), 79.3 (d, J = 10.0 Hz), 74.2 (d, J = 9.6 Hz), 55.1 – 55.0 (dd, J = 3.3, 2.7 Hz), 54.0 (d, J = 4.0 Hz), 44.4, 33.4, 24.5, 19.5, 16.4. 15N NMR (41 MHz, CDCl3) δ –152.44 (d, J = 1.0 Hz), –162.95 (d, J = 1.0 Hz). HRMS-EI (m/z): [M+H]+ calcd for C16H2315N2O3, 293.1649; found, 293.1635.
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Benzoate [15N2]-S4. A solution containing alcohol 10 (10 mg, 34.4 µmol) and pyridine (25 µL, 0.31 mmol) in dichloromethane (0.2 mL) was added to a 1 dram vial and cooled to 0 °C. After benzoyl chloride (36 µL, 0.31 mmol) was added in one portion the reaction was warmed to room temperature and stirred overnight. The mixture was diluted with dichloromethane (5 mL) and washed with water (5 mL). The organic phase was dried over Na2SO4 and the solvent was removed under reduced pressure. The crude product was purified by column chromatography (10% EtOAc in hexanes) to afford the product (12 mg, 30 µmol, 88% yield based on material with small amount of grease, single diastereomer) as yellowish oil. ee: 94% [Chiralcel ® AD-H; 2% i-PrOH-hexanes; flow rate = 1 mL/min; detection at 254 nm; t1 = 14.09 min. (major), t2 = 15.42 min. (minor)]. []D23 – 3.8° (c 0.53, CHCl3). 1H NMR (600 MHz, CDCl3) δ 8.04 (d, J = 8.4 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.8 Hz, 2H), 6.41 (s, 1H), 5.93 – 5.79 (m, 1H), 5.20 – 5.13 (m, 1H), 5.13 – 5.02 (m, 2H), 3.98 (s, 3H), 3.95 (s, 3H), 2.61 – 2.51 (m, 1H), 2.49 – 2.43 (m, 2H), 1.85 – 1.79 (m, 2H), 1.75 – 1.63 (m, 2H), 1.09 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 172.0 – 171.4 (m), 166.3, 165.3, 151.9 – 151.3 (m), 139.2, 132.9, 130.4, 129.6, 128.4, 115.9, 104.5, 93.6, 79.3, 76.8, 54.9 (dd, J = 3.4, 2.5 Hz), 53.9 (d, J = 4.0 Hz), 41.8, 30.8, 24.2, 19.3, 16.2. 15N NMR (41 MHz, CDCl3) δ –152.47, –162.82. HRMS-EI (m/z): [M+H]+ calcd for C23H2715N2O4, 397.1912; found, 397.1907.
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Racemic benzoate [15N2]-S4. Aldehyde 8 (33 mg, 0.141 mmol) was obtained according to the procedure reported above.  
Aldehyde 8 was dissolved in a mixture of CH2Cl2 (1 mL) and water (1mL). Potassium (E)-crotyltrifluoroborate (55 mg, 0.338 mmol, E/Z 10:1) and tetra-n-butylammonium iodide (5 mg, 14 µmol) were added to the mixture. The reaction was vigorously stirred at ambient temperature for 30 min, diluted with CH2Cl2 (15 mL) and water (15 mL) and transferred to a separatory funnel. The organic phase was separated and the aqueous solution was extracted with CH2Cl2 (2×15 mL). The combined organic phase was dried over Na2SO4 and concentrated to dryness. The crude product was purified by column chromatography (35% EtOAc in hexanes) to produce racemic alcohol 10 (31 mg, 0.107 mmol, dr 10:1 76% yield) as a colorless liquid.
Alcohol 10 was submitted to the reaction with benzoyl chloride to produce benzoate ester S4 according to the method described above.
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Homoallylic alcohol 10. This compound (15.64 g, 53.9 mmol, 95% yield) was obtained using the procedure described above for its 15N analog. The aldehyde was prepared starting from 13.4 g (56.7 mmol) of alcohol 7, 9.7 mL (0.113 mmol) of oxalyl chloride, 8.85 mL (1.2 mmol) of Me2SO, 32.0 mL of triethylamine and 190 mL of dichloromethane. Stereoselective crotylation reaction was performed using 48.4 g (0.085 mol, E/Z 10:1) of (E)-crotylsilane (S,S)-9, 1.4 g (2.84 mmol, E/Z 10:1) of Sc(OTf)3 and 29.6 g (0.113 mmol) of tetra-n-butylammonium fluoride in 567 mL of dichloromethane. The enantiopurity of the material was determined by HPLC analysis after the derivatization with benzoyl chloride (see below). Major isomer: []D23 – 0.7° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 6.41 (s, 1H), 5.82 – 5.68 (m, 1H), 5.18 – 5.04 (m, 2H), 3.98 (s, 3H), 3.95 (s, 3H), 3.48 – 3.39 (m, 1H), 2.48 (t, J = 7.0 Hz, 2H), 2.25 – 2.16 (m, 1H), 1.89 – 1.79 (m, 1H), 1.75 – 1.66 (m, 2H), 1.63 (br. s, 1H), 1.57 – 1.46 (m, 1H), 1.04 (d, J = 6.8 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 171.9, 165.4, 152.0, 140.3, 116.7, 104.6, 94.3, 79.3, 74.2, 55.1, 54.0, 44.5, 33.4, 24.5, 19.6, 16.4. HRMS-EI (m/z): [M+Na]+ calcd for C16H22N2NaO4, 313.1528; found, 313.1517.
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Benzoate S4. This compound (11.5 mg, 29.2 mmol, 85% yield) was obtained using the procedure described above for its 15N analog starting from 10.0 mg (34.4 µmol) of 10, 25 µL (0.31 mmol) of pyridine and 36 µL (0.31 mmol) of benzoyl chloride in 0.2 mL of dichloromethane. ee: 94% [Chiralcel ® AD-H; 2% i-PrOH- Hexanes; flow rate = 1 mL/ min; detection at 254 nm; t1 = 14.09 min. (major), t2 = 15.42 min. (minor)]. []D23 – 8.5° (c 0.93, CHCl3). 1H NMR (600 MHz, CDCl3) δ 8.04 (d, J = 7.8 Hz, 2H), 7.56 (t, J = 7.3 Hz, 1H), 7.44 (t, J = 7.5 Hz, 2H), 6.41 (s, 1H), 5.93 – 5.78 (m, 1H), 5.18 – 5.13 (m, 1H), 5.13 – 5.04 (m, 2H), 3.98 (s, 3H), 3.95 (s, 3H), 2.61 – 2.51 (m, 1H), 2.51 – 2.43 (m, 2H), 1.87 – 1.78 (m, 2H), 1.74 – 1.64 (m, 2H), 1.09 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.8, 166.3, 165.3, 151.7, 139.2, 132.9, 130.4, 129.6, 128.4, 115.9, 104.5, 93.6, 79.3, 76.7, 54.9, 53.9, 41.8, 30.8, 24.2, 19.3, 16.1. HRMS-EI (m/z): [M+Na]+ calcd for C23H26N2NaO4, 417.1790; found, 417.1791.
[image: ]

[image: ]
Figure S2. HPLC analysis of compound S4 prepared via Leighton crotylation protocol.
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Synthesis of homoallylic alcohol 10 directly from 7. A method reported by Krische and co-workers[endnoteRef:13] was utilized. Under an atmosphere of argon, a flame-dried vial was charged with alcohol 7 (54 mg, 0.228 mmol), iridium catalyst (S)-S12 (12 mg, 11 µmol), potassium phosphate (24 mg, 0.114 mmol), THF (0.11 mL) and water (21 µL, 1.14 mmol). But-3-en-2-yl acetate (58 µL, 0.455 mmol) was added and the reaction mixture was stirred at ambient temperature for 30 min. Next, the reaction was stirred at 60 °C for 48 h. The mixture was concentrated under reduced pressure and the dry residue was purified by column chromatography (30% EtOAc in hexanes) to afford the product (14 mg, 0.048 mmol, 21% yield, dr 4:1, 96% ee for the major diastereomer) as pale yellow oil. The enantiopurity of the material was determined by HPLC analysis after derivatization with benzoyl chloride as described above.  [13: 
 Gao, X.; Townsend, I. A.; Krische, M. J. J. Org. Chem. 2011, 76, 2350-2354.] 
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Figure S3. HPLC analysis of compound 10 prepared via Krische’s crotylation protocol.
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Alkoxycarbonyl guanidine [15N5]-11. 1,1’-Carbonyldiimidazole (3.76 g, 23.2 mmol) was added to a solution of alcohol 10 (5.65 g, 19.3 mmol) in THF (64.0 mL) and the reaction mixture was stirred at ambient temperature overnight. The solvent was removed under reduced pressure and the crude product was purified by column chromatography (50% EtOAc in hexanes) to produce colorless oil that was used for the next step.
[15N3]-Guanidine hydrochloride (2.28 g, 23.0 mmol) was added to a freshly prepared solution of sodium methoxide obtained by dissolving 0.53 g (23.0 mmol) of sodium in dry methanol (116.0 mL). The reaction mixture was stirred for 10 min and concentrated to dryness under reduced pressure. The residual methanol was removed by repetitive addition of THF and evaporation using rotary evaporator (3  70 mL). The material was dried under vacuum for 30 min and then dissolved in 97 mL of DMF. N-Alkoxycarbonyl imidazole obtained in the first step was dissolved in 97 mL of THF and added dropwise over 1 h period to the solution of guanidine in DMF. The reaction mixture was stirred for an additional 10 min and then poured into 300 mL of water. The product was extracted with EtOAc (4×80 mL). The combined organic phase was sequentially washed with water (2×150 mL), saturated aqueous ammonium chloride (2×150 mL) and brine (150 mL), then dried with Na2SO4, and the organic solvent was removed under reduced pressure. The crude product was subjected to column chromatography (2% MeOH in dichloromethane → 10% MeOH in dichloromethane) to deliver the product (6.3 g, 16.6 mmol, 86% yield over two steps) as a white foam. []D21 + 104.8° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.10 (br. s, 4H), 6.38 (s, 1H), 5.79 – 5.66 (m, 1H), 5.10 – 4.93 (m, 2H), 4.79 – 4.66 (m, 1H), 3.94 (s, 3H), 3.92 (s, 3H), 2.53 – 2.32 (m, 3H), 1.75 – 1.52 (m, 4H), 0.97 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.9 (d, J = 8.8 Hz), 165.2 (dd, J = 8.5, 7.2 Hz), 162.2 – 161.7 (m), 161.6 (d, J = 10.8 Hz), 151.8 (d, J = 4.1 Hz), 139.5, 115.5, 104.3, 94.7 (d, J = 1.9 Hz), 79.0 (d, J = 9.7 Hz), 76.8, 55.0 (t, J = 2.9 Hz), 54.1 (d, J = 3.9 Hz), 41.8, 30.3, 24.4, 19.3, 15.5. 15N NMR (41 MHz, CDCl3) δ –152.92 (d, J = 1.0 Hz), –163.97 (d, J = 1.0 Hz), –237.39, –298.82 (215N). HRMS-EI (m/z): [M+H]+ calcd for C18H2615N5O4, 381.1837; found, 381.1823.
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Alkoxycarbonyl guanidine 11. 1,1’-Carbonyldiimidazole (6.7 g, 41.4 mmol) was added to a solution of alcohol 10 (10.0 g, 34.4 mmol) in THF (115.0 mL) and the reaction was stirred at ambient temperature overnight to prepare corresponding N-alkoxycarbonyl imidazole derivative.
Guanidine hydrochloride (13.2 g, 0.138 mol) was added to a freshly prepared solution of sodium methoxide obtained by dissolving 3.17 g (0.138 mol) of sodium in dry methanol (200.0 mL). The reaction mixture was stirred for 10 min and concentrated to dryness under reduced pressure. The material was dried under vacuum for 10 min and dissolved in 115 mL of DMF. A crude solution of N-alkoxycarbonyl imidazole obtained in the first step was added dropwise over 10 min to the solution of guanidine in DMF. The reaction was stirred for an additional 10 min and poured into 600 mL of water. The product was extracted with EtOAc (4×150 mL). The combined organic phase was sequentially washed with water (2×400 mL), saturated aqueous ammonium chloride (2×400 mL) and brine (400 mL), then dried over Na2SO4 and the organic solvent was removed under reduced pressure. The crude product was subjected to column chromatography (2% MeOH in dichloromethane → 10% MeOH in dichloromethane) to deliver the product (10.76 g, 28.7 mmol, 83% yield) as a white foam. []D21 + 103.2° (c 1.0, CHCl3). 1H NMR (600 MHz, CDCl3) δ 7.42 (br. s, 4H), 6.41 (s, 1H), 5.83 – 5.68 (m, 1H), 5.06 – 4.99 (m, 2H), 4.81 – 4.72 (m, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 2.56 – 2.31 (m, 3H), 1.75 – 1.54 (m, 4H), 1.00 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 172.0, 165.3, 161.6, 161.2, 151.9, 139.5, 115.7, 104.4, 94.7, 79.1, 77.2, 55.1, 54.2, 41.9, 30.3, 24.5, 19.3, 15.5. HRMS-EI (m/z): [M+H]+ calcd for C18H26N5O4, 376.1985; found, 376.1978.
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Cyclic guanidine [15N5]-12a. A solution of guanidine 11 (6.3 g, 16.6 mmol) in 330.0 mL of acetonitrile was added to a 1 L round bottom flask equipped with a magnetic stirring bar and an argon inlet adapter. Sodium bicarbonate (13.9 g, 0.165 mol) was added and the mixture was cooled to 0 °C before freshly recrystallized N-iodosuccinimide (7.83 g, 34.8 mmol) was added in one portion. The heterogeneous mixture was vigorously stirred for 5 h followed by quench with 10% aqueous sodium thiosulfate (300.0 mL). The crude product was extracted with EtOAc (4×100 mL). The combined organic phase was dried over Na2SO4 and concentrated to dryness under reduced pressure. The residue was dissolved in dichloromethane (165.0 mL), iPr2NEt (5.76 mL, 33.12 mmol) and MbsCl (4.1 g, 19.90 mmol) were added sequentially and the mixture was stirred for 30 min at ambient temperature. Next, the solution was concentrated under reduced pressure, the crude product was dissolved in EtOAc (150 mL) and washed with water (2×100 mL). The organic phase was separated, dried over Na2SO4 and the solvent was removed by evaporation under reduced pressure. The product was purified by column chromatography (dichloromethane → 50% EtOAc in dichloromethane) to provide the title compound (6.41 g, 11.7 mmol, 71% yield, dr 2.5:1) as a yellowish foam.
Mixture of diastereomers [15N5]-12: 1H NMR (500 MHz, CDCl3) δ 8.29 (br. d, J = 43.4 Hz), 8.02 (d, J = 9.0 Hz), 6.98 (d, J = 9.0 Hz), 6.40 (s), 6.38 (s), 4.33 – 4.28 (m), 4.26 – 4.20 (m), 4.16 – 4.03 (m), 3.97 (s), 3.96 (d, J = 4.1 Hz), 3.95 (s), 3.94 (s), 3.87 (s), 3.86 (s), 3.82 – 3.73 (m), 3.47 – 3.38 (m), 3.26 – 3.18 (m), 2.56 – 2.42 (m), 2.24 – 2.16 (m), 2.01 – 1.61 (m), 1.04 (d, J = 6.6 Hz), 1.00 (d, J = 7.1 Hz). 15N NMR (41 MHz, CDCl3) δ -151.67 (d, J = 0.8 Hz), -162.82 (d, J = 0.8 Hz), -252.37 (dd, J = 4.7, 4.8 Hz), -252.86 (dd, J = 4.7, 4.8 Hz), -253.18 (dd, J = 4.7, 4.8 Hz), -261.43 (dd, J = 4.8, 1.5 Hz), -266.48 (dd, J = 4.8, 1.6 Hz).
A mixture of diastereomers [15N5]-12 (7.0 g, 12.8 mmol, dr 2.5:1) obtained in the previous step was dissolved in methanol (140 mL), acetic acid (7.0 mL) was added, and the solution was stirred for 1 h at ambient temperature. The reaction mixture was concentrated to dryness under reduced pressure and the residue was dissolved in dichloromethane (150 mL). This solution was washed with water (100 mL) and saturated aqueous sodium bicarbonate (100 mL), dried over Na2SO4 and concentrated under reduced pressure. The crude product was purified by column chromatography (50% EtOAc in dichloromethane to elute [15N5]-12b, then 5% MeOH in dichloromethane for [15N5]-S5) to produce 5.92 g of [15N5]-S5 along with 1.72 g of [15N5]-12b. 
[15N5]-S5.
[]D20 – 23.1° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 9.0 Hz, 2H), 6.93 (d, J = 9.0 Hz, 2H), 6.34 (s, 1H), 6.04 (br. s, 2H), 4.76 – 4.66 (m, 1H), 3.89 (s, 3H), 3.86 (s, 3H), 3.79 (s, 3H), 3.69 (s, 3H), 3.66 – 3.55 (m, 2H), 3.25 (dd, J = 9.1, 6.7 Hz, 1H), 2.43 – 2.32 (m, 2H), 1.78 – 1.50 (m, 5H), 0.61 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.6 (d, J = 8.7 Hz), 165.2 (dd, J = 9.1, 6.1 Hz), 163.6, 155.5, 151.8 (dt, J = 22.3, 7.3 Hz), 151.6 (d, J = 3.7 Hz), 129.8, 128.1 (d, J = 3.3 Hz), 114.4, 104.3, 93.3 (d, J = 1.8 Hz), 79.3 (d, J = 10.0 Hz), 79.0, 61.0, 55.6, 54.8, 54.6, 53.8 (d, J = 3.9 Hz), 50.2 (d, J = 7.2 Hz), 41.5 (d, J = 1.9 Hz), 29.2, 24.0, 19.2, 10.1. 15N NMR (41 MHz, CDCl3) δ –151.99 (d, J = 1.0 Hz), –162.77 (d, J = 1.0 Hz), –202.71, –245.72, –319.41. HRMS-EI (m/z): [M+H]+ calcd for C26H3415N5O8S, 581.1980; found, 581.1970.
[15N5]-12b.
[]D20 + 25.2° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 8.29 (br. d, J = 57.0 Hz, 1H), 8.02 (d, J = 9.0 Hz, 2H), 6.98 (d, J = 9.0 Hz, 2H), 6.40 (s, 1H), 4.34 – 4.22 (m, 2H), 4.12 – 4.03 (m, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 3.87 (s, 3H), 3.50 – 3.36 (m, 1H), 2.61 – 2.41 (m, 2H), 2.28 – 2.15 (m, 1H), 1.97 – 1.85 (m, 2H), 1.82 – 1.74 (m, 2H), 1.01 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.8 (d, J = 8.7 Hz), 165.3 (dd, J = 8.9, 6.3 Hz), 164.0, 151.5 (d, J = 3.8 Hz), 148.8 (d, J = 22.6 Hz), 146.0 (ddd, J = 19.1, 14.9, 8.6 Hz), 130.9, 128.4 (d, J = 4.2 Hz), 114.0, 104.4 (dd, J = 1.8, 1.7 Hz), 92.5 (d, J = 1.9 Hz), 84.4, 79.8 (d, J = 10.0 Hz), 55.7, 54.9 (dd, J = 2.9, 2.8 Hz), 54.0 (d, J = 3.9 Hz), 51.1 (d, J = 7.1 Hz), 45.8 (d, J = 6.9 Hz), 33.6, 30.4, 23.9, 18.9, 12.1. 15N NMR (41 MHz, CDCl3) δ –151.80 (d, J = 1.0 Hz), –162.73 (d, J = 1.0 Hz), –198.02 (dd, J = 4.6, 1.7 Hz), –253.28 (dd, J = 4.8, 4.7 Hz), –266.61 (dd, J = 4.8, 1.7 Hz). HRMS-EI (m/z): [M+Na]+ calcd for C25H2915N5NaO7S, 571.1537; found, 571.1552.
A solution of the methyl carbonate [15N5]-S5 (5.92 g, 10.4 mmol) in acetonitrile (100.0 mL) containing iPr2NEt (18.2 mL, 0.104 mol) was heated at reflux for 60 h under an atmosphere of argon. The reaction mixture was cooled to room temperature and the solvent was evaporated. The crude product was purified by column chromatography (50% EtOAc in dichloromethane) to afford pure [15N5]-12a (4.45 g, 8.11 mmol, 64% overall yield, 95% yield over two steps based on single diastereomer) as a white foam. []D20 – 21.9° (c 1.0, CHCl3). 1H NMR (600 MHz, CDCl3) δ 8.16 (br. d, J = 60.4 Hz, 1H), 7.91 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 9.0 Hz, 2H), 6.29 (s, 1H), 4.14 – 4.08 (m, 1H), 4.08 – 4.02 (m, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 3.76 (s, 3H), 3.74 – 3.66 (m, 1H), 3.13 (m, 1H), 2.43 – 2.32 (m, 2H), 1.89 – 1.80 (m, 1H), 1.80 – 1.69 (m, 1H), 1.68 – 1.51 (m, 3H), 0.94 (d, J = 6.6 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 171.6 (d, J = 8.7 Hz), 165.1 (dd, J = 8.9, 6.3 Hz), 163.9, 151.4 (d, J = 3.6 Hz), 149.1, 146.1 (ddd, J = 18.9, 15.0, 8.6 Hz), 130.9, 128.1, 113.9, 104.2, 92.7 (d, J = 1.9 Hz), 83.2, 79.5 (d, J = 10.0 Hz), 56.4 (d, J = 7.3 Hz), 55.6, 54.8 (dd, J = 3.0, 2.9 Hz), 53.8 (d, J = 4.0 Hz), 48.9 (d, J = 6.7 Hz), 35.6, 30.8, 22.5, 18.8, 11.6 (d, J = 1.8 Hz). 15N NMR (41 MHz, CDCl3) δ -151.64 (d, J = 0.8 Hz), -162.74 (d, J = 1.0 Hz), -197.48 (dd, J = 4.8, 4.5 Hz), -252.43 (dd, J = 4.6, 4.8 Hz), -261.48 (dd, J = 4.8, 1.5 Hz). HRMS-EI (m/z): [M+Na]+ calcd for C21H24N3O4S, 571.1537; found, 571.1522.
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Figure S4. X-ray structure of compound 12b.
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Cyclic guanidine 12a. This material (11.6 g, 21.3 mmol, 71% yield) was obtained using the procedure described above from 11.3 g (30.1 mmol) of 11. 
Compound S5.
[]D21 – 23.1° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.83 (d, J = 9.0 Hz, 2H), 6.97 (d, J = 9.0 Hz, 2H), 6.39 (s, 1H), 5.37 (br. s, 2H), 4.78 – 4.70 (m), 3.94 (s, 3H), 3.92 (s, 3H), 3.84 (s, 3H), 3.74 (s, 3H), 3.72 – 3.66 (m, 1H), 3.66 – 3.58 (m, 1H), 3.31 (dd, J = 9.4, 6.8 Hz, 1H), 2.40 (t, J = 6.4 Hz, 2H), 1.81 – 1.54 (m, 5H), 0.65 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.6, 165.2, 163.6, 155.5, 151.5, 151.6, 129.8, 128.1, 114.4, 104.4, 93.3, 79.3, 79.0, 61.1, 55.6, 54.8, 54.6, 53.8, 50.2, 41.4, 29.3, 24.0, 19.2, 10.1. HRMS-EI (m/z): [M+H]+ calcd for C26H34N5O8S, 576.2128; found, 576.2131.
Compound 12b.
[]D21 + 24.4° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 8.30 (br. s, 1H), 8.03 (d, J = 8.9 Hz, 2H), 6.99 (d, J = 9.0 Hz, 2H), 6.41 (s, 1H), 4.35 – 4.23 (m, 2H), 4.08 (dd, J = 9.1, 7.5 Hz, 1H), 3.98 (s, 3H), 3.96 (s, 3H), 3.88 (s, 3H), 3.48 – 3.41 (m, 1H), 2.62 – 2.44 (m, 2H), 2.24 – 2.17 (m, 1H), 1.97 – 1.84 (m, 2H), 1.83 – 1.66 (m, 2H), 1.02 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.7, 165.3, 163.9, 151.4, 148.7, 145.9, 130.9, 128.4, 113.9, 104.4, 92.3, 84.3, 79.8, 55.6, 54.8, 53.9, 51.1, 45.7, 33.5, 30.4, 23.9, 18.8, 12.1. HRMS-EI (m/z): [M+Na]+ calcd for C25H29N5NaO7S, 566.1685; found, 566.1672.
Compound 12a.
[]D19 – 21.5° (c 1.0, CHCl3). 1H NMR (600 MHz, CDCl3) δ 8.31 (s, 1H), 8.04 (d, J = 8.9 Hz, 2H), 6.99 (d, J = 8.9 Hz, 2H), 6.39 (s, 1H), 4.29 – 4.20 (m, 1H), 4.18 – 4.08 (m, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 3.87 (s, 3H), 3.83 – 3.72 (m, 1H), 3.26 – 3.19 (m, 1H), 2.55 – 2.43 (m, 2H), 2.00 – 1.93 (m, 1H), 1.92 – 1.82 (m, 1H), 1.79 – 1.65 (m, 3H), 1.05 (d, J = 6.6 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.6, 165.2, 163.9, 151.4, 149.0, 146.2, 130.9, 128.0, 113.9, 104.2, 92.7, 83.2, 79.5, 56.4, 55.6, 54.7, 53.8, 48.9, 35.6, 30.8, 22.5, 18.8, 11.7. HRMS-EI (m/z): [M+H]+ calcd for C25H30N5O7S, 544.1866; found, 544.1844.
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Diene [15N5]-13 (a 6:1 mixture of E/Z isomers). A solution of alkyne [15N5]-12a (4.1 g, 7.47 mmol) in 1,4-dioxane (75.0 mL) was added to a 250 mL round bottom flask equipped with a magnetic stirring bar and a reflux condenser with attached argon inlet adapter. The air atmosphere was replaced with argon by 3 repeated vacuum/argon backfill cycles. Pd(PPh3)4 (2.16 g, 1.87 mmol) and a solution of benzoic acid (0.45 g, 3.67 mmol) in 3 mL of chloroform were added to this solution, and the mixture was heated at reflux for 1 h. The resultant brown solution was cooled to room temperature, diluted with EtOAc (100.0 mL) and a solution of sodium diethyldithiocarbamate (0.84 g, 3.74 mmol) in water (20.0 mL) was added. The resultant biphasic mixture was stirred for 30 min, filtered through a pad of celite and the organic phase was separated. The aqueous phase was additionally extracted with EtOAc (3×70 mL) and all organic fractions were combined. After drying with Na2SO4, the solvent was removed under reduced pressure and the crude product was purified by column chromatography (35% EtOAc in dichloromethane) to provide [15N5]-13 (3.04 g, 5.54 mmol, 74% yield) as a 6:1 mixture of E and Z isomers.  
(E)-isomer: 1H NMR (600 MHz, CDCl3) δ 8.27 (ddd, J = 61.7, 6.7, 3.3 Hz, 1H), 8.01 (d, J = 8.7 Hz, 2H), 7.37 (dd, J = 15.1, 11.0 Hz, 1H), 6.96 (d, J = 8.9 Hz, 2H), 6.35 – 6.26 (m, 2H), 6.18 (s, 1H), 6.02 – 5.93 (m, 1H), 4.25 – 4.15 (m, 2H), 3.97 (s, 3H), 3.93 (s, 3H), 3.84 (s, 3H), 3.80 – 3.69 (m, 1H), 3.24 – 3.14 (m, 1H), 2.74 – 2.63 (m, 1H), 2.47 – 2.37 (m, 1H), 1.76 – 1.65 (m, 1H), 1.01 (d, J = 6.6 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 172.2 (d, J = 8.7 Hz), 165.3 – 164.6 (m), 163.9, 163.7, 148.9 (d, J = 22.4 Hz), 146.1 (ddd, J = 18.9, 14.9, 8.5 Hz), 135.4 (d, J = 3.6 Hz), 133.4, 131.7, 130.9, 128.8, 128.0, 113.9, 99.3, 82.8, 56.2 (d, J = 7.4 Hz), 55.6 (d, J = 3.1 Hz), 54.7 – 54.3, 53.7 (dd, J = 4.3, 4.2 Hz), 48.8 (d, J = 6.7 Hz), 34.7 (d, J = 9.6 Hz), 11.5 (d, J = 1.8 Hz). 15N NMR (41 MHz, CDCl3) δ –162.05 (d, J = 1.0 Hz), –164.55 (d, J = 1.0 Hz), –197.25 (d, J = 2.8 Hz), –252.46 (m), –261.54 (d, J = 4.8 Hz). HRMS-EI (m/z): [M+Na]+ calcd for C25H2915N5NaO7S, 571.1537; found, 571.1522.
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Diene 13 (a 6:1 mixture of E/Z isomers). This material (2.43 g, 4.47 mmol, 72% yield) was obtained using the procedure described above for its 15N analog starting from 3.0 g (5.52 mmol) of 12a, 1.6 g (1.38 mol) of Pd(PPh3)4, 0.34 g (2.79 mmol) of benzoic acid and 55 ml of 1,4-dioxane. 
Major isomer: 1H NMR (600 MHz, CDCl3) δ 8.27 (s, 1H), 8.00 (d, J = 8.9 Hz, 2H), 7.37 (dd, J = 15.1, 11.0 Hz, 1H), 6.95 (d, J = 8.9 Hz, 2H), 6.34 – 6.26 (m, 2H), 6.18 (s, 1H), 6.00 – 5.94 (m, 1H), 4.25 – 4.14 (m, 2H), 3.97 (s, 3H), 3.93 (s, 3H), 3.83 (s, 3H), 3.81 – 3.74 (m, 1H), 3.20 – 3.14 (m, 1H), 2.72 – 2.65 (m, 1H), 2.46 – 2.37 (m, 1H), 1.76 – 1.66 (m, 1H), 1.01 (d, J = 6.6 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 172.4, 165.2, 164.1, 163.9, 149.0, 146.1, 135.6, 133.8, 131.6, 131.1, 129.1, 114.1, 99.6, 83.0, 56.5, 55.8, 54.9, 53.9, 49.0, 35.0, 34.9, 11.7. HRMS-EI (m/z): [M+Na]+ calcd for C25H29N5NaO7S, 566.1685; found, 566.1672.
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Tricyclic guanidines [15N5]-17 and [15N5]-S6: intramolecular double conjugate addition of guanidine. A solution of 1,3-diene [15N5]-13 (3.0 g, 5.47 mmol), MeOH (8.85 mL, 0.219 mol) and i-Pr2NEt (9.5 mL, 54.70 mmol) in 55 mL of acetonitrile was placed in a 250 mL round bottom flask equipped with reflux condenser and drying tube. The mixture was heated at reflux for 24 h, then cooled to room temperature and concentrated under reduced pressure producing crude compound [15N5]-15 (formation of this compound was confirmed by 1H NMR). The resultant oil was dissolved in methanol (55 mL) containing 2.95 g (54.7 mmol) of sodium methoxide. The mixture was stirred for 30 min and poured into saturated aqueous ammonium chloride (100 mL). The product was extracted with EtOAc (4×70 mL). The combined organic phase was dried over Na2SO4 and the solvent was removed under reduced pressure. The residue was dissolved in dichloromethane (11.0 mL) and imidazole (2.23 g, 32.76 mmol) and chlorotriethylsilane (2.75 mL, 16.47 mmol) were added. The mixture was stirred for 6 h, then diluted with dichloromethane (50 mL) and poured in water (80 mL). The organic phase was separated and the aqueous phase was extracted with dichloromethane (3×50mL). The combined organic solution was dried with Na2SO4 and dichloromethane was evaporated under reduced pressure. Isomer [15N5]-17 (1.55 g, 2.43 mmol, 44% yield) was isolated by column chromatography of the crude mixture of products (65% EtOAc in hexanes → 50% EtOAc, 1% Et3N in acetone). An additional 1.68 g of products (93% combined yield) was isolated, which consisted of a 15:85 mixture of stereoisomers [15N5]-17 and [15N5]-S6. 
Tricyclic guanidine [15N5]-17.
[]D21 – 39.5° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 9.0 Hz, 2H), 6.89 (d, J = 9.0 Hz, 2H), 6.39 (s, 1H), 4.07 – 4.01 (m, 1H), 3.97 (s, 3H), 3.96 (s, 3H), 3.87 (s, 3H), 3.85 – 3.78 (m, 2H), 3.42 – 3.27 (m, 2H), 3.11 – 3.04 (m, 1H), 3.04 – 2.95 (m, 1H), 2.57 – 2.48 (m, 1H), 1.84 – 1.77 (m, 1H), 1.78 – 1.71 (m, 1H), 1.29 – 1.21 (m, 1H), 1.20 – 1.12 (m, 1H), 1.10 – 1.01 (m, 1H), 0.92 (t, J = 7.9 Hz, 9H), 0.89 (d, J = 6.8 Hz, 3H), 0.56 (q, J = 7.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 171.9 (d, J = 8.8 Hz), 171.2, 165.1 (dd, J = 8.8, 6.7 Hz), 163.4, 147.4 (ddd, J = 16.9, 14.9, 9.6 Hz), 131.0, 129.5 (d, J = 3.8 Hz), 113.4, 101.8 – 100.1, 69.3, 55.6, 54.6, 53.8 (d, J = 3.4 Hz), 53.7, 53.0 (d, J = 7.6 Hz), 50.5 (d, J = 6.1 Hz), 46.2 (dd, J = 7.9, 5.5 Hz), 45.0 (d, J = 8.2 Hz), 40.9, 40.1, 34.4, 13.9, 7.0, 5.0. 15N NMR (41 MHz, CDCl3) δ –148.18 (d, J = 1.3 Hz), –167.11 (d, J = 1.1 Hz), –206.15 (d, J = 4.6 Hz), –254.10 (dd, J = 4.8, 3.9 Hz), –288.49 (dd, J = 3.5, 0.9 Hz). HRMS-EI (m/z): [M+H]+ calcd for C30H4615N5O6SSi, 637.2790; found, 637.2792.
Tricyclic guanidine [15N5]-S6 (8-epi-[15N5]-17).
[]D22 + 41.8° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 8.9 Hz, 2H), 6.87 (d, J = 8.9 Hz, 2H), 6.25 (s, 1H), 3.96 – 3.89 (m, 7H), 3.85 (br. s, 1H), 3.82 (s, 3H), 3.80 – 3.75 (m, 1H), 3.52 – 3.44 (m, 1H), 3.37 (dd, J = 8.5, 6.3 Hz, 1H), 3.34 – 3.23 (m, 1H), 2.96 – 2.85 (m, 1H), 2.46 – 2.37 (m, 1H), 1.63 – 1.53 (m, 2H), 1.43 – 1.24 (m, 3H), 0.89 (t, J = 7.9 Hz, 9H), 0.85 (d, J = 6.7 Hz, 3H), 0.53 (q, J = 7.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.9 (d, J = 8.8 Hz), 170.5, 165.1 (dd, J = 8.8, 6.5 Hz), 163.4, 147.1 (ddd, J = 17.5, 13.6, 9.7 Hz), 130.5, 129.8, 113.6, 100.8, 69.6, 55.6, 54.6 (dd, J = 3.1, 3.0 Hz), 54.0 (d, J = 6.8 Hz), 53.7 (d, J = 3.9 Hz), 51.1, 48.7 (d, J = 6.4 Hz), 45.5 (dd, J = 8.1, 2.8 Hz), 42.7 (d, J = 7.3 Hz), 39.2, 38.8, 30.5, 14.0 (d, J = 1.5 Hz), 6.9, 5.0. 15N NMR (41 MHz, cdcl3) δ –148.62 (d, J = 1.1 Hz), –166.84 (d, J = 1.1 Hz), –203.68 (d, J = 5.3 Hz), –254.58 (dd, J = 5.1, 3.8 Hz), –289.37 (d, J = 3.5 Hz). HRMS-EI (m/z): [M+H]+ calcd for C30H4615N5O6SSi, 637.2790; found, 637.2783.
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Tricyclic guanidines 17 and S6. The preceeding procedure was performed with diene 13 (2.97 g, 5.46 mmol), 8.8 mL (0.218 mol) of MeOH, 9.5 ml (54.6 mmol) of iPr2NEt and 45.5 ml of acetonitrile for the first stage, 1.26 g (54.6 mmol) of sodium in 54.5 ml of MeOH for the second stage, and 2.75 ml (16.4 mmol) chlorotriethylsilane and 2.23 g (32.8 mmol) of imidazole in 11.0 mL of dichloromethane for the final silylation. Compound 17 was isolated in 40% yield (1.36 g, 2.15 mmol). An additional 1.46 g of a 15:85 mixture of isomers 17 and S6 was isolated (82% combined yield). 
Tricyclic guanidine 17.
[]D20 – 38.7° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 9.0 Hz, 2H), 6.89 (d, J = 9.0 Hz, 2H), 6.39 (s, 1H), 4.03 (dd, J = 8.6, 6.9 Hz, 1H), 3.96 (s, 3H), 3.96 (s, 3H), 3.86 (s, 3H), 3.85 – 3.78 (m, 2H), 3.42 – 3.27 (m, 2H), 3.07 (dd, J = 10.0, 8.8 Hz, 1H), 3.00 (dd, J = 13.3, 6.7 Hz, 1H), 2.52 (dd, J = 13.3, 7.4 Hz, 1H), 1.85 – 1.78 (m, 1H), 1.77 – 1.70 (m, 1H), 1.31 – 1.20 (m, 1H), 1.20 – 1.12 (m, 1H), 1.10 – 1.00 (m, 1H), 0.92 (t, J = 7.9 Hz, 9H), 0.89 (d, J = 6.8 Hz, 3H), 0.56 (q, J = 7.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 171.8, 171.1, 165.1, 163.4, 147.4, 130.9, 129.4, 113.4, 100.8, 69.2, 55.6, 54.5, 53.7, 53.6, 52.9, 50.5, 46.2, 44.9, 40.9, 40.0, 34.4, 13.8, 6.9, 4.9. HRMS-EI (m/z): [M+H]+ calcd for C30H46N5O6SSi, 632.2938; found, 632.2932.
Tricyclic guanidine S6.
[]D20 + 37.2° (c 1.0, CHCl3). 1H NMR (600 MHz, CDCl3) δ 7.95 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 6.28 (s, 1H), 4.00 – 3.92 (m, 7H), 3.91 – 3.84 (m, 4H), 3.82 – 3.78 (m, 1H), 3.55 – 3.47 (m, 1H), 3.41 (dd, J = 9.2, 6.1 Hz, 1H), 3.36 – 3.26 (m, 1H), 2.93 (dd, J = 13.4, 6.0 Hz, 1H), 2.42 (dd, J = 13.4, 8.3 Hz, 1H), 1.65 – 1.58 (m, 2H), 1.45 – 1.39 (m, 1H), 1.38 – 1.28 (m, 2H), 0.93 (t, J = 7.9 Hz, 9H), 0.88 (d, J = 6.7 Hz, 3H), 0.56 (q, J = 8.0 Hz, 6H). 13C NMR (151 MHz, cdcl3) δ 171.9, 170.5, 165.1, 163.4, 147.1, 130.5, 129.8, 113.6, 100.8, 69.6, 55.6, 54.6, 54.0, 53.7, 51.1, 48.8, 45.4, 42.7, 39.2, 38.9, 30.5, 14.0, 6.9, 5.0. HRMS-EI (m/z): [M+H]+ calcd for C30H46N5O6SSi, 632.2938; found, 632.2924.

Table S2. Optimization of C7-hydroxylation of 17 with oxaziridines.
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	Reaction conditions
	Yield, %
	21 : S7 

	3 eq. LDA, THF, –78 °C, 5 min; then 3 eq. 3-phenyl-2-(phenylsulfonyl)-1,2-oxaziridine, –78 °C, 2 min
	22
	6:1

	3 eq. LDA, THF, –78 °C, 5 min; then 3 eq. (1S)-(+)-(camphorsulfonyl)oxaziridine, –78°C, 2 min
	23
	20:1

	3 eq. LDA, –78 °C, 5 min; then 3 eq. (1R)-(–)-(camphorsulfonyl)oxaziridine, 
–78°C, 2 min
	21
	25:1

	5 eq. LDA, –78 °C, 5 min; then 3 eq. (1R)-(–)-(camphorsulfonyl)oxaziridine, 
–78°C, 2 min
	51 (84 brsm)
	25:1
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Alcohol [15N5]-21. A solution of [15N5]-17 (1.50 g, 2.36 mmol) in THF (47 mL) was added to a 250 mL round bottom flask equipped with magnetic stirring bar and argon inlet adapter. In a separate flask, a solution of oxaziridine 20 (1.62 g, 7.06 mmol) in 10.0 mL of THF was prepared under argon. The solution of [15N5]-17 was cooled to –78 °C and a freshly prepared solution of LDA in THF (23.5 mL, 0.5 M) was added dropwise via syringe over 30 sec. During the addition, the solution changed from colorless to bright yellow. After stirring for an additional 2 min, the solution of oxaziridine 20 (1.62 g, 7.06 mmol) in THF was added via cannula causing immediate color disappearance. The reaction mixture was stirred for an additional 5 min and then quenched by addition of 1 M acetic acid in THF (5.0 mL). The product was extracted with EtOAc (3×70 mL), the combined organic phase was dried with Na2SO4 and concentrated under reduced pressure. The product (0.710 g, 1.09 mmol, 46% yield, 78% brsm) was isolated by column chromatography (65% EtOAc in hexanes → 50% EtOAc, 1% Et3N in acetone) along with recovered starting material (0.612 g, 0.96 mmol, 41%). []D21 + 46.1° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 8.00 (d, J = 9.0 Hz, 2H), 6.99 (d, J = 9.0 Hz, 2H), 6.60 (s, 1H), 4.79 (s, 1H), 4.15 – 4.10 (m, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 3.94 – 3.90 (m, 1H), 3.88 (s, 3H), 3.85 – 3.81 (m, 1H), 3.42 – 3.33 (m, 2H), 3.16 (dd, J = 10.2, 8.8 Hz, 1H), 3.02 (s, 1H), 1.77 – 1.68 (m, 1H), 1.45 – 1.37 (m, 1H), 1.33 – 1.25 (m, 1H), 1.19 – 1.06 (m, 2H), 0.96 – 0.90 (m, 12H), 0.60 – 0.53 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 174.5, 172.0 (d, J = 8.8 Hz), 164.9 (dd, J = 9.0, 6.7 Hz), 163.2, 147.6 (ddd, J = 17.9, 15.0, 10.1 Hz), 130.8, 130.6, 113.4, 99.6, 79.5 (dd, J = 9.3, 7.3 Hz), 69.4, 59.2, 55.5, 54.9 (dd, J = 3.1, 3.0 Hz ), 53.9 (d, J = 4.0 Hz), 53.1 (d, J = 7.8 Hz), 50.2 (d, J = 6.5 Hz), 44.9 (d, J = 8.2 Hz), 41.1, 40.5, 30.2, 13.9 (d, J = 2.0 Hz), 7.0, 6.9, 5.0, 4.9. 15N NMR (41 MHz, CDCl3) δ –151.36 (d, J = 1.0 Hz), –164.38 (d, J = 1.1 Hz), –211.12 (d, J = 5.1 Hz), –255.52 (dd, J = 5.1, 4.1 Hz), –288.85 (d, J = 3.3 Hz). HRMS-EI (m/z): [M+H]+ calcd for C30H4615N5O7SSi, 653.2739; found, 653.2742.
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Alcohol 21. This compound was obtained in 51% yield (0.60 g, 0.93 mmol) using the procedure described above for its 15N analog with 1.15 g (1.82 mmol) of 17, 18.3 ml (2.18 mmol) of 0.5 M solution of LDA in THF, 1.25 g (23.45 mmol) of oxaziridine 20 and 55 ml of THF. []D21 + 44.1° (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 9.0 Hz, 2H), 6.97 (d, J = 9.0 Hz, 2H), 6.59 (s, 1H), 4.78 (d, J = 4.4 Hz, 1H), 4.11 (dd, J = 8.6, 6.9 Hz, 1H), 3.96 (s, 3H), 3.94 (s, 3H), 3.93 – 3.88 (m, 1H), 3.87 (s, 3H), 3.83 – 3.79 (m, 1H), 3.41 – 3.31 (m, 2H), 3.14 (dd, J = 10.3, 8.8 Hz, 1H), 3.03 (br. S, 1H), 1.74 – 1.69 (m, 1H), 1.43 – 1.36 (m, 1H), 1.31 – 1.23 (m, 1H), 1.18 – 1.04 (m, 2H), 0.95 – 0.88 (m, 12H), 0.54 (q, J = 7.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 172.2, 171.6, 164.8, 163.6, 149.2, 130.5, 113.9, 98.4, 75.2, 69.1, 57.3, 55.6, 54.7, 53.9, 53.0, 50.7, 44.4, 40.9, 39.9, 29.7, 27.3, 13.8, 6.9, 4.9. HRMS-EI (m/z): [M+H]+ calcd for C21H24N3O4S, 648.2887; found, 648.2908.
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Pyrimidinedione [15N5]-18. A mixture of [15N5]-17 (0.230 g, 0.361 mmol) and 12 M hydrochloric acid (10 mL) was heated at reflux for 3 h. The reaction was cooled to room temperature and concentrated to dryness under vacuum. The crude product was purified by column chromatography on C18 reverse-phase silica gel (6% MeOH, 1% TFA in H2O → 25% MeOH, 1% TFA in H2O) to produce the product (0.158 g, 0.360 mmol, 99% yield) as amorphous white solid. []D25 + 11.6° (c 1.0, MeOH). 1H NMR (600 MHz, D2O) δ 5.67 (dd, J = 3.5, 2.8 Hz, 1H), 3.95 (br. s, 1H), 3.85 – 3.75 (m, 2H), 3.74 – 3.64 (m, 1H), 3.62 – 3.52 (m, 1H), 3.22 – 3.13 (m, 1H), 2.74 – 2.64 (m, 2H), 2.27 – 2.18 (m, 1H), 2.09 – 2.01 (m, 1H), 1.67 – 1.59 (m, 1H), 1.51 – 1.38 (m, 2H), 0.90 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, D2O) δ 166.7 (d, J = 10.8 Hz), 162.6 (q, J = 35.4 Hz), 154.8 (td, J = 21.9, 20.2 Hz), 153.2 (d, J = 13.3 Hz), 152.8 (dd, J = 19.8, 18.3 Hz), 116.3 (d, J = 291.8 Hz), 100.9 (d, J = 5.7 Hz), 67.8 (d, J = 1.3 Hz), 56.4 (d, J = 7.3 Hz), 47.5 (d, J = 9.1 Hz), 47.3 (d, J = 7.9 Hz), 43.9 (d, J = 8.1 Hz), 39.4, 37.3, 36.8, 33.1, 12.7 (d, J = 2.1 Hz). 15N NMR (41 MHz, D2O) δ –223.97 (d, J = 2.4 Hz), –243.00, –280.91 (d, J = 2.7 Hz), –300.45, –306.60. HRMS-EI (m/z): [M+H]+ calcd for C15H2215N5O3, 325.1569; found, 325.1564.
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Pyrimidinedione 18. The title compound was obtained 98% yield (37 mg, 0.085 mmol) from 50 mg (0.087 mmol) of compound 17 using the procedure described above. []D23 + 12.3° (c 1.0, MeOH). 1H NMR (600 MHz, D2O) δ 5.72 (s, 1H), 4.00 (s, 1H), 3.91 – 3.80 (m, 2H), 3.78 – 3.68 (m, 1H), 3.66 – 3.55 (m, 1H), 3.23 (dd, J = 10.8, 9.4 Hz, 1H), 2.74 (d, J = 6.9 Hz, 2H), 2.31 – 2.23 (m, 1H), 2.16 – 2.03 (m, 1H), 1.75 – 1.65 (m, 1H), 1.56 – 1.43 (m, 2H), 0.95 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, D2O) δ 166.6, 162.6 (q, J = 35.6 Hz), 154.7, 153.1, 152.7, 116.1 (q, J = 291.4 Hz), 100.7, 67.7, 56.2, 47.4, 47.1, 43.8, 39.2, 37.1, 36.7, 32.9, 12.6. HRMS-EI (m/z): [M+H]+ calcd for C15H22N5O3, 320.1717; found, 320.1727.
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Cylindrospermopsin diols [15N5]-22 and [15N5]-23. A mixture of [15N5]-21 (0.350 g, 0.536 mmol) and 12 M hydrochloric acid (15.0 mL) was heated at reflux for 3 h. After cooling to room temperature, the reaction mixture concentrated to dryness under vacuum. The crude product was purified by column chromatography on C18 reverse-phase silica gel (5% MeOH, 1% TFA in H2O) to produce a 10:1 mixture of C7-epimers [15N5]-22 and [15N5]-23 (0.242 g, 0.533 mmol, 99% yield) as amorphous white solid. A 30 mg portion of the mixture was separated by preparative HPLC to provide [15N5]-cylindrospermopsin diol [15N5]-22 and [15N5]-7-epi-cylindrospermopsin diol [15N5]-23 for full characterization (Kinetex 5µm EVO C18 100Å column, 150×21.2 mm; eluent: 4% MeOH in H2O with 0.1% trifluoroacetic acid, flow rate: 10 mL/min, diode array detector: 262 nm).
[15N5]-Cylindrospermopsin diol [15N5]-22.
Amorphous white solid. []D21 + 14.7° (c 1.0, MeOH). 1H NMR (600 MHz, CD3OD) δ 5.65 (dd, J = 3.5, 2.8 Hz, 1H), 4.51 (br. s, 1H), 3.84 (br. s, 1H), 3.81 - 3.68 (m, 3H), 3.66 – 3.57 (m, 1H), 3.21 – 3.12 (m, 1H), 2.13 – 1.98 (m, 2H), 1.64 – 1.48 (m, 2H), 1.46 – 1.38 (m, 1H), 0.94 (d, J = 6.8 Hz, 3H). 13C NMR (151 MHz, CD3OD) δ 166.8, 156.8 – 156.6 (m), 156.6 – 156.5 (m), 153.9 – 152.8 (m), 99.7, 70.7, 68.6 (d, J = 4.4 Hz), 58.2 (d, J = 7.0 Hz), 54.3 (d, J = 9.3 Hz), 48.8, 45.5 (d, J = 8.0 Hz), 41.5, 39.7, 29.5, 13.9. 15N NMR (41 MHz, CD3OD) δ –224.43, –251.43, –280.93 (d, J = 2.6 Hz), –303.81, –306.59. HRMS-EI (m/z): [M+H]+ calcd for C15H2215N5O4, 341.1518; found, 341.1534.
[15N5]-7-Epi-cylindrospermopsin diol [15N5]-23.
Amorphous white solid. []D21 + 1.3° (c 0.5, MeOH). 1H NMR (600 MHz, CD3OD) δ 5.72 (dd, J = 3.5, 2.8 Hz, 1H), 4.30 (d, J = 6.9 Hz, 1H), 3.92 (br. s, 1H), 3.89 – 3.76 (m, 2H), 3.77 – 3.62 (m, 2H), 3.28 – 3.18 (m, 1H), 2.18 – 2.04 (m, 2H), 1.68 – 1.56 (m, 2H), 1.51 – 1.44 (m, 1H), 1.02 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CD3OD) δ 166.8 (d, J = 10.2 Hz), 156.6 (d, J = 5.2 Hz), 156.5 (d, J = 11.8 Hz), 153.6 – 153.1 (m), 100.0 (d, J = 6.2 Hz), 72.6, 68.6, 58.2 (d, J = 7.3 Hz), 54.0 (d, J = 9.6 Hz), 48.9, 45.5 (d, J = 8.1 Hz), 41.6, 39.7, 31.6, 13.9 (d, J = 2.0 Hz). 15N NMR (41 MHz, CD3OD) δ –224.26, –252.02, –281.07 (d, J = 2.7 Hz), –304.76, –306.62. HRMS-EI (m/z): [M+H]+ calcd for C15H2215N5O4, 341.1518; found, 341.1534.
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Cylindrospermopsin diols 22 and 23. A 10:1 mixture of cylindrospermopsin diol 22 and 7-epi-cylindrospermopsin diol 23 (0.210 g, 0.47 mmol, 99% yield) was obtained from 0.358 g (0.47 mmol) of compound 21 using the procedure described above. The material was used for the next step without HPLC separation.
Cylindrospermopsin diol 22. 1H NMR (500 MHz, CD3OD) δ 5.71 (s, 1H), 4.56 (d, J = 4.3 Hz, 1H), 3.96 – 3.88 (m, 1H), 3.87 – 3.77 (m, 3H), 3.74 – 3.64 (m, 1H), 3.28 – 3.16 (m, 1H), 2.23 – 2.14 (m, 1H), 2.12 – 2.02 (m, 1H), 1.69 – 1.54 (m, 2H), 1.52 – 1.43 (m, 1H), 1.01 (d, J = 6.8 Hz, 3H). 13C NMR (151 MHz, CD3OD) δ 166.8, 156.6, 156.5, 153.1, 99.7, 70.6, 68.6, 58.1, 54.3, 48.8, 45.4, 41.4, 39.7, 29.4, 13.8. HRMS-EI (m/z): [M+H]+ calcd for C15H22N5O4, 336.1666; found, 336.1686.

[image: ]
[15N5]-7-Deoxycylindrospermopsin [15N5]-3. Alcohol [15N5]-18 (27.0 mg, 0.062 mmol) was dissolved in DMF (1.2 mL) and added to a 5 mL one neck round bottom flask equipped with a magnetic stirring bar and argon inlet adapter. The solution was cooled to 0 °C under argon atmosphere and sulfur trioxide pyridine complex (0.147 g, 0.924 mmol) was added in one portion. The reaction mixture was stirred for 1 min at 0 °C, then warmed to room temperature and stirred for another 30 min. After addition of methanol (1.5 mL), the mixture was carefully concentrated under vacuum and the residue was dissolved in 3 ml of methanol. The solution was kept overnight without stirring. Formation of a white precipitate was observed and the solvent was carefully discarded using pipette. The precipitate was again mixed with 3 ml of methanol, allowed to settle, and the solvent was again removed. The precipitate was dried overnight under vacuum to afford the pure product as a white powder (22.1 mg, 0.056 mmol, 90% yield). []D22 + 11.9° (c 0.4, DMSO). 1H NMR (600 MHz, DMSO-d6) δ 10.99 (dd, J = 88.4, 1.5 Hz, 1H), 10.86 (dd, J = 73.7, 17.0 Hz, 1H), 8.37 (d, J = 93.8 Hz, 1H), 7.71 (dd, J = 96.0, 2.9 Hz, 1H), 5.45 (s, 1H), 4.28 (s, 1H), 3.90 – 3.73 (m, 2H), 3.63 – 3.54 (m, 2H), 3.13 – 3.08 (m, 1H), 2.61 – 2.53 (m, 2H), 2.48 – 2.40 (m, 1H), 2.24 – 2.11 (m, 1H), 1.72 – 1.62 (m, 1H), 1.35 – 1.20 (m, 2H), 0.90 (d, J = 6.6 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 164.0 (d, J = 9.3 Hz), 154.4 (td, J = 21.3, 19.8 Hz), 151.6 (dd, J = 18.4, 16.9 Hz), 151.2 (d, J = 10.9 Hz), 100.3 (d, J = 6.0 Hz), 72.4 (d, J = 6.5 Hz), 56.7 (d, J = 7.2 Hz), 47.2 (d, J = 9.0 Hz), 47.1 (d, J = 7.4 Hz), 44.3 (d, J = 7.5 Hz), 38.9, 36.6, 35.3, 32.9, 13.4. 15N NMR (41 MHz, DMSO-d6) δ –223.19 (d, J = 2.5 Hz), –244.17 (d, J = 2.6 Hz), –280.94 (d, J = 2.5 Hz), –297.35 (s), –304.30 (d, J = 2.0 Hz). HRMS-EI (m/z): [M+H]+ calcd for C15H22N5O6S, 405.1163; found, 405.1140. [15N5]-7-deoxycylindrospermopsin (405.1140) – 99.3%, [15N4]-7-deoxycylindrospermopsin (404.1150) – 0.7%.
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Figure S5. X-ray crystallographic structure of deoxycylindrospermopsin 3 (co-crystal with methanol).
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7-Deoxycylindrospermopsin 3. 7-Deoxycylindrospermopsin (19.5 mg, 0.049 mmol, 88% yield) was obtained from 18 (24 mg, 0.055 mmol) and sulfur trioxide pyridine complex (0.132 g, 0.831 mmol) in 1.1 ml of DMF using the procedure described above. White powder, []D21 + 10.2° (c 0.4, DMSO). 1H NMR (500 MHz, DMSO-d6) δ 10.99 (s, 1H), 10.85 (s, 1H), 8.37 (s, 1H), 7.72 (s, 1H), 5.45 (s, 1H), 4.28 (s, 1H), 3.88 – 3.72 (m, 2H), 3.65 – 3.54 (m, 2H), 3.15 – 3.05 (m, 1H), 2.55 (d, J = 6.5 Hz, 2H), 2.49 – 2.39 (m, 1H), 2.23 – 2.11 (m, 1H), 1.76 – 1.58 (m, 1H), 1.38 – 1.18 (m, 2H), 0.90 (d, J = 6.7 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 164.1, 154.5, 151.6, 151.3, 100.3, 72.5, 56.8, 47.3, 47.1, 44.4, 38.9, 36.4, 35.4, 32.9, 13.5. HRMS-EI (m/z): [M+H]+ calcd for C15H22N5O6S, 400.1291; found, 400.1303.
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[15N5]-Cylindrospermopsin [15N5]-1 and [15N5]-7-epi-cylindrospermopsin [15N5]-2. A mixture of diols [15N5]-22 and [15N5]-23 (0.105 g, 0.231 mmol, dr 10:1) was dissolved in DMF (4.6 mL) in a 25 mL round bottom flask equipped with stirring bar and argon inlet adapter. The solution was cooled to 0 °C under an atmosphere of argon and sulfur trioxide pyridine complex (0.333 g, 2.09 mmol) was added in one portion. The reaction mixture was stirred for 1 min at 0 °C, then warmed to room temperature and stirred for another 30 min. After addition of methanol (3.5 mL), the mixture was carefully concentrated under vacuum, and the crude mixture of products were separated by preparative HPLC (column: Kinetex 5µm EVO C18 100Å column, 150×21.2 mm; eluent: H2O with 0.1% trifluoroacetic acid, flow rate: 10 mL/min, diode array detector: 262 nm) to deliver [15N5]-cylindrospermopsin [15N5]-1 (75.0 mg, 77% yield) and [15N5]-7-epi-cylindrospermopsin [15N5]-2 (6.8 mg, 7% yield).
[15N5]-Cylindrospermopsin [15N5]-1.
White powder, []D22 + 13.5° (c 1.0, H2O). 1H NMR (600 MHz, D2O) δ 5.87 (dd, J = 3.3, 2.8 Hz, 1H), 4.78 (m, 1H), 4.64 (br. s, 1H), 3.96 – 3.83 (m, 2H), 3.85 – 3.74 (m, 1H), 3.73 – 3.64 (m, 1H), 3.33 – 3.24 (m, 1H), 2.53 – 2.44 (m, 1H), 2.28 – 2.14 (m, 1H), 1.99 – 1.86 (m, 1H), 1.68 – 1.51 (m, 2H), 1.02 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, D2O) δ 166.6 (d, J = 10.9 Hz), 155.3 (d, J = 20.8 Hz), 154.9 (d, J = 12.1 Hz), 152.7 – 152.3 (m), 98.8 (d, J = 5.4 Hz), 77.0, 69.1, 56.7 (d, J = 7.3 Hz), 52.4 (d, J = 9.6 Hz), 47.1 (d, J = 8.5 Hz), 43.8 (d, J = 7.7 Hz), 38.6, 35.1, 27.2, 12.5. 15N NMR (41 MHz, DMSO-d6) δ –222.54 (d, J = 2.5 Hz), –249.06 (d, J = 2.6 Hz), –281.34 (d, J = 2.5 Hz), –300.80 (s), –304.27 (d, J = 2.0 Hz). HRMS-EI (m/z): [M+H]+ calcd for C15H2215N5O7S, 421.1092; found: [15N5]-cylindrospermopsin (421.1147) – 98.27%, 
[15N4]-cylindrospermopsin (420.1110) – 1.73%.

[15N5]-7-Epi-cylindrospermopsin 2.
White powder, []D22 + 1.0° (c 0.5, H2O). 1H NMR (600 MHz, D2O) δ 5.87 (dd, J = 3.3, 2.8 Hz, 1H), 4.65 (br. s, 1H), 4.53 (d, J = 6.3 Hz, 1H), 3.91 – 3.86 (m, 1H), 3.85 – 3.75 (m, 2H), 3.75 – 3.68 (m, 1H), 3.34 – 3.25 (m, 1H), 2.57 – 2.45 (m, 1H), 2.30 – 2.15 (m, 1H), 1.96 – 1.86 (m, 1H), 1.74 – 1.63 (m, 1H), 1.61 – 1.53 (m, 1H), 1.03 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, D2O) δ 169.4 (d, J = 10.9 Hz), 158.1 (d, J = 17.5 Hz), 157.9 (d, J = 12.0 Hz), 155.7 – 155.2 (m), 101.9 (d, J = 5.7 Hz), 79.8, 73.4, 59.4 (d, J = 7.3 Hz), 54.9 (d, J = 9.5 Hz), 50.0 (d, J = 8.1 Hz), 46.6 (d, J = 8.2 Hz), 41.4, 37.8, 32.3, 15.3 (d, J = 1.9 Hz). 15N NMR (41 MHz, DMSO-d6) δ –222.48 (d, J = 2.5 Hz), –249.93 (d, J = 2.3 Hz), –281.31 (d, J = 2.4 Hz), –302.04 (s), –303.75 (d, J = 2.4 Hz). HRMS-EI (m/z): [M+H]+ calcd for C15H2215N5O7S, 421.1092; found: [15N5]-7-epi-cylindrospermopsin (421.1147) – 98.11%, [15N4]-7-epi-cylindrospermopsin (420.1110) – 1.89%.
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[bookmark: _GoBack]Cylindrospermopsin 1 and 7-epi-cylindrospermopsin 2. Cylindrospermopsin and 7-epi-cylindrospermopsin were obtained from a 10:1 mixture of 22 and 23 (0.135 g, 0.30 mmol) and sulfur trioxide pyridine complex (0.432 g, 2.70 mmol) in 6 ml of DMF using the procedure described above. After the purification, cylindrospermopsin 1 (94.8 mg, 0.228 mmol, 76% yield) and 7-epi-cylindrospermopsin 2 (7.5 mg, 0.018 mmol, 6% yield) were obtained as white solids.
Cylindrospermopsin 1.
White powder, []D24 + 14.7° (c 1.0, H2O). 1H NMR (600 MHz, D2O) δ 5.86 (s, 1H), 4.77 (d, J = 4.1 Hz, 1H), 4.64 (s, 1H), 3.97 – 3.85 (m, 2H), 3.82 – 3.74 (m, 1H), 3.72 – 3.60 (m, 1H), 3.31 – 3.22 (m, 1H), 2.54 – 2.36 (m, 1H), 2.26 – 2.13 (m, 1H), 1.96 – 1.84 (m, 1H), 1.66 – 1.49 (m, 2H), 1.02 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, D2O) δ 166.6, 155.3, 155.0, 152.5, 98.9, 77.0, 69.1, 56.8, 52.5, 47.2, 43.9, 38.6, 35.2, 27.3, 12.6. HRMS-EI (m/z): [M+H]+ calcd for C15H22N5O7S, 416.1240; found, 416.1292.
7-Epi-cylindrospermopsin 2.
White powder, []D22 + 1.0° (c 0.5, H2O). 1H NMR (600 MHz, D2O) δ 5.84 (s, 1H), 4.62 (s, 1H), 4.50 (d, J = 6.3 Hz, 1H), 3.85 (dd, J = 9.0, 8.4 Hz, 1H), 3.79 (ddd, J = 11.5, 6.3, 3.2 Hz, 1H), 3.75 (td, J = 10.8, 8.8 Hz, 1H), 3.68 (tdd, J = 11.1., 3.7, 3.7 Hz, 1H), 3.26 (dd, J = 11.2, 9.3 Hz, 1H), 2.46 (dt, J = 14.3, 3.7 Hz, 1H), 2.18 (dt, J = 13.4, 3.7 Hz, 1H), 1.87 (dqd, J = 13.4, 6.8, 2.0 Hz, 1H), 1.63 (dt, J = 13.2, 11.3 Hz, 1H), 1.54 (ddd, J = 13.9, 11.3, 1.9 Hz, 1H), 1.00 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, D2O) δ 169.4, 158.0, 157.9, 155.5, 101.9, 79.8, 73.4, 59.4, 54.9, 50.0, 46.6, 41.4, 37.8, 32.3, 15.3. HRMS-EI (m/z): [M+H]+ calcd for C15H22N5O7S, 416.1240; found, 416.1250.
[bookmark: _Ref511229198][bookmark: _Ref374884567]Table S3. Comparison of 1H NMR Data of Synthetic and Reported[endnoteRef:14] Cylindrospermopsin (D2O). [14: 
 Ohtani, I.; Moore, R. E.; Runnegar M. T. C. J. Am. Chem. Soc., 1992, 114, 7941-7942.] 
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	Position
	Synthetic 1 (600 MHz)
	Reported for natural 1 (500 MHz)

	5
	5.86 (s, 1H)
	5.83 (s, 1H)

	7
	4.77 (d, J = 4.1 Hz, 1H)
	4.70 (d, J = 3.9 Hz, 1H)

	12
	4.64 (br. s, 1H)
	4.60 (br. s, 1H)

	8
	3.90 (ddd, J = 11.7, 3.7, 3.4 Hz, 1H)
	3.87 (ddd, J = 11.4, 3.9, 3.6 Hz, 1H)

	15β
	3.88 (dd, J = 9.0, 9.5 Hz, 1H)
	3.84 (dd, J = 9.2, 8.8 Hz, 1H)

	14
	3.77 (ddd, J =  11.0, 10.8, 9.0 Hz, 1H)
	3.74 (ddd, J = 11.1, 11.1, 8.8 Hz, 1H) 

	10
	3.69 (ddt, J = 11.4, 11.2, 3.6 Hz, 1H)
	3.66 (ddt, J = 11.8, 11.4, 3.6 Hz, 1H) 

	15α
	3.28 (dd, J = 10.8, 9.5 Hz, 1H)
	3.25 (dd, J = 11.1, 9.2 Hz, 1H)

	11β
	2.48 (ddd, J = 14.2, 3.6, 1.9 Hz, 1H)
	2.45 (ddd, J = 14.4, 3.6, 2.0 Hz, 1H)

	9 β
	2.19 (dt, J = 13.3, 3.5 Hz, 1H)
	2.16 (dt, J = 13.4, 3.6 Hz, 1H)

	13
	1.88 (dqd, J =10.6, 7.6, 1.8 Hz, 1H)
	1.85 (dqd, J = 11.1, 6.9, 2.3 Hz, 1H)

	9α
	1.60 (ddd, J = 12.8, 11.9, 11.9 Hz, 1H)
	1.57 (ddd, J = 13.4, 11.4, 11.4 Hz, 1H)

	11α
	1.58 (ddd, J = 14.3 Hz, 11.5, 3.5 Hz, 1H)
	1.52 (ddd, J = 14.4, 11.8, 3.6 Hz, 1H) 

	CH3
	1.02 (d, J = 6.8, 3H)
	0.99 (d, J = 6.8, 3H)



Table S4. Comparison of 13C NMR Data of Synthetic and Reported13 Cylindrospermopsin (D2O)
	Position
	Synthetic 1 (126 MHz)
	Reported for natural 1 (126 MHz)

	4
	168.1
	168.2

	6
	156.8 
	158.1

	17
	156.5
	156.5

	2
	154.0
	154.8

	5
	100.4
	99.6

	12
	78.5
	78.2

	7
	70.6
	70.7

	14
	58.3
	57.9

	8
	54.0
	53.6

	15
	48.7
	48.3

	10
	45.4
	45.0

	13
	38.6
	39.8

	11
	36.6
	36.3

	9
	28.8
	28.5

	CH3
	14.1
	13.7
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[bookmark: _Ref511229253][bookmark: _Ref375041602]Table S5. Comparison of 1H NMR Data of Synthetic and Reported[endnoteRef:15] 7-epi-Cylindrospermopsin (D2O). [15: 
 Banker, R.; Teltsch, B.; Sukenik, A.; Carmeli, S. J. Nat. Prod., 2000, 63, 387-389.] 

	Position
	Synthetic 2 (600 MHz)
	Reported for natural 2 (500 MHz)

	5
	5.84 (s, 1H)
	5.84(s, 1H)

	12
	4.62 (br. s)
	4.63 (br. s)

	7
	4.50 (d, J = 6.3 Hz, 1H)
	4.47 (d, J = 6.7 Hz, 1H)

	15β
	3.85 (dd, J = 9.0, 8.4 Hz, 1H)
	3.86 (dd, J = 9.2, 8.8 Hz, 1H)

	8
	3.79 (ddd, J = 11.5, 6.3, 3.2 Hz, 1H)
	3.80 (ddd, J = 11.3, 6.7, 3.9 Hz, 1H)

	14
	3.75 (td, J = 10.8, 8.8 Hz, 1H)
	3.75 (td, J = 11.1, 8.8 Hz, 1H) 

	10
	3.68 (tdd, J = 11.1., 3.7, 3.7 Hz, 1H)
	3.70 (tdd, J = 11.3, 3.9, 3.7 Hz, 1H) 

	15α
	3.26 (dd, J = 11.2, 9.3 Hz, 1H)
	3.27 (dd, J = 11.1, 9.2 Hz, 1H)

	11β
	2.46 (dt, J = 14.3, 3.7 Hz, 1H)
	2.48 (dt, J = 14.3, 3.7 Hz, 1H)

	9 β
	2.18 (dt, J = 13.4, 3.7 Hz, 1H)
	2.19 (dt, J = 13.3, 3.9 Hz, 1H)

	13
	1.87 (dqd, J = 13.4, 6.8, 2.0 Hz, 1H)
	1.88 (dqd, J = 11.1, 6.7, 2.0 Hz, 1H)

	9α
	1.63 (dt, J = 13.2, 11.3 Hz, 1H)
	1.65 (dt, J = 13.3, 11.3 Hz, 1H)

	11α
	1.54 (ddd, J = 13.9, 11.3, 1.9 Hz, 1H)
	1.55 (ddd, J = 14.3, 11.3, 1.8 Hz, 1H) 

	CH3
	1.00 (d, J = 6.8 Hz, 3H)
	1.01 (d, J = 6.7 Hz, 3H)



Table S6. Comparison of 13C NMR Data of Synthetic and Reported14 7-epi-Cylindrospermopsin (D2O).
	Position
	Synthetic 2 (126 MHz)
	Reported for natural 2 (126 MHz)

	4
	169.4
	169.4

	6
	158.00
	158.0

	17
	157.87
	158.0

	2
	155.46
	155.5

	5
	101.93
	101.9

	12
	79.75
	79.8

	7
	73.35
	73.4

	14
	59.44
	59.4

	8
	54.91
	54.9

	15
	49.97
	50.0

	10
	46.57
	46.6

	13
	41.38
	41.4

	11
	37.84
	37.8

	9
	32.26
	32.3

	CH3
	15.33
	15.3










Solubility of 7-deoxycylindrospermopsin in water. 
In prepare a saturated solution of 7-deoxycylindrospermopsin, 20 mg of the substance was vigorously stirred with 20 ml of water (HPLC grade) for 24 h at room temperature, then the stirring was halted, and the precipitate was allowed to settle for 3 h. The solution was completely transferred to a separate flask and concentrated to 5.66 g (mass of the solution) and immediately analyzed using HPLC coupled with UV-Vis detector (column: Kinetex 5µm EVO C18 100Å column, 150×21.2 mm; eluent: 3% CH3CN in H2O with 0.1% trifluoroacetic acid, flow rate: 10 mL/min, diode array detector: 262 nm, t = 4.87 min). 
The concentration of 7-deoxycylindrospermopsin in the solution was determined using HPLC/UV calibration curve plotted using cylindrospermopsin standards (0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, 1 mg/ml). Identical UV absorption for the chromophore in both compounds was assumed (see below). The solubility of 7-deoxycylindrospermopsin in water was calculated to be 44 µg/ml. After concentration to 5.66 g, the concentration of 7-deoxy-CYN was found to be 157 µg/ml. This oversaturated solution was stable for two days before the appearance of crystals of 7-deoxycylindrospermopsin.


Figure S6. Relationship between the concentration of cylindrospermopsin (0.01-1 mg/ml) and the peak area of UV absorption at 262 nm. The linear regression equation was found to be Y = 7933.3X+18.423 (R2 = 0.9999), where X is the concentration of cylindrospermopsin, Y is the peak area of UV absorption at 262 nm.

CyrI Expression and Purification
The cyrI gene from Oscillatoria sp. PCC 7926 harbored in pET-28a(+) was purchased from GenScript and transformed into electrocompetent BL21 (DE3) cells. To express the protein, cell cultures were grown overnight at 37 °C and 250 rpm in LB containing 40 µg mL-1 kanamycin. The saturated overnight culture was used to inoculate 1 L of LB containing 40 µg mL-1 kanamycin to an initial OD600 of 0.05 and growth was continued at 37 °C and 210 rpm. Once the OD600 reached 0.6, the temperature on the incubator was reduced to 15 °C. Once the incubator reached 15 °C, expression was induced via the addition of solid isopropyl β-D-thiogalactoside (IPTG) to a final concentration of 200 µM. Growth was continued overnight (~19 h) at 15 °C and 210 rpm. The cells were collected by centrifugation at 6,000 g and 4 °C for 10 min. The wet cell paste was resuspended in cold buffer A (5 mL/g pellet) containing 50 mM sodium phosphate (pH 7.4), 0.5 M NaCl, 40 mM imidazole, and 10% v/v glycerol, and cells were lysed using a French press. The crude lysate was centrifuged at 25,000 g and 4 °C for 30 min. The cleared lysate was immediately loaded onto a 5 mL HisTrap fast flow affinity column previously equilibrated in buffer A. After washing the column with 10 column volumes of buffer A, Cyr I was eluted with three column volumes of buffer B containing 50 mM sodium phosphate (pH 7.4), 0.5 M NaCl, 0.5 M imidazole, and 10% v/v glycerol. The protein was dialyzed against 2 x 1 L of cold 50 mM sodium phosphate (pH 7.4), 0.5 M NaCl, and 10% v/v glycerol to remove imidazole. Protein concentration was determined spectrophotometrically at 280 nm (ε = 56,630 M-1 cm-1) and purity was assessed using SDS-PAGE analysis (Figure S1). The protein was stored at –80 °C until use.

[image: ]Lane 1 – Precision Plus Ladder (Bio-Rad)
Lane 2 – Pre-induction
Lane 3 – Post-induction 
Lane 4 – 4 µg CyrI (post dialysis)
Lane 4 – 8 µg CyrI (post dialysis)
Lane 4 – 12 µg CyrI (post dialysis)


Figure S7: SDS-PAGE analysis of CyrI expression and purification using a 15% acrylamide gel. The gel was run for 70 min at 195 constant Vand stained using coomassie blue. The contents for each lane are as follows: Lane 1 – Precision Plus Ladder (Bio-Rad); Lane 2 – Pre-induction; Lane 3 – Post-induction ; Lane 4 – 4 µg CyrI (post dialysis); Lane 4 – 8 µg CyrI (post dialysis); Lane 4 – 12 µg CyrI (post dialysis).
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Enzymatic oxidation of [15N5]-7-deoxycylindrospermopsin, [15N5]-3, to [15N5]-cylindrospermopsin, [15N5]-1.
Optimization of enzymatic oxidation conditions.
Table S7. Optimization of the enzymatic oxidation of deoxycylindrospermopsin.
	Entry
	Substrate concentration (µM/L)
	enzymeloading (mol%)
	Conversion (%)

	1
	20
	25
	100

	2
	40
	12.5
	100

	3
	100
	5
	100

	4
	200
	2.5
	95

	5
	300
	1.7
	40

	6
	400
	1.3
	22

	7
	1000
	0.5
	7



A stock solution of 7-deoxycylindrospermopsin (10 mM) was prepared by dissolving 4 mg of the compound in 0.1 mL of DMSO at 50 °C followed by dilution with water (HPLC grade) to 1 mL volume. Working solutions (200, 400, 1000, 2000, 3000, 4000 µM) were prepared by diluting the standard solution with HPLC grade water.
The procedure reported by Ploux et al. was adapted with some modifications.[endnoteRef:16] Water (HPLC grade, 100 µL) was added to a 1.5 mL microcentrifuge tube followed by 50 µL of each of the following aqueous solutions: catalase (1000 µg/mL), 1,4-dithiothreitol (DTT, 1000 µM), FeSO4 (500 µM), 2-oxoglutaric acid (5 mM), L-ascorbic acid (20 mM) and TrisHCl buffer (pH 7.8, 500 mM). Next, a working solution of substrate (50 µL) was added followed by CyrI protein (50 µL, 50µM). The reaction was thoroughly stirred on vortex mixer and incubated at 28 °C for 2 h. The content was then heated at 100 °C for 5 min to induce proteins denaturation. After centrifugation (10000 rpm, Thermo Scientific Legend Micro 21R), the sample was analyzed using HPLC coupled with UV-Vis detector (column: Kinetex 5µm EVO C18 100Å column, 150×21.2 mm; eluent: 1% CH3CN in H2O with 0.1% trifluoroacetic acid, flow rate: 1.3 mL/min, diode array detector: 262 nm, [15N5]-7-epi-cylindrospermopsin - 2.96 min, [15N5]-cylindrospermopsin - 3.41 min, [15N5]-7-deoxycylindrospermopsin – 12.31 min). [16: 
 Mazmouz, R.; Chapuis-Hugon, F.; Pichon, V.; Mejean, A.; Ploux, O.  ChemBioChem, 2011, 12, 858] 
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Figure S8. HPLC chromatogram of a HPLC reference prepared by mixing [15N5]-cylindrospermopsin, [15N5]-7-epi-cylindrospermopsin and [15N5]-7-deoxycylindrospermopsin in roughly 1:1:1 ratio.
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Figure S9. HPLC chromatogram of the enzymatic oxidation reaction performed with 25 mol % of Cyrl enzyme.
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Figure S10. HPLC chromatogram of the enzymatic oxidation reaction performed with 12.5 mol % of Cyrl enzyme.
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Figure S11. HPLC chromatogram of the enzymatic oxidation reaction performed with 5 mol % of Cyrl enzyme.
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Figure S12. HPLC chromatogram of the enzymatic oxidation reaction performed with 2.5 mol % of Cyrl enzyme.
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Figure S13. HPLC chromatogram of the enzymatic oxidation reaction performed with 1.7 mol % of Cyrl enzyme.
[image: ]
Figure S14. HPLC chromatogram of the enzymatic oxidation reaction performed with 1.3 mol% of Cyrl enzyme.
[image: ]
Figure S15. HPLC chromatogram of the enzymatic oxidation reaction performed with 0.5 mol % of Cyrl enzyme.



[15N5]-Cylindrospermopsin by enzymatic oxidation of [15N5]-3 with Cyrl under optimized conditions.
Seventeen 14 mL polystyrene round-bottom test tubes were each charged with 1.2 mL of water (HPLC grade). An aqueous solution of the following component was added (0.6 mL per tube): catalase (1000 µg/ml), 1,4-dithiothreitol (DTT, 1000 µM), FeSO4 (500 µM), 2-oxoglutaric acid (5 mM), L-ascorbic acid (20 mM) and Tris-HCl buffer (pH 7.8, 500 mM). In a separate flask, 200 µM solution of 7-deoxycylindrospermopsin [15N5]-3 in a mixture of DMSO and water (9:1, v/v) was prepared by dissolving [15N5]-3 (8.25 mg) in DMSO (1 mL) preheated to 50 °C followed by dilution with water (9.2 mL). This solution (0.6 mL per tube, equivalent to 8.24 mg of [15N5]-3 total) was added to each tube followed by 0.6 mL of CyrI protein (50 µM). After vigorous stirring for 15 s in a vortex mixer, the test tubes containing the reaction mixtures were incubated at 28 °C for 2 h, after which the contents of the test tubes were pooled in 250 ml round-bottom flask and heated to 100 °C for 5 min. The resultant suspension was centrifuged (4000 rpm) and the solution was decanted and concentrated to dryness. The mixture was filtered through C18 reverse-phase silica gel (water with 1% TFA → 5% MeOH, 1% TFA in H2O) to produce the cloudy mixture that was concentrated to 10 mL and filtered through a sintered glass frit, concentrated to dryness again and purified by column chromatography on C18 reverse-phase silica gel using the same solvent system. The residue obtained after concentration was dissolved in 5 mL of water containing 0.1% TFA and filtered through Acrodisc Syringe filter (PTFE, 13 mm OD, 0.2 µm porosity). The resulting transparent solution was repurified using preparative HPLC (Kinetex 5µm EVO C18 100 Å column, 150×21.2 mm; eluent: H2O with 0.1% trifluoroacetic acid, flow rate: 10 mL/min, diode array detector: 262 nm). The resulting product contained a minor amount of unknown impurities and DMSO. Pure [15N5]-cylindrospermopsin [15N5]-1 (8.0 mg, 93% yield) was obtained after another HPLC purification as a white solid. 1H and 13C NMR spectra of the material are identical to the previously obtained.
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Figure S16. HPLC chromatogram of the enzymatic oxidation reaction performed on 8.24 mg scale.
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Figure S17. The reaction setup of the enzymatic oxidation under optimized conditions.

Scheme S1. Previous unproductive strategies attempted for the synthesis of CYNs.
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LC-MS/MS METHOD FOR THE DETECTION AND QUANTIFICATION OF CYLINDROSPERMOPSIN IN NATURAL WATER SAMPLES.
Preparation of calibration standards and quality control samples. 
Solid CYN (5.0 mg) and [15N5]-CYN (5.0 mg) were separately dissolved in 5 mL LCMS grade methanol to make the stock solutions of CYN and [15N5]-CYN, respectively, with a concentration of 1mg/mL. The stock solutions were then diluted to 1000 µg/L and 10 µg/L in MeOH to prepare the working solutions. All stock solutions were stored in amber glass bottles and kept in a 4 C storage room until use.
Two sets of calibration standards were made for environmental samples analysis. High calibration standards (1 µg/L to 100 µg/L) were prepared using the 1000 µg/L working solution, and 50 µg/L of [15N5]-CYN was added into each level of calibration standards as the internal standard. A set of low calibration standards (10 ng/L to 1000 ng/L) was prepared using the 10 µg/L working solution in MeOH. For the low calibration standards, each level was spiked with 500 ng/L of [15N5]-CYN as an internal standard. Calibration standards were reconstituted in 20% MeOH in water.

Sample preparation.
Lake water samples were stored in a 4 C storage room until analyzed. Before analysis, 1 ml of each sample were transferred into LC vials and internal standards were added before the injection. When using high calibration standards, 50 ng (50 µL of 1000 ng/mL working solution) of [15N5]-CYN were added as an internal standard. When using low calibration standards, 0.5 ng (50 µL of 10 ng/mL working solution) of [15N5]-CYN were added as an internal standard. For the 14 samples screened, low calibration standards were used to quantitate the amount of CYN in these blank samples. For lake sample spiked with 100 ng/mL, high calibration standards were used to calculate the recovery.

Ion trap LC/ESI-MS/MS analysis.
The LC-MS/MS used for this study is Agilent 1290 HPLC coupled with Agilent 6470 Triple Quad.

Chromatographic conditions.
LC separation was achieved using Agilent Polaris C18–Ether, 3 × 150 mm, 3 m column (p/n A2021150X030). Optimal retention for CYN was achieved using water (LCMS grade, mobile phase A) and methanol (LCMS grade, mobile phase B), both containing 0.1% formic acid in a stepwise gradient mobile phase starting with 3% B for 1 min then increase to 60% B for 7 min. Another 7 min as post time before next injection to get column equilibrated back to 3% B. The mobile phase was delivered at 0.3 mL/min and injection volume was 20 µl. The column was maintained at 30 C.

Mass spectrometric conditions.
Compound acquisition parameters are as below.

Table S8. Compound acquisition parameters:
	Compound Name
	Prec Ion
	Prod Ion
	Frag (V)
	CE
(V)
	Cell Acc
(V)
	Polarity

	Cylindrospermopsin
	416.1
	194.1
	165
	40
	4
	Positive

	Cylindrospermopsin*
	416.1
	336.1
	165
	24
	4
	Positive

	[15N5]-Cylindrospermopsin
	421.1
	197.1
	160
	40
	4
	Positive

	[15N5]-Cylindrospermopsin*
	421.1
	341.1
	160
	24
	4
	Positive


* Qualifiers

Calibration curve.
High calibration standards including 6 levels at 1 µg/L, 10 µg/L, 25 µg/L, 50 µg/L, 75 µg/L and 100 µg/L were prepared in 20% MeOH in water with 50 µg/L [15N5]-CYN as internal standards at each calibration level. Low calibration standards included 6 levels at 10 ng/L, 100 ng/L, 250 ng/L, 500 ng/L, 750 ng/L and 1000 ng/L and were prepared in 20% MeOH in water with 500 ng/L [15N5]-CYN as internal standards at each calibration level. The linear regression for high and low calibration standards are shown below.
[image: D:\documents\Chemistry\UCSB\cylindrospermopsin\Manuscript\High cal curver.png]
Figure S18. High concentrations calibration curve (1-100 µg/L)
[image: D:\documents\Chemistry\UCSB\cylindrospermopsin\Manuscript\low cal curve.png]
Figure S19. Low concentrations calibration curve (10-1000 ng/L).

Limit of detection (LOD) and limit of quantification (LOQ) and recovery.
The limit of detection (LOD) and limit of quantitation (LOQ) were determined by diluting CYN standards until concentrations with signal to noise close to 3 for LOD, and 3.3 times of LOD for LOQ. When diluted to 2.5 ng/L, signal to noise was found to be 3.3. Thus, LOD = 2.5 ng/L, therefore, LOQ = 8.25 ng/L. The 14 lake samples were screened using the finalized method and samples with no native CYN were spiked with 100 ng/ml to test the matrix effect for quantitation. All recoveries were around 100%. 

Sample collection.
Samples were collected from sub-surface locations at each site when possible during third and fourth weeks of September, 2017. At least 500 mL were collected in 1L glass bottles. All samples were cooled to 4 °C and returned to the lab within twenty-four hours of collection. A total of 14 sites were obtained with GPS coordinates listed in Table S4.
Table S9. List of sampling collection in Santa Barbara and Ventura counties.
	Site #
	Site name
	Latitude
	Longitude

	1
	Lake Los Carneros
	34° 26’ 25’’ N
	119° 50’ 58’’ W

	2
	Lake Cachuma
	34° 35’ 6’’ N
	119° 57’ 27’’ W

	3
	UCSB Lagoon
	34° 24’ 41’’ N
	119° 51’ 0’’ W

	4
	Devereux Lagoon
	34° 25’ 3’’ N
	119° 52’ 27’’ W

	5
	Mission Creek
	34° 24’ 45’’ N
	119° 41’ 17’’ W

	6
	Arroyo Burro Beach Lagoon
	34° 24’ 12’’ N
	119° 44’ 35’’ W

	7
	Goleta Beach Lagoon
	34° 25’ 5’’ N
	119° 50’ 7’’ W

	8
	Lake Casitas
	34° 24’ 20’’ N
	119° 20’ 36’’ W

	9
	Lake Piru
	34° 28’ 02’’ N
	118° 45’ 38’’ W

	10
	Lake Castaic
	34° 31’ 30’’ N 
	118° 35’ 20’’ W

	11
	Santa Clara River
	34° 14’ 13’’ N
	119° 15’ 23’’ W

	12
	Pyramid Lake
	34° 39’ 47’’ N
	118° 45’ 55’’ W

	13
	Calleguas Creek
	34° 06’ 43’’ N 
	119° 15’ 23’’ W

	14
	Piru Creek
	34° 26’ 30’’ N
	118° 45’ 34’’ W





[image: 1111.JPG]
Figure S20. LC/ESI-MS/MS chromatogram obtained from the analysis of Lake Casitas water for cylindrospermopsin (peaks from the top to the bottom: [15N5]-CYN, [15N5]-CYN qualifier, CYN, and CYN qualifier). Since we are using dynamic MRM which will analyze CYN in a small window, the chromatogram shown is only between 6 min and 7 min.



[image: 22222.JPG]
Figure S21. LC/ESI-MS/MS chromatogram obtained from the analysis of Lake Casitas water for cylindrospermopsin without qualifier (peaks from the top to the bottom: [15N5]-CYN and CYN. Since we are using dynamic MRM which will analyze CYN in a small window, the chromatogram shown is only between 6 min and 7 min.
[image: ]
Figure S22.  A map indicating fourteen water sampling locations around Santa Barbara and Ventura counties (California, USA). Samples were collected during first three weeks of September, 2017 from the surface water level and stored in glass bottles at 4 °C until the analysis was performed. At Lake Casitas, CYN at 157 ng/L was detected, while other tested locations were CYN-free.
Table S10. Detection and quantification of CYN by LC-MS/MS with [15N5]-CYN as an internal standard.
	Site #
	Sample
	MS response
	Calculated concentration (ng/L)
	S/N ratio

	1
	Lake Los Carneros
	0.00
	0.00
	-

	2
	Lake Cachuma
	0.00
	0.00
	-

	3
	UCSB Lagoon
	0.00
	0.00
	-

	4
	Devereux Lagoon
	0.00
	0.00
	-

	5
	Mission Creek
	0.00
	0.00
	-

	6
	Hendry's Beach Lagoon
	0.00
	0.00
	-

	7
	Quality control 500ng/L
	187.22
	488.06
	223.63

	8
	Goleta Beach lagoon
	0.00
	0.00
	-

	9
	Casitas Lake
	54.62
	156.58
	36.21

	10
	Lake Piru
	0.00
	0.00
	-

	11
	Castaic Lake
	0.00
	0.00
	-

	12
	Santa Clara River
	0.00
	0.00
	-

	13
	Pyramid Lake
	0.00
	0.00
	-

	14
	Quality control 500ng/L
	196.80
	499.98
	385.43

	15
	Calleguas Creek
	0.00
	0.00
	-

	16
	Rancho Topiscal
	0.00
	0.00
	-

	17
	Quality control 500ng/L
	188.92
	503.67
	176.24




0.01	0.025	0.05	0.1	0.25	0.5	0.75	1.0	82.547	183.869	406.3179999999999	812.76	2031.196	4042.575	5983.335	7905.78	Cylindrospermopsin concentration (mg/ml)

UV absorbance (262 nm)


image1.emf



1. H2O2, AcOH, reflux
2. HNO3, H2SO4, 95 οC
3. K2CO3, MeOH, reflux
4. 10% Pd/C, H2, EtOH



N N



MeO



TrocCl, TMSCCMgBr 
THF, -30 οC;
acidic workup



NTroc



O
TMS



H2C=CHMgBr, 
CuBr•SMe2, TMSCl



THF, -78 οC



NTroc



O
TMS



1. Zn, HOAc, 23 °C
2. L-Selectride
    THF, -78 °C



NH



HO



1. CbzCl, Na2CO3



      THF, 23 °C
2. TBSCl, imidazole, 
    DMAP, CH2Cl2, 23 °C



NCbz



TBSO



1. EtMgBr, THF, 0 οC, then



2. TBSCl, imidazole, DMAP
    CH2Cl2, 23°C



NCbz



TBSO



N N



OHC OMe



OMe



N N



OMe



OMe



OTBS 1. O3, SMe2, CH2Cl2, -78 οC
2. (a) BnNH2, AcOH, PhH
    (b) NaBH3CN, MeOH



NCbz



TBSO
N N



OMe



OMe



OTBS



NHBn



5% Pd/C, 1 atm H2
MeOH, 23 °C



NH



TBSO



NH2



H



N N



OTBS



OMe



OMe



1. BrCN, toluene, 23°C
2. NaH, CbzCl 
    THF, 0 to 23 °C



N



TBSO
H



N N



OTBS



OMe



OMe



NCbz
NCbz



H



1. n-Bu4NF, THF, 23 °C
2. MnO2, CH2Cl2, 23 °C
3. Ac2O, Pyridine,  23 °C



N



AcO
H



N N



O



OMe



OMe



NCbz
NCbz



H



1. CuBr2, EtOAc, 35 °C
2. 20% Pd(OH)2/C, 1 atm H2
    MeOH, 23 °C



N NH



NH



AcO
H H



H



N N



OMe



OMe



OH



N NH



NH



O3SO
H H



H



HN NH



O



O



OH



7-epi-cylindrospermopsin



1. 12M HCl, 100 °C, 8 h
2. SO3•DMF, DMF, 
    pyridine, 23 °C



73% yield 49% yield



45% yield



87% yield 92% yield 90% yield



85% yield



63% yield



 42% yield 50-70% yield



71% yield



24 steps, ~1% yield
scale validated to 1.2 mg











image2.emf



1. CbzCl, THF, -20 °C, then
    CH2=CHCH2Si(Me2)CH2MgBr
2. NaHMDS, Mel, THF, -78°C



N



MeO NCbz



O



Si



NCbz



O



Si



NCbz



BnO



Si



N



BnO



O
O



H



N



BnO



O
O



H



OH



N



BnO



O
O



H
CO2Me



N



BnO



H OPMB



H



NH2



O
BnO



N



BnO



H



H



N



O
BnO



S



H



OPMBO



N



BnO



H



H



NH



O
BnO



H



OPMB



OH



N



BnO



H



H



N



O
BnO



H



O



CO2Me



N



BnO



H



H



N



O
BnO



H



O



CO2MeHN



N



BnO



H



H



N



O
BnO



H



O



OH
H
N



N



O



HO
O



N



HO



H



H



N



O
N3



H



O



NMOM
MOMN



O
O



N NH



NH



O3SO
H H



H



HN NH



O



O



OH



7-epi-cylindrospermopsin



N NH



NH



HO
H H



H



HN NH



O



O



OH



Cl



CH2=CHMgBr
Cul, THF



1. LiBH(s-Bu)3, THF
2. BnBr, NaH, TBAl, THF



1. KHF2, CHCl3, TFA
2. MeOH, NaHCO3



    THF-H2O2



Sia2BH, THF;
H2O2, NaOH



1. (COCl)2, DMSO
    Et3N, CH2Cl2
2. (EtO)2(O)PCH2CH=CHCO2Me
    LiOH-H2O, THF



1. NaOH, H2O, EtOH
2. NaH, BnBr, n-BuN4I, THF
3. KOCN, AcOH
    C5H5N, Et3N



SOCl2, imidazole
CH2Cl2



-78 °C to 23°C
1. PhMgBr, THF/CH2Cl2
2. (MeO)3P, MeOH



TMSONHTMS
 THF, EtOH



1. PhOCOCl, Et3N, THF
2. NH4OH, i-PrOH



Tf2O, Pyridine
CH2Cl2



1. HCl, THF, H2O
2. 2,6-di-t-butylpyridine, MeOTf
3. Pd/C, EtOH, H2



4. 12 M HCl, reflux
SO3•DMF, pyridine
Na2SO4, DMF, 23 °C



1. i-Bu2AlH, BF3-Et2O
2. NaH, PMBCl
   n-BuN4I



N



BnO



O
O



H OPMB



1. Me2C(OMe)2, Me2CO, CSA
2. DDQ, H2O CH2Cl2
3. Dess-Martin periodinane
4. NaClO2, t-BuOH, H2O
5.  i-Pr2NEt, Mel, DMF



N



BnO



H



H



N



O
BnO



H



O



H
N



HN



O
O



N



HO



H



H



N



O
HO



H



O



N
MOMN



O
O1. Me3SiCl, MOMCl 



    i-Pr2NEt, CH2Cl2
2. Pd(OH)2, H2, EtOH,



1. triphosgene, THF
2. NaN3, DMF



83% yield 98% yield 76% yield 88% yield



97% yield 67% yield 80% yield 54% yield



81% yield 84% yield 59% yield 82% yield



65% yield



MOM



73% yield 57% yield



86% yield 31% yield 70% yield



36 steps, 0.25% yield
validated scale 0.8 mg











image3.emf



HN NH



O



OO



N N



OMe



OMeBr



N N



OMe



OMe
O



Bn2N



Ph3CO



N N



OMe



OMeO
OH
NBn2



N N



OMe



OMe
OH



Bn2N



Ph3CO



N N



OMe



OMe
OTBS



Bn2N



HO



N N



OMe



OMe
OTBS



BocHN



O



HO
OH 4-BrBnO



OH
4-BrBnO



NH2
4-BrBnO



NHOH



N



N



OTBS



OMe



OMe



NH2



N
H



OH



N



N



OTBS



MeO OMe



N NH



O
HH



O



N



N



OTBS



MeO OMe



N NH



HH



O



O



N



N



OTBS



MeO OMe



N NH



HH



O



HO



N



N



OTBS



MeO OMe



N NH



HH



O



HO



4-BrBnO



4-BrBnO 4-BrBnO 4-BrBnO HO



N



N



OTBS



MeO OMe



N NH



HH



O



HO



N3



N



N



OTBS



MeO OMe



N NH



HH



O



Et3SiO



N3



OH



N NH



H H
HO



NHH
N NH



NH



O3SO
H H



H



HN NH



O



O



OH



7-epi-cylindrospermopsin



1. POBr3, PhNMe2, toluene 
2. NaOMe, MeOH/Et2O O



O



NBn2



Ph3CCl, Et3N, DMAP
CH2Cl2



LiBH(s-Bu)3, THF
-78 οC



1. TBSOTf , Et3N, THF
2. HCO2H, THF



1. H2, Pd(OH)2, EtOH
2. Boc2O, Et3N, CH2Cl2
3. TPAP, NMO, CH2Cl2



1. NaH, p-BrC6H4CH2Br, THF
2. Dess-Martin periodinane, CH2Cl2
3. cis-butene, n-BuLi, t-BuOK, (+)-(Ipc)2BOMe



1. p-MeOC6H4CHO, Na2CO3, MeOH, 60 οC
2. m-CPBA, CH2Cl2, 0 οC
3. HONH2•HCl, MeOH, 0 to 23 °C



1. Ms2O, pyr
2. NaN3, DMF
3. Ph3P, THF-H2O



1. MeOH, 3Å-MS
2. Zn, NH4Cl, THF-H2O
3. HCl, MeOH



Im2CO, CH2Cl2



1. K2CO3, MeOH
2. Dess-Martin periodinane
    CH2Cl2



H2, Pd(OH)2



EtOH



(Cl3CO)2CO, THF
then NaN3, DMF



Et3SiOTf, Et3N
THF



1. KHMDS, Me3O+ BF4
-



    CH2Cl2, 0 οC to 25 ∞C
2. Pd/C, H2, EtOH
3. 12 M HCl



SO3•Py
DMF



83% yield 97% yield 93% yield 84% yield



87% yield 50% yield



27% yield,  dr >20:1, ee >94% 56% yield 60% yield



41% yield



85% yield 98% yield 85% yield



LiBH(s-Bu)3, THF
-78 οC to 0 οC



ON



76% yield



49% yield 99% yield 21% yield 63% yield
  (2.5 : 1 bis-sulfate)



HN NH



O



O



4-BrBnO
NHOH



+



N



22 steps, ~0.45% yield
scale validated to 0.5 mg











image4.emf



1. BrCH2CO2Ph
    i-Pr2NEt, MeCN
2. MCPBA, Na2HPO4



    CH2Cl2, -78 οC



BocN
O



Ph
Ph



O



OH



O
BocHN O



N
O



N



AcO



N
O



H



NO2



N



AcO



N
OEt



H



NO2



    KHMDS, THF
    -78 to 23 oC
2. Li, NH3, THF, EtOH



I



63-80% yield
99% ee



toluene
200 οC



1. i-Bu2AlH, CH2Cl2
2. PMBNH2, H2, Pd/C, EtOAc
3. (p-O2NC6H4O)2CO, CH3CN



N



O



OO



TEMPO, PhI(OAc)2



MeSO3H, CDCl3



1. CH3NO2, n-BuLi
2. Ac2O, DMAP, CH2Cl2
3. NaBH4, EtOH



1. CF3CO2H, reflux
2. Et3OBF4; Cs2CO3



1. n-Bu4NF, THF, -15 οC
2. H2, Pd(OH)2, HOAc
3. 12 M HCl, reflux



N



NMeO OMe



CHO



N



HO



NH



NHH



H H



H
N



HN



OH



O O



N



HO



NH



NHH



H H



H
N



HN



OH



O O N



HO



NH



NHH



H H



H
N



HN



OH



O O



SO3•Py, DMF
3Å-MS



N NH



NH



O3SO
H H



H



HN NH



O



O



OH



7-epi-cylindrospermopsin



N NH



NH



O3SO
H H



H



HN NH



O



O



OH



cylindrospermopsin



65% yield 78% yield



75% yield 56% yield 62% yield



41-52% yield



OH
BocHN



O



1.



1. AcCl, MeOH
2. LiAlH4, THF



N



HO
OH



N
O



H



PMB



N



HO
O



N
O



H



PMB



81% yield



PMB



20% yield



32% yield



29% yield



CF2CO2



CF2CO2



CF2CO2



+



60% yield



SO3•Py, DMF
3Å-MS



59% yield



20 steps, 0.9% yield
scale validated 0.7 mg



20 steps, 0.9% yield
scale validated 1.7 mg











image5.emf



PhO OPh



O



H2O, 115 °C
sealed tube, 4 h



95% yield



15NH3 H215N 15NH2



O










PhO OPh

O

H

2

O, 115 °C

sealed tube, 4 h

95% yield

15

NH

3

H

2

15

N

15

NH

2

O


image6.png




image7.emf



EtO2C CO2Et
H215N 15NH2



O



EtONa, EtOH
78 °C, 48 h



90% yield
H15N 15NH



O O



O



[15N2]-4










EtO

2

C CO

2

Et

H

2

15

N

15

NH

2

O

EtONa, EtOH

78 °C, 48 h

90% yield

H

15

N

15

NH

O O

O

[

15

N

2

]-4


image8.emf



H15N 15NH



O O



O



POBr3, PhNMe2
toluene



110 °C, 3 h



15N 15N



Br Br



Br
94% yield



[15N2]-S1










H

15

N

15

NH

O O

O

POBr

3, 

PhNMe

2

toluene

110 °C, 3 h

15

N

15

N

Br Br

Br

94% yield

[

15

N

2

]-S1


image9.emf



15N 15N



Br Br



Br



15N 15N



MeO Br



OMe



MeONa, MeOH,  Et2O
23 °C, 20 h



77% yield



[15N2]-5










15

N

15

N

Br Br

Br

15

N

15

N

MeO Br

OMe

MeONa, MeOH,  Et

2

O

23 °C, 20 h

77% yield

[

15

N

2

]-5


image10.emf



+
PhO OPh



SEt3N, Et2O , 0 °C to 23 °C, 1 h



90% yield
Cl Cl



S
OH










+

PhO OPh

S

Et

3

N, Et

2

O , 0 °C to 23 °C, 1 h

90% yield

Cl Cl

S

OH


image11.emf



PhO OPh



S 15NH3, H2O, 115 °C, 12 h
15NH4SC15N



95% yield










PhO OPh

S

15

NH

3

, H

2

O, 115 °C, 12 h

15

NH

4

SC

15

N

95% yield


image12.emf



15NH4SC15N
H215N 15NH2



S160 °C, 2 h



29% yield
57% yield after 6 reaction cycles










15

NH

4

SC

15

N

H

2

15

N

15

NH

2

S

160 °C, 2 h

29% yield

57% yield after 6 reaction cycles


image13.emf



H215N 15NH2



S



H15N 15NH2



SMe
HI



CH3I, CH3OH
65 °C, 2 h



74% yield










H

2

15

N

15

NH

2

S

H

15

N

15

NH

2

SMe

HI

CH

3

I, CH

3

OH

65 °C, 2 h

74% yield


image14.emf



Boc2O, NaHCO3, CH2Cl2, H2O
23 °C, 72 h



Boc15N 15NHBoc



SMe



96% yieldH15N 15NH2



SMe
HI



[15N2]-6










Boc

2

O, NaHCO

3, 

CH

2

Cl

2

, H

2

O

23 °C, 72 h

Boc

15

N

15

NHBoc

SMe

96% yield

H

15

N

15

NH

2

SMe

HI

[

15

N

2

]-6


image15.emf



Boc15N 15NHBoc



SMe



Boc15N 15NHBoc



15NH215NH3, CHCl3, 23 °C, 96 h



99% yield



[15N2]-6










Boc

15

N

15

NHBoc

SMe

Boc

15

N

15

NHBoc

15

NH

2

15

NH

3, 

CHCl

3

, 23 °C, 96 h

99% yield

[

15

N

2

]-6


image16.emf



H15N 15NH2



15NH2
12M aq. HCl, 100 °C, 1.5 h



100% yield
Boc15N 15NHBoc



15NH2
HCl










H

15

N

15

NH

2

15

NH

2

12M aq. HCl, 100 °C, 1.5 h

100% yield

Boc

15

N

15

NHBoc

15

NH

2

HCl


image17.emf



15N 15N



MeO Br



OMe



15N 15N



MeO



OMe



OH2 mol% PdCl2(PPh3)2, 4 mol% CuI
5-hexyn-1-ol, Et3N, THF, 23 °C, 2 h



98% yield



[15N2]-7[15N2]-5










15

N

15

N

MeO Br

OMe

15

N

15

N

MeO

OMe

OH

2 mol% PdCl

2

(PPh

3

)

2, 

4 mol% CuI

5-hexyn-1-ol, Et

3

N, THF, 23 °C, 2 h

98% yield

[

15

N

2

]-7

[

15

N

2

]-5


image18.emf



5 7



N N



MeO Br



OMe
N N



MeO



OMe



OH2 mol% PdCl2(PPh3)2, 4 mol% CuI
5-hexyn-1-ol, Et3N, THF, 23 °C, 2 h



99% yield










5 7

N N

MeO Br

OMe

N N

MeO

OMe

OH

2 mol% PdCl

2

(PPh

3

)

2, 

4 mol% CuI

5-hexyn-1-ol, Et

3

N, THF, 23 °C, 2 h

99% yield


image19.emf



N
Si
N



Br



Br



Cl



5 mol% Sc(OTf)3, CH2Cl2
 then Bu4NF, 23 °C, 1 h



99% yield, dr 10:1, 94% ee



PMBO O PMBO



OH



(S,S)-9



S2 S3










N

Si

N

Br

Br

Cl

5 mol% Sc(OTf)

3, 

CH

2

Cl

2

 

then Bu

4

NF, 23 °C, 1 h

99% yield, dr 10:1, 94% ee

PMBO

O

PMBO

OH

(S,S)-9

S2

S3


image20.emf



15N 15N



MeO



OMe



O



15N 15N



MeO



OMe



OH



15N 15N



MeO



OMe



OH



(COCl)2, Me2SO
Et3N, CH2Cl2
-78 °C to 23 °C



[15N2]-7



[15N2]-8



N
Si
N



Br



Br



Cl



5 mol% Sc(OTf)3, CH2Cl2, -20 oC, 2 h 
then Bu4NF, 23 °C, 1 h



99% yield, dr 10:1, 94% ee



(S,S)-9



[15N2]-10










15

N

15

N

MeO

OMe

O

15

N

15

N

MeO

OMe

OH

15

N

15

N

MeO

OMe

OH

(COCl)

2

, Me

2

SO

Et

3

N, CH

2

Cl

2

-78 °C to 23 °C

[

15

N

2

]-7

[

15

N

2

]-8

N

Si

N

Br

Br

Cl

5 mol% Sc(OTf)

3, 

CH

2

Cl

2, 

-20 

o

C, 2 h 

then Bu

4

NF, 23 °C, 1 h

99% yield, dr 10:1, 94% ee

(S,S)-9

[

15

N

2

]-10


image21.emf



15N 15N



MeO



OMe



OH
15N 15N



MeO



OMe



OBz



C6H5COCl, pyridine
CH2Cl2, 23 °C, 5 h



88% yield
94% ee



[15N2]-10 [15N2]-S4










15

N

15

N

MeO

OMe

OH

15

N

15

N

MeO

OMe

OBz

C

6

H

5

COCl, pyridine

CH

2

Cl

2

, 23 °C, 5 h

88% yield

94% ee

[

15

N

2

]-10

[

15

N

2

]-S4


image22.emf



15N 15N



MeO



OMe



O



15N 15N



MeO



OMe



OH
15N 15N



MeO



OMe



OH



(COCl)2, Me2SO
Et3N, CH2Cl2



-78 °C to 23 °C



15N 15N



MeO



OMe



OBz



C6H5Cl, pyridine
CH2Cl2, 23°C, 5 h



76 % yield 
dr 10:1



BF3K



TBAI
CH2Cl2/H2O



racemic [15N2]-10



racemic [15N2]-S4
single diastereomer



90% yield



[15N2]-7 [15N2]-8










15

N

15

N

MeO

OMe

O

15

N

15

N

MeO

OMe

OH

15

N

15

N

MeO

OMe

OH

(COCl)

2

, Me

2

SO

Et

3

N, CH

2

Cl

2

-78 °C to 23 °C

15

N

15

N

MeO

OMe

OBz

C

6

H

5

Cl, pyridine

CH

2

Cl

2

, 23°C, 5 h

76 % yield 

dr 10:1

BF

3

K

TBAI

CH

2

Cl

2

/H

2

O

racemic [

15

N

2

]-10

racemic [

15

N

2

]-S4

single diastereomer

90% yield

[

15

N

2

]-7 [

15

N

2

]-8


image23.emf



N N



MeO



OMe



O



N N



MeO



OMe



OH



N N



MeO



OMe



OH



(COCl)2, Me2SO
Et3N, CH2Cl2
-78 °C to 23 °C



7



8



N
Si
N



Br



Br



Cl



5 mol% Sc(OTf)3, CH2Cl2, -20 oC, 2 h 
then Bu4NF, 23 °C, 1 h



99% yield, dr 10:1, 94% ee



(S,S)-9



10










N N

MeO

OMe

O

N N

MeO

OMe

OH

N N

MeO

OMe

OH

(COCl)

2

, Me

2

SO

Et

3

N, CH

2

Cl

2

-78 °C to 23 °C

7

8

N

Si

N

Br

Br

Cl

5 mol% Sc(OTf)

3, 

CH

2

Cl

2, 

-20 

o

C, 2 h 

then Bu

4

NF, 23 °C, 1 h

99% yield, dr 10:1, 94% ee

(S,S)-9

10


image24.emf



N N



MeO



OMe



OH
N N



MeO



OMe



OBz



C6H5COCl, pyridine
CH2Cl2, 23 °C, 5 h



85% yield
94% ee



10 S4










N N

MeO

OMe

OH

N N

MeO

OMe

OBz

C

6

H

5

COCl, pyridine

CH

2

Cl

2

, 23 °C, 5 h

85% yield

94% ee

10

S4


image25.png
Acquired by
Sample Name
Sample ID

Vail #

Injection Volume
Data File Name
Method File Name
Batch File Name
Report File Name
Data Acquired
Data Processed

Ci\LabSolutions\Data\Project1\jlc-3-005b1.lcd

: Joanna Chen
- jlc-3-005b
- jle-3-005b

S10uL
- jic-3-005b1.lcd
“bradlem

- Defaultlcr
$8/1412017 6:3241 PM
$8/14/12017 6:5044 PM

= Shimadzu LCsolution Analysis Report ====

<Chromatogram>
C:\LabSolutions\Data\Project1yic-3-005b1.lcd
mAU
P§ PDA Mult 2|
150 ‘\’
1004 ‘ “
504 | \‘
[
I3
o] _ ~ S - 4\*414
T T T T T
0 5 10 15 20 25
min
1 PDA Multi 2/254nm 4nm
PeakTable
PDA Ch2 254nm dnm
Peal# | Ret Time Arca Height A% FHeight %
T 14.005 3744126] 169690 97158 97938
2] 15425 109512 3573 2,84 2062
Total 3853637 173263 100.000 100.000]





image26.png
==== Shimadzu LCsolution Analysis Report

Acquired by
Sample Name
Sample ID

Vail #

Injection Volume
Data File Name
Method File Name
Batch File Name
Report File Name
Data Acquired
Data Processed

Ci\LabSolutions\Data\Project1\jlc-3-006a1.lcd

: Joanna Chen
 jlc-3-006a
 jlc-3-006a

S10uL
- jic-3-006a led
“bradlem

- Defaultlcr
$8/1412017 5:4132 PM
$8/14/12017 6:3139 PM

<Chromatogram>
C:\LabSolutions\Data\Project1yic-3-006a1 lcd
mAU
5] I@ 5 PDA Mult 2|
504 ‘ H
- \‘ U
|\
o Yl —
T T T T
0 10 20 30 40
min
1 PDA Multi 2/254nm 4nm
PeakTable
PDA Ch2 254nm dnm
Peal# | Ret Time Arca Height A% FHeight %
T 14135 1610946 75710 2996 51378
2] 15397 1613235 71649) 50,036, 18622
Total 3224181 47359 100.000 100.000]





image27.emf



THF, H2O
K3PO4, 60 οC, 48 h



N N



OMe



MeO
OH



N N



OMe



MeO
OH



Ir
O



O



P
Ph2



P
Ph2



NO2
NC



O
O



O
O



OAc



(5 mol%)



+



107



S12



21% yield
dr 4:1



96% ee










THF, H

2

O

K

3

PO

4

, 60 oC, 48 h

N N

OMe

MeO

OH

N N

OMe

MeO

OH

Ir

O

O

P

Ph

2

P

Ph

2

NO

2

NC

O

O

O

O

OAc

(5 mol%)

+

10

7

S12

21% yield

dr 4:1

96% ee


image28.png
C:\LabSolutions\Data\Project1yic-3-007at led
Acquired by
Sample Name
Sample ID

Vail #

Injection Volume
Data File Name
Method File Name
Batch File Name
Report File Name
Data Acquired
Data Processed

= Shimadzu LCsolution Analysis Report ====

<Chromatogram>

C:\LabSolutions\Data\Project1\jic-3-007a1.lcd

200

150

100

50

0 — T

PDA Multi 2

0 5 10

1 PDA Multi 2/254nm 4nm

PeakTable
PDA Ch2 254nm 4nm
Peak? | Ret Time Area Height Area% Height %
T 14213 109731 0T 2.028] 1883
2] 15.418] 5301631 224760 97972 98.157]
Tota] 5411362 228981 100.000] 100.000)

min




image29.emf



15N 15N



MeO



OMe



OH
86% yield



15N 15N



MeO



OMe



O 15N



O



15NH2



15NH2



[15N2]-10 [15N5]-11



Im2CO, THF, 23 °C, 12 h



then
H215N 15NH2



15NH



THF, DMF, 23 °C, 1 h










15

N

15

N

MeO

OMe

OH

86% yield

15

N

15

N

MeO

OMe

O

15

N

O

15

NH

2

15

NH

2

[

15

N

2

]-10

[

15

N

5

]-11

Im

2

CO, THF, 23 °C, 12 h

then

H

2

15

N

15

NH

2

15

NH

THF, DMF, 23 °C, 1 h


image30.emf



10 11



N N



MeO



OMe



OH



83% yield



N N



MeO



OMe



O



O



N



NH2



NH2



Im2CO, THF, 23 °C, 12 h



then
H2N NH2



NH



THF, DMF, 23 °C, 1 h










10

11

N N

MeO

OMe

OH

83% yield

N N

MeO

OMe

O

O

N

NH

2

NH

2

Im

2

CO, THF, 23 °C, 12 h

then

H

2

N NH

2

NH

THF, DMF, 23 °C, 1 h


image31.emf



15N 15N



MeO



OMe



O 15N



O



15NH2



15NH2



71-80% yield
2.5:1 dr



1. NIS, NaHCO3
    CH3CN, 0 °C, 5 h
2. MbsCl, iPr2NEt, CH2Cl2
   23 °C, 20 min



15N 15N



MeO



OMe



O



O



15N 15N



15NH



Mbs



[15N5]-12a



15N 15N



MeO



OMe



O H15N 15N



15NH



Mbs
MeO2C



15N 15N



MeO



OMe



O



O



15N 15N



15NH



Mbs



MeOH / AcOH
23 °C, 1 h



[15N5]-12b



[15N5]-S5



iPr2NEt, CH3CN
82 °C, 60 h



64% yield 
over two steps



95% yield
 based on single diastereomer



[15N5]-11



15N 15N



MeO



OMe



O



O



15N 15N



15NH



Mbs



+



[15N5]-12










15

N

15

N

MeO

OMe

O

15

N

O

15

NH

2

15

NH

2

71-80% yield

2.5:1 dr

1. NIS, NaHCO

3

    CH

3

CN, 0 °C, 5 h

2. MbsCl, iPr

2

NEt, CH

2

Cl

2

   23 °C, 20 min

15

N

15

N

MeO

OMe

O

O

15

N

15

N

15

NH

Mbs

[

15

N

5

]-12a

15

N

15

N

MeO

OMe

O

H

15

N

15

N

15

NH

Mbs

MeO

2

C

15

N

15

N

MeO

OMe

O

O

15

N

15

N

15

NH

Mbs

MeOH / AcOH

23 °C, 1 h

[

15

N

5

]-12b

[

15

N

5

]-S5

iPr

2

NEt, CH

3

CN

82 °C, 60 h

64% yield 

over two steps

95% yield

 based on single diastereomer

[

15

N

5

]-11

15

N

15

N

MeO

OMe

O

O

15

N

15

N

15

NH

Mbs

+

[

15

N

5

]-12


image32.png




image33.emf



N
N



HN



S



MeO



O



O



O
O



N
N



OMe



OMe
12b










N

N

HN

S

MeO

O

O

O

O

N

N

OMe

OMe

12b


image34.emf



N N



MeO



OMe



O N



O



NH2



NH2



71-80% yield
2.5:1 dr



1. NIS, NaHCO3
    CH3CN, 0 °C, 5 h
2. MbsCl, iPr2NEt, CH2Cl2
   23 °C, 20 min



N N



MeO



OMe



O



O



N
N



NH



Mbs



12a



N N



MeO



OMe



O HN
N



NH



Mbs
MeO2C



N N



MeO



OMe



O



O



N
N



NH



Mbs



MeOH / AcOH
23 °C, 1 h



12b



S5



iPr2NEt, CH3CN
82 °C, 60 h



64% yield 
over two steps



95% yield
 based on single diastereomer



11



N N



MeO



OMe



O



O



N
N



NH



Mbs



+



12










N N

MeO

OMe

O

N

O

NH

2

NH

2

71-80% yield

2.5:1 dr

1. NIS, NaHCO

3

    CH

3

CN, 0 °C, 5 h

2. MbsCl, iPr

2

NEt, CH

2

Cl

2

   23 °C, 20 min

N N

MeO

OMe

O

O

N

N

NH

Mbs

12a

N N

MeO

OMe

O HN

N

NH

Mbs

MeO

2

C

N N

MeO

OMe

O

O

N

N

NH

Mbs

MeOH / AcOH

23 °C, 1 h

12b

S5

iPr

2

NEt, CH

3

CN

82 °C, 60 h

64% yield 

over two steps

95% yield

 based on single diastereomer

11

N N

MeO

OMe

O

O

N

N

NH

Mbs

+

12


image35.emf



15N 15N



MeO



OMe



O



O



15N 15N



15NH



Mbs



74% yield, E:Z 6:1



O



O



15N 15N



15NH



Mbs
15N 15N



MeO



OMe25 mol% Pd(PPh3)4, 50 mol% PhCO2H
1,4-dioxane, 101 °C, 1 h



[15N2]-13[15N2]-12a










15

N

15

N

MeO

OMe

O

O

15

N

15

N

15

NH

Mbs

74% yield, E:Z 6:1

O

O

15

N

15

N

15

NH

Mbs

15

N

15

N

MeO

OMe

25 mol% Pd(PPh

3

)

4, 

50 mol% PhCO

2

H

1,4-dioxane, 101 °C, 1 h

[

15

N

2

]-13

[

15

N

2

]-12a


image36.emf



12a 13



N N



MeO



OMe



O



O



N
N



NH



Mbs



72% yield, E:Z  6:1



O



O



N
N



NH



Mbs
N N



MeO



OMe25 mol% Pd(PPh3)4, 50 mol% PhCO2H
1,4-dioxane, 101 °C, 1 h










12a

13

N N

MeO

OMe

O

O

N

N

NH

Mbs

72% yield, E:Z  6:1

O

O

N

N

NH

Mbs

N N

MeO

OMe

25 mol% Pd(PPh

3

)

4, 

50 mol% PhCO

2

H

1,4-dioxane, 101 °C, 1 h


image37.emf



15N 15N 15N 15N



OMe



OMe15NMbs



Et3SiO
H H



H



1. MeOH, i-Pr2NEt, CH3CN, 82 °C, 24 h
    then MeONa, MeOH, 23°C, 30 min
2. Et3SiCl, imidazole, CH2Cl2, 23°C, 6 h



93% yield, dr 3:2



O



O



15N 15N



15NH



Mbs
15N 15N



MeO



OMe



[15N5]-13 [15N5]-17



+ 15N 15N 15N 15N



OMe



OMe15NMbs



Et3SiO
H H



H



8



[15N5]-S6










15

N

15

N

15

N

15

N

OMe

OMe 15

NMbs

Et

3

SiO

H H

H

1. MeOH, i-Pr

2

NEt, CH

3

CN, 82 °C, 24 h

    then MeONa, MeOH, 23°C, 30 min

2. Et

3

SiCl, imidazole, CH

2

Cl

2

, 23°C, 6 h

93% yield, dr 3:2

O

O

15

N

15

N

15

NH

Mbs

15

N

15

N

MeO

OMe

[

15

N

5

]-13

[

15

N

5

]-17

+

15

N

15

N

15

N

15

N

OMe

OMe 15

NMbs

Et

3

SiO

H H

H

8

[

15

N

5

]-S6


image38.emf



N N N N



OMe



OMeNMbs



Et3SiO
H H



H



1. MeOH, i-Pr2NEt, CH3CN, 82 °C, 24 h
    then MeONa, MeOH, 23°C, 30 min
2. Et3SiCl, imidazole, CH2Cl2, 23°C, 6 h



93% yield, dr 3:2



O



O



N
N



NH



Mbs
N N



MeO



OMe



13 17



+ N N N N



OMe



OMeNMbs



Et3SiO
H H



H



8



S6










N N N N

OMe

OMe NMbs

Et

3

SiO

H H

H

1. MeOH, i-Pr

2

NEt, CH

3

CN, 82 °C, 24 h

    then MeONa, MeOH, 23°C, 30 min

2. Et

3

SiCl, imidazole, CH

2

Cl

2

, 23°C, 6 h

93% yield, dr 3:2

O

O

N

N

NH

Mbs

N N

MeO

OMe

13

17

+

N N N N

OMe

OMe NMbs

Et

3

SiO

H H

H

8

S6


image39.emf



oxaziridine, LDA, THF
-78°C, 5 min



15N 15N 15N 15N



OMe



OMe15NMbs



Et3SiO
H H



H



[15N5]-17



15N 15N 15N 15N



OMe



OMe15NMbs



Et3SiO
H H



H



[15N5]-21



15N 15N 15N 15N



OMe



OMe15NMbs



Et3SiO
H H



H



[15N5]-S7



OHOH



+










oxaziridine, LDA, THF

-78°C, 5 min

15

N

15

N

15

N

15

N

OMe

OMe

15

NMbs

Et

3

SiO

H H

H

[

15

N

5

]-17

15

N

15

N

15

N

15

N

OMe

OMe

15

NMbs

Et

3

SiO

H H

H

[

15

N

5

]-21

15

N

15

N

15

N

15

N

OMe

OMe

15

NMbs

Et

3

SiO

H H

H

[

15

N

5

]-S7

OH

OH

+


image40.emf



46% yield (78% brsm)



N
S



O



O O



LDA, THF, -78 °C, 5 min



20



15N 15N 15N 15N



OMe



OMe15NMbs



Et3SiO
H H



H
15N 15N 15N 15N



OMe



OMe15NMbs



Et3SiO
H H



H



[15N5]-21



OH



[15N5]-17










46% yield (78% brsm)

N

S

O

O

O

LDA, THF, -78 °C, 5 min

20

15

N

15

N

15

N

15

N

OMe

OMe

15

NMbs

Et

3

SiO

H H

H

15

N

15

N

15

N

15

N

OMe

OMe

15

NMbs

Et

3

SiO

H H

H

[

15

N

5

]-21

OH

[

15

N

5

]-17


image41.emf



17 21



51% yield (84% brsm)
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Cpd 1: Cylindrospermopsin: + MRM CF=0.000 DF=0.000 (416.10000 -> 336.10000) WorklistData19.d
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