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Abstract


Multikilogram manufacturing process of the Halaven® C14–C35 fragment is described. The synthesis features convergent assembly of subunits by iterative asymmetric Ni/Cr-mediated coupling executed in fixed equipment.
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10b Schreiber SL. Tetrahedron Lett. 1980; 21: 1027 
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11 Acid-induced cyclization to form the halichondrin C17–C20 tetrahydrofuran ring was first noted by Yu and co-workers at Eisai. Acidic acetonide cleavage of erythrose derivative A resulted in clean in situ cyclization to furnish the C14–C21 subunit (Scheme 7). See:  Yu MJ, Tremblay L, Davis HA, Palme MH, Sexton KA, Zheng W. Book of Abstracts, 219th ACS National Meeting, San Francisco, CA, March 26-30, 2000. American Chemical Society. Washington DC: 2000 ; Abstract ORGN-739.  
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12 Choi H.-W, Demeke D, Kang FA, Kishi Y, Nakajima K, Nowak P, Wan Z.-K, Xie C. Pure Appl. Chem. 2003; 75: 1 
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13 Kishi and co-workers recently reported a synthesis of Halaven® C27–C35 subunit which avoids C31 benzylation/debenzylation and the use of silver salt for C31 methylation. For detail, see:  Yang Y.-R, Kim D.-S, Kishi Y. Org. Lett. 2009; 4516 









	
14 Selection of counterion is critical for chemoselective C31 methylation. The use of KOt-Bu resulted in a several percent of sulfone α-methylation byproduct.  









	
15 
          Experimental procedure for C26–C27 NHK coupling (3+4→43): (S)-Ligand 19 (2.69 kg, 9.08 mol) was dissolved in THF (17.6 kg) and the solution was flushed with N2 to achieve O2 content 200 ppm. CrCl2 (1.11 kg, 9.03 mol) was added and the mixture was warmed to 28–32 °C. Et3N (0.92 kg, 9.1 mol) was added between 30–35 °C and the suspension was stirred at 28–32 °C for at least 2.5 h before cooling to –10 to 5 °C. NiCl2 (0.030 kg, 0.23 mol) was added followed by a N2-flushed solution of C27–C35 aldehyde 3 (1.169 kg, 1.95 mol) and C14–C26 triflate 4 (1.48 kg, 2.56 mol) in THF. The reaction mixture was warmed up to 23–25 °C and stirred for 10–16 h. Upon complete conversion, the reaction mixture was cooled down to –10 to 5 °C and ethylenediamine (1.54 kg, 26 mol) was added between 0–5 °C. The reaction mixture was stirred for 1 h and warmed to 20–25 °C. Water (12 kg) was added over 10 min followed by n-heptane (20 kg) and the mixture was stirred for 30 min. The aqueous phase was removed and extracted with MTBE (22 kg). The combined organic layers were washed with a solution of NaHCO3 (1.5 kg) and NaCl (4 kg) in water (25 kg) and concentrated under reduced pressure at 25 °C. The solution was azeotroped with THF (10 kg) to achieve water <500 ppm. The solution was used as is in the next stage.  









	
16 Cyclization is initiated once residual S-ligand 19 from the previous step is fully deprotonated. Careful monitoring is required to avoid decomposition of 44 caused by excess charge of KHMDS.  









	
17 
          Experimental procedure for Williamson ether cyclization (43→44): The solution of the NHK coupling product 43 in THF was diluted with THF (140 kg) and cooled down to –20 to –15 °C. 0.5 M KHMDS in toluene was added (18.0 kg; 4 equiv) at –15 to –20 °C. The final charge of KHMDS was determined based on HPLC reaction conversion (titrated to >99% conversion). Upon complete conversion, the reaction mixture was transferred to NH4Cl (8.1 kg) in water (112 kg) at –5 to 0 °C. n-Heptane (71 kg) was added and the mixture was warmed to 22 °C. The aqueous layer was removed and extracted with MTBE (77 kg). The organic layers were washed with a solution of NaCl (24 kg) in water (66 kg), and then concentrated under reduced pressure at 25–30 °C. n-Heptane (61 kg) was added, and the resulting slurry of ligand 19 was cooled down to –15 to –10 °C for 1 h. The suspension was filtered and the cake of 19 was washed with n-heptane (10–20 kg). The filtrate was concentrated and n-heptane (2 kg) was added to the residue. Ligand 19 was filtered off and rinsed with n-heptane (0.5 kg). The combined filtrates were concentrated and the residue purified by flash chromatography on silica gel (Biotage 400 L cartridge × 2) eluting with n-heptane (1200 kg) and MTBE (350 kg) to give 44 (1.2 kg, 1.3 mol, 65% yield from 3), which was dissolved in n-heptane (4.0 kg) and used directly in the next stage.  











	
18a Hori N, Nagasawa K, Shimizu T, Nakata T. Tetrahedron Lett. 1999; 40: 2145 
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18b Sakamoto Y, Tamegai K, Nakata T. Org Lett. 2002; 4: 675 
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19a 
            Experimental procedure for reductive deprotection of 44 and crystallization of 2: The solution of 44 in n-heptane from the previous step was concentrated to dryness (2.54 kg, 2.72 mol). Toluene (15 kg) was added and the resulting solution was cooled to –75 to –60 °C. A solution of DIBAL-H (1 M solution in toluene, 5.24 kg, 6.1 mol) was added over 30 min keeping the temperature between –75 and –60 °C. Upon complete conversion, MeOH (0.25 kg, 7.8 mol) was added over 30 min. keeping the temperature between –75 °C and –60 °C. The reaction mixture was warmed up to 15–25 °C, and 32% HCl (3.12 kg, 27 mol) in water (24.2 kg) was added over 1 h between 15 and 25 °C. MTBE (50.4 kg) was added and the mixture was stirred. The aqueous layer was extracted with MTBE (30.9 kg). The combined organic layers were washed sequentially with water, 9 wt% aqueous NaHCO3 (8.4 kg) and 26% aqueous NaCl (8.6 kg). The organics were concentrated to dryness and dissolved in MTBE (1.9 kg) and n-heptane (4.5 kg). The resulting solution was purified by flash chromatography on silica gel (Biotage 400 L cartridge × 1) eluting with MTBE (1225 kg) and n-heptane (250 kg). Fractions containing product were pooled and concentrated to dryness. The residue was azeotroped with n-heptane. The residue (2.03 kg, 2.38 mol, 87% yield) was dissolved in n-heptane (13.5 kg) at 20 °C and cooled to –5 to 0 °C. The solution was seeded with 2 (1 g) and the solution was stirred for 3 h at –5 to 0 °C. The suspension was cooled to –20 to –15 °C and held for 3 h. The suspension was filtered and the cake was washed with –20 °C n-heptane (3–5 kg). The solids were dried to constant weight to provide 2 (1.85 kg, 2.17 mol, 91% crystallization recovery, 79% yield based on 44).  









	
19b 
            Characterization of 2: mp 58–60 °C. [α]D
            20 –17.6 (c 1.05, EtOH). IR (neat oil, KBr): 3455, 3073, 2929, 1651, 1363, 1152, 777 cm–1. 1H NMR (400 MHz, CDCl3): δ = 7.93–7.97 (m, 2 H), 7.66–7.72 (m, 1 H), 7.57–7.64 (m, 2 H), 4.90–4.92 (m, 1 H), 4.85 (s, 1 H), 4.78 (d, J = 3.0 Hz 1 H), 4.65–4.67 (m, 1 H), 4.28 (s, 1 H), 3.92–4.01 (m, 1 H), 3.78–3.89 (m, 3 H), 3.53–3.74 (m, 5 H), 3.44–3.52 (m, 1 H), 3.32–3.44 (m, 5 H), 2.98–3.10 (m, 2H), 2.53–2.67 (m, 2 H), 2.15–2.29 (m, 3 H), 1.98–2.08 (m, 1 H), 1.20–1.92 (m, 11 H), 1.00–1.12 (m, 4 H), 1.02–1.10 (m, 4 H), 0.90 (s, 18 H), 0.09 (s, 3 H), 0.08 (s, 3H), 0.05 (s, 3 H), 0.04 (s, 3 H). 13C NMR (100 MHz, CDCl3): δ = 134.0, 129.5, 127.9, 104.9, 85.8, 80.7, 79.5, 78.3, 77.2, 76.9, 75.3, 71.4, 67.8, 62.6, 58.1, 57.5, 43.3, 42.6, 39.0, 37.5, 35.5, 33.1, 32.2, 31.7, 31.3, 29.6, 26.0, 26.0, 17.9, –4.1, –4.7, –5.3. HRMS (ESI): m/z calcd for C45H79O9SSi2 [M+H]+: 851.4983; found: 851.4983. 
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