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I. General information 

Unless otherwise indicated, all reactions were carried out with magnetic stirring in oven-dried glassware under 

argon atmosphere. Commercially available reagents were purchased from Nacalai Tesque, Sigma-Aldrich, 

TCI, and were used without further purification. The dehydrated solvents dichloromethane (CH2Cl2) and 

tetrahydrofuran (THF) were purchased from Kanto Chemical Co. Inc. and were used without further 

dehydration. Analytical thin-layer chromatography (TLC) were carried out on Merck pre-coated silica gel 60 

F-254 plates and revealed with UV irradiation (254 nm) and stained with phosphomolybdic acid. Flash 

chromatographies were performed with Biotage prepacked columns using a Biotage Isolera One purification 

system. 1H and 13C NMR spectra were recorded on a JEOL ECS 400 (400 MHz) or JEOL ECA 500 (500 MHz) 

spectrometer. Chemical shifts (δ) are given in parts per million (ppm) relative to the solvent residual peak of 

CDCl3 (7.26 ppm for 1H, 77.0 ppm for 13C) or CD3OD (4.78 ppm for 1H, 49.0 ppm for 13C). Splitting patterns 

are indicated as followed: s, singlet; d, doublet; t, triplet; q, quartet; oct, octet; m, multiplet; b, broad and 

combinations thereof. Coupling constants (J) are reported in hertz (Hz). 31P NMR chemical shifts are reported 

using ammonium phosphate as external standard, referenced at 1.0 ppm. IR spectra were realized on JASCO 

FT/IR-6100. High resolution mass spectra (HRMS) and optical rotation were recorded on a LTQ-Orbitrap XL 

instrument and JASCO P-1010 polarimeter respectively. 

 

 

II. Experimental procedures for the synthesis of PGP-Me and 2H-labelled derivatives 

1) General procedures 

i) Preparation of Grignard reagents 

To a suspension of magnesium turnings (1.5 equiv) in THF (0.5 mL/mmol of substrate) containing a small 

iodine crystal and 1,2-dibromoethane were added few drops of the appropriate brominated compound (1.0 

equiv) in THF (0.5 mL/mmol of substrate). The mixture was heated until the reaction started, then the 

brominated compound was added dropwise to maintain a non-assisted gentle reflux. After complete addition 

of the starting material, the mixture was heated under reflux for 2 h. The solution of Grignard reagent was 

cooled down and titrated prior to use.1 

 

ii) Cu-catalyzed cross-coupling 

To a 0.1 M solution of appropriate tosylates (1.0 equiv) in THF at 0 °C under argon atmosphere, were added 

CuCl2 (0.05 equiv), 1-phenyl-1-propyne (0.2 equiv) and the appropriate Grignard reagent (2.0 equiv). After 

stirring for 2 h at room temperature, the reaction mixture was quenched by sat NH4Cl aq, then water layer was 

extracted with EtOAc (×3). Combined organic layer was washed with brine and dried over anhydrous MgSO4, 

then filtered. Filtrate was concentrated, and the residue was purified with flush column chromatography on 

silica gel (gradient EtOAc/Hexane = 0/1 to 1/10) to afford the corresponding Bn-protected alcohols. 

 

iii) Removal of benzyl group 
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To a 0.1 M solution of the appropriate Bn-protected alcohols (1.0 equiv) in CH2Cl2 were added boron 

trichloride (2.0 equiv, 1.0M in heptane) at -78 oC. After stirring for 1.5 h at room temperature, the reaction 

mixture was quenched with MeOH and diluted with water. then water layer was extracted with CH2Cl2 (×3). 

Combined organic layer was washed with brine and dried over anhydrous MgSO4, then filtered. Filtrate was 

concentrated, and the residue was purified with flush column chromatography on silica gel (gradient 

EtOAc/Hexane = 1/10 to 1/5) to afford corresponding alcohols. 

 

iv) Tosylation 

To a 0.1 M solution of appropriate alcohols (1.0 equiv) in CH2Cl2 were added TsCl (1.2 equiv), Et3N (2.5 

equiv) and DMAP (0.3 equiv) sequentially. After stirring for 4.5~6 h at room temperature, the reaction mixture 

was quenched with sat NH4Cl aq, then water layer was extracted with CH2Cl2 (×3). Combined organic layer 

was washed with brine and dried over anhydrous MgSO4, then filtered. Filtrate was concentrated, and the 

residue was purified with flush column chromatography on silica gel (gradient EtOAc/Hexane = 0/1 to 1/5) to 

afford corresponding tosylates.  
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2) Total synthesis of PGP-Me (1) 
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Scheme S1. Total synthesis of PGP-Me (1) 
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(S)-4-(benzyloxy)-2-methylbutan-1-ol 8: To a solution of imide 7 (17.1 g, 46.5 mmol) in dry Et2O (300 mL) 

was added sodium lithium aluminum hydride (1.9 g, 51.1 mmol) at -20oC. The reaction mixture was stirred 

for 2 h at the same temperature, then sat. Rochelle salt aq. was added. After stirring for 30 min, the mixture 

was extracted with Et2O (×3). The combined organic layer was washed with brine and dried over anhydrous 

MgSO4, then filtered. Filtrate was concentrated, and the residue was purified with flush column 

chromatography on silica gel (gradient EtOAc/Hexane = 1/10 to 1/5) to afford alcohol 8 (7.7 g, 85%) as a pale 

yellow oil. [α]25
D = -5.73 (c = 1.25, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.37-727 (m, 5H), 4.52 (s, 2H), 

3.62-3.41 (m, 4H), 1.89-1.76 (m, 1H), 1.74-1.66 (m, 1H), 1.62-1.54 (m, 1H), 0.93 (d, J = 6.4 Hz, 3H); 13C 

NMR (100 MHz, CDCl3) δ 138.1, 128.5, 127.8, 127.8, 73.2, 68.8, 68.2, 34.2, 34.2, 17.3; IR (thin film): ν = 

3374, 2925, 2866, 1454, 1364, 1092, 1077, 1039, 1026, 735, 696 cm-1; HRMS (ESI+) m/z calcd for 

C12H18O2Na [M+Na]+: 217.1204, found: 217.1200. 

 

 
(S)-4-(benzyloxy)-2-methylbutyl 4-methylbenzenesulfonate 9: Following the tosylation procedure with 

alcohol 8 (5.1 g, 26.3 mmol), the desired tosylate 9 was obtained as a colorless oil (8.7 g, 95%). [α]25
D = +11.1 

(c = 1.28, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.77-7.75 (m, 2H), 7.35-7.25 (m, 7H), 4.43 (s, 2H), 3.93 (dd, 

J = 5.2, 9.6 Hz, 1H), 3.85 (dd, J = 6.4, 9.6 Hz, 1H), 3.48-3.40 (m, 2H), 2.43 (s, 3H), 2.00 (oct, J = 6.4 Hz, 1H) , 

1.70-1.62 (m, 1H), 1.47-1.39 (m, 1H), 0.91 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ144.7, 138.4, 

133.2, 129.9, 128.5, 128.0, 127.7, 75.1, 73.0, 67.7, 32.8 30.3, 21.7, 16.6; IR (thin film): ν = 2963, 2926, 2859, 

1356, 1187, 1096, 1027, 961, 939, 831, 737, 698, 665, 554 cm-1; HRMS (ESI+) m/z calcd for C19H24O4SNa 

[M+Na]+: 371.1293, found: 371.1289. 

 

 

(R)-(((3, 7-dimethyloctyl)oxy)methyl)benzene 10: Following the preparation procedure of Grignard reagent 

with commercially available 1-bromo-3-methylbutane (4.0 g, 26.5 mmol) and the Cu-catalyzed cross-coupling 

procedure with tosylate 9 (1.0 g, 2.9 mmol), the desired compound 10 was obtained as a colorless oil (0.61 g, 

85%). [α]25
D = +1.59 (c = 0.89, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.35-7.25 (m, 5H), 4.51 (s, 2H), 3.55-

3.46 (m, 2H) , 1.71-1.07 (m, 10H), 0.88-0.86 (m, 9H); 13C NMR (100 MHz, CDCl3) δ 138.8, 128.4, 127.7, 

127.5, 73.0, 68.9, 39.4, 37.4, 36.9, 30.0, 28.1, 24.8, 22.8, 22.7, 19.8; IR (thin film): ν = 2953, 2925, 2866, 1465, 

1378, 1203, 1100, 1027, 732, 696 cm-1; HRMS (ESI+) m/z calcd for C17H28ONa [M+Na]+: 271.2038, found: 

271.2033. 
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(R)-3, 7-dimethyloctan-1-ol S1: Following the Bn removal procedure with compound 10 (0.60 g, 2.41 mmol), 

the desired alcohol S1 was obtained as a pale yellow oil (0.31 g, 82%). [α]25
D = +2.93 (c = 0.95, CHCl3); 1H 

NMR (500 MHz, CDCl3) δ 3.72-3.63 (m, 2H), 1.63-1.48 (m, 3H), 1.39-1.25 (m, 5H), 1.18-1.10 (m, 2H), 0.90-

0.85 (m, 9H); 13C NMR (125 MHz, CDCl3) δ 61.3, 40.1, 39.3, 37.5, 29.6, 28.0, 24.8, 22.8, 227, 19.2; IR (thin 

film): ν = 3356, 2954, 2925, 2869, 1464, 1366, 1334, 1053, 1009 cm-1; HRMS (ESI+) m/z calcd for C10H22ONa 

[M+Na]+: 181.1568, found: 181.1560. 

 

 

 

(R)-3,7-dimethyloctyl 4-methylbenzenesulfonate 11: Following the tosylation procedure with alcohol S1 

(0.38 g, 2.40 mmol), the desired tosylate 11 was obtained as a pale yellow oil (0.73 g, 92%). [α]25
D = +1.90 (c 

= 2.40, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.81-7.78 (m, 2H), 7.35-7.33 (m, 2H), 4.11-4.02 (m, 2H), 2.49 

(S, 3H), 1.70-1.62 (m, 1H), 1.56-1.41 (m, 3H), 1.20-1.05 (m, 6H), 0.86-0.80 (m, 9H); 13C NMR (100 MHz, 

CDCl3) δ 144.7, 133.4, 129.9, 128.0, 69.2, 39.1, 36.9, 35.8, 29.3, 28.0, 24.6, 22.7, 22.6, 21.7, 19.2; IR (thin 

film): ν = 2954, 2926, 2868, 1359, 1187, 1097, 942, 888, 813, 760, 663, 554 cm-1; HRMS (ESI+) m/z calcd for 

C17H28O3SNa [M+Na]+: 335.1657, found: 335.1651. 

 

 

 

(S)-((4-bromo-3-methylbutoxy)methyl)benzene S2: To a solution of tosylate 9 (7.0 g, 20.1 mmol) in DMF 

(140 mL) was added LiBr (2.6 g, 30.1 mmol). After stirring for 20 h under reflux, the reaction mixture was 

allowed to cool to room temperature and quenched with iced water. Then water layer was extracted with 

CH2Cl2 (×3). Combined organic layer was washed with brine and dried over anhydrous MgSO4, then filtered. 

Filtrate was concentrated, and the residue was purified with flush column chromatography on silica gel 

(EtOAc/Hexane = 1/15) to afford bromide S2 (4.0 g, 90%) as a colorless oil. [α]25
D = +4.28 (c = 1.93, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.38-7.28 (m, 5H), 4.51 (s, 2H), 4.94 (bt, J = 6.0 Hz, 1H), 3.57-3.50 (m, 2H), 

3.44 (dd, J = 4.5, 10.0 Hz, 1H), 3.37 (dd, J = 4.0, 10.0 Hz, 1H), 2.04 (oct, J = 6.0 Hz 1H) , 1.84-1.77 (m, 1H), 

1.56-1.53 (m, 1H), 1.04 (d, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 138.5, 128.5, 127.7, 127.7, 73.1, 

67.9, 41.6, 34.7, 32.2, 18.8; IR (thin film): ν = 2961, 2930, 2857, 1454, 1364, 1246, 1097, 1026, 734, 696, 651, 

618 cm-1; HRMS (ESI+) m/z calcd for C12H17BrO3Na [M+Na]+: 279.0360, found: 279.0355, 281.0334. 
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((((3R, 7R)-3,7,11-trimethyldodecyl)oxy)methyl)benzene S3: Following the preparation procedure of 

Grignard reagent with bromide S2 (1.0 g, 3.9 mmol) and Cu-catalyzed cross-coupling procedure with tosylate 

11 (200 mg, 0.64 mmol), the desired compound S3 was obtained as a pale yellow oil (167 mg, 82%). [α]25
D = 

+1.26 (c = 2.20, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.37-7.28 (m, 5H), 4.53 (s, 2H), 3.56-3.51 (m, 2H) , 

1.81-1.08 (m, 17H), 0.94-0.87 (m, 12H); 13C NMR (125 MHz, CDCl3) δ 138.8, 128.4, 127.7, 127.5, 73.0, 68.9, 

39.5, 38.7, 37.6, 37.5, 37.4, 36.9, 32.9, 30.0, 28.1, 24.9, 24.5, 22.7, 19.9, 19.8; IR (thin film): ν = 2954, 2924, 

2854, 1455, 1365, 1100, 733, 697, 404 cm-1; HRMS (ESI+) m/z calcd for C17H28ONa [M+Na]+: 271.2038, 

found: 271.2032. 

 

 

 
(3R,7R)-3,7,11-trimethyldodecan-1-ol 13: Following the Bn removal procedure with compound S3 (160 mg, 

0.50 mmol), the desired alcohol 13 was obtained as a pale yellow oil (99 mg, 86%). [α]25
D = +2.35 (c = 0.48, 

CHCl3); 1H NMR (500 MHz, CDCl3) 3.72-3.63 (m, 2H), 1.64-1.49 (m, 3H), 1.38-1.05 (m, 14H), 0.90-0.83 (m, 

12H); 13C NMR (125 MHz, CDCl3) δ 61.3, 40.0, 39.4, 37.6, 37.4, 37.3, 32.9, 29.6, 28.1, 24.9, 24.4, 22.8, 22.7, 

19.8, 19.8; IR (thin film): ν = 3361, 2953, 2924, 2868, 1462, 1377, 1056, 1008 cm-1; HRMS (ESI+) m/z calcd 

for C15H32ONa [M+Na]+: 251.2351, found: 251.2344. 

 

 

 

(3R,7R)-3,7,11-trimethyldodecyl 4-methylbenzenesulfonate S4: Following the tosylation procedure with 

alcohol 13 (115 mg, 0.50 mmol), the desired tosylate S4 was obtained as a pale yellow oil (173 mg, 90%). 

[α]25
D = +1.34 (c = 0.75, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.81-7.78 (m, 2H), 7.36-7.33 (m, 2H), 4.10-

4.03 (m, 2H), 2.45 (S, 3H), 1.69-1.64 (m, 1H), 1.55-1.02 (m, 16H), 0.87 (d, J = 7.0 Hz, 6H), 0.82 (d, J = 6.5 

Hz, 3H), 0.80 (d, J = 6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 144.7, 133.4, 129.9, 128.0, 69.2, 39.4, 37.3, 

37.1, 35.8, 32.8, 29.3, 280, 24.9, 24.3, 22.8, 22.7, 21.7, 19.8, 19.3; IR (thin film): ν = 2953, 2925, 2867, 1463, 

1364, 1188, 1176, 1097, 943, 889, 813, 762, 664, 554 cm-1; HRMS (ESI+) m/z calcd for C22H38O3SNa 

[M+Na]+: 405.2439, found: 405.433. 
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((((3R,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)methyl)benzene S5: Following the preparation 

procedure of Grignard reagent with bromide S2 (0.50 g, 1.9 mmol) and the Cu-catalyzed cross-coupling 

procedure with tosylate S4 (70 mg, 0.18 mmol), the desired compound S5 was obtained as a pale yellow oil 

(65 mg, 92%). [α]25
D = +1.46 (c = 2.15, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.35-7.27 (m, 5H), 4.51 (s, 

2H), 3.55-3.47 (m, 2H) , 1.71-1.64 (m, 1H), 1.61-1.50 (m, 2H), 1.46-1.04 (m, 21H) 0.89-0.84 (m, 15H); 13C 

NMR (125 MHz, CDCl3) δ 138.8, 128.4, 127.7, 127.5, 73.0, 68.9, 39.5, 37.6, 37.6, 37.5, 37.4, 36.9, 32.9, 30.0, 

28.1, 24.9, 24.6, 24.5, 22.8, 22.7, 19.9, 19.9, 19.8; IR (thin film): ν = 2953, 2925, 2866, 2857, 1461, 1376, 

1100, 733, 696 cm-1; HRMS (ESI+) m/z calcd for C27H48ONa [M+Na]+: 411.3603, found: 411.3597. 

 

 

 

Phytanol 14: Following the Bn removal procedure with compound S5 (65 mg, 0.17 mmol), phytanol 14 was 

obtained as a pale yellow oil (46 mg, 92%). [α]25
D = +2.16 (c = 1.80, CHCl3); 1H NMR (500 MHz, CDCl3) 

3.72-3.63 (m, 2H), 1.63-1.49 (m, 3H), 1.38-1.05 (m, 21H), 0.89 (d, J = 6.5 Hz, 3H), 0.90-0.83 (m, 12H); 13C 

NMR (125 MHz, CDCl3) δ 61.3, 40.1, 39.5, 37.6, 37.5, 37.5, 37.4, 37.4, 32.9, 29.6, 28.1, 24.9, 24.5, 24.5, 22.8, 

22.7, 19.9, 19.8, 19.8; IR (thin film): ν = 3566, 3030, 2932, 2858, 1731, 1454, 1362, 1286, 1087 cm-1; HRMS 

(ESI+) m/z calcd for C20H42ONa [M+Na]+: 321.3133, found: 321.3129. 

 

 

 
(3R,7R,11R)-3,7,11,15-tetramethylhexadecyl 4-methylbenzenesulfonate 15: Following the tosylation 

procedure with alcohol 14 (46 mg, 0.15 mmol), the desired tosylate 15 was obtained as a pale yellow oil (66 

mg, 95%). [α]25
D = +1.64 (c = 1.25, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.80-7.78 (m, 2H), 7.35-7.33 (m, 

2H), 4.10-4.02 (m, 2H), 2.45 (S, 3H), 1.68-1.65 (m, 1H), 1.60-1.03 (m, 23H), 0.87-0.80 (m, 15H); 13C NMR 

(125 MHz, CDCl3) δ 144.7, 133.4, 130.0, 128.0, 69.2, 39.5, 37.5, 37.5, 37.4, 37.3, 37.1, 35.8, 32.9, 32.8, 29.3, 

28.1, 24.9, 24.5, 24.3, 22.8, 22.7, 21.7, 19.8, 19.8, 19.3; IR (thin film): ν = 2953, 2924, 2867, 1460, 1364, 1187, 

1097, 944, 888, 813, 761, 663, 583, 571, 554 cm-1; HRMS (ESI+) m/z calcd for C27H48O3SNa [M+Na]+: 

475.3222, found: 475.3216. 
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(((S)-2,3-bis(((3R,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)propoxy)methyl)benzene S6: To a 

solution of separately prepared alcohol2 (12 mg, 66 μmol) in DMSO (0.75 mL) was added sodium hydride (5.3 

mg, 133 μmol, 60% in oil) at 0 °C. After stirring for 30 min at 0 °C, tosylate 15 (60 mg, 133 μmol) as a 0.75 

mL of DMSO solution was added in the mixture. After stirring for 22 h at room temperature, the mixture was 

quenched with water and extracted with EtOAc (×3). The combined organic layer was washed with brine and 

dried over anhydrous MgSO4, then filtered. The filtrate was concentrated under reduced pressure and the 

residue was purified by flush column chromatography on silica gel (EtOAc/Hexane = 1/15) to afford 

compound S6 (27 mg, 56%) as a pale yellow oil. [α]25
D = +1.76 (c = 1.43, CHCl3); 1H NMR (400 MHz, CDCl3) 

δ 7.34-7.26 (m, 5H), 4.56 (s, 2H), 3.66-3.41 (m, 9H),1.65-1.49 (m, 8H), 1.41-1.02 (m, 40H), 20.88-0.84 (m, 

30H); 13C NMR (100 MHz, CDCl3) δ 138.5, 128.4, 127.7, 127.6, 78.1, 73.5, 70.9, 70.5, 70.1, 69.0, 39.5, 37.6, 

37.6, 37.5, 37.4, 37.2, 36.8, 32.9, 32.9, 30.0, 29.9, 29.8, 28.1, 24.9, 24.6, 24.5, 22.8, 22.7, 19.9, 19.8, 19,8, 

19.8; IR (thin film): ν = 2951, 2923, 2857, 1513, 1642, 1376, 1301, 1247, 1171, 1110, 1040, 820 cm-1; HRMS 

(ESI+) m/z calcd for C50H94O3Na [M+Na]+: 765.7101, found: 765.1110. 

 

 

 

Archaeol 16: Following the Bn removal procedure with compound S6 (25 mg, 34 μmol), archaeol (16) was 

obtained as a pale yellow oil (20 mg, 90%). [α]25
D = +4.88 (c = 0.53, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.34-7.26 (m, 5H), 4.56 (s, 2H), 3.66-3.41 (m, 9H) , 1.71-1.64 (m, 1H), 1.65-1.49 (m, 8H), 1.42-1.02 (m, 40H) 

0.88-0.84 (m, 30H); 13C NMR (100 MHz, CDCl3) δ 78.4, 71.1, 70.3, 68.7, 63.2, 39.5, 37.6, 37.5, 37.5, 37.4, 

37.4, 37.2, 36.7, 32.9, 30.0, 29.9, 28.1, 24.9, 24.6, 24.4, 22.8, 22.7, 19.8, 19.8, 19.8; IR (thin film): ν = 3456, 

2953, 2925, 2867, 1462, 1376, 1114, 1050, 799 cm-1; HRMS (ESI+) m/z calcd for C43H88O3Na [M+Na]+: 

675.6631, found: 675.6625. 
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Phosphate S7: To a solution of archaeol 16 (20 mg, 31 μmol) and separately prepared bisphosphate2 (8.1 

mg, 15 μmol) in dry pyridine (1.0 mL) at 0 °C was added pivaloyl chloride (5.7 μL, 46 μmol). After stirring 

for 1.5 h at room temperature, iodine (3.9 mg, 15 μmol) in pyridine/H2O (0.50 mL/25 μL) was added. The 

reaction mixture was stirred at the same temperature for 1 h, then 0.5 mL of Na2SO3 (2.0 M) was added. After 

stirring for 10 min, the mixture was diluted with water and extracted with CHCl3 (×3). The organic layer was 

combined, dried over MgSO4, filtrated and concentrated under reduced pressure. The residue was purified by 

flush column chromatography on silica gel (CHCl3/MeOH/Et3N = 100:5:1) to afford phosphate S7 (13.7 mg, 

76%) as a pale yellow oil. [α]25
D = +1.03 (c = 0.88, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.36-7.27 (m, 10H), 

5.06-5.00 (m, 2H), 4.65 (ABq, δΔAB = 0.04, J = 12.0 Hz, 1H), 4.29-4.24 (m, 1H), 4.16-4.11 (m, 1H), 403-4.00 

(m, 2H), 3.92-3.90 (m, 2H), 3.86-3.81 (m, 1H), 3.69 (d, J = 10.8 Hz, 1.5H), 3.68 (d, J = 10.8 Hz, 1.5H), 3.63-

3.51 (m, 4H), 3.36-3.41 (m, 3H), 3.06-3.00 (m, 6H, HNEt3), 1.61-1.47 (m, 6H), 1.38-0.99 (m, 51H), 0.87-0.82 

(m, 30H); 13C NMR (100 MHz, CDCl3) δ 138.2, 136.0, 136.0, 128.6, 128.6, 128.6, 128.4, 128.0, 127.8, 127.7, 

78.1, 78.0, 77.3, 72.2, 71.1, 70.1, 69.4, 69.3, 69.0, 67.1, 67.1, 65.4, 65.4, 63.8, 63.8, 54.4, 54.4, 46.5, 45.6, 

39.5, 37.7, 37.7, 37.6, 37.5, 37.4, 37.4, 37.3, 36.8, 32.9, 32.9, 30.1, 29.9, 28.1, 24.9, 24.6, 24.5, 22.8, 22.7, 

19.8, 19.8, 19.8, 19.2, 8.6; 31P NMR (100 MHz, CDCl3): δ 1.01, 0.74 ; IR (thin film): ν = 2952, 2924, 2866, 

2857, 1457, 1377, 1236, 1038, 859, 735, 697 cm-1; HRMS (ESI+) m/z calcd for C61H109O11P2 [M-HNEt3]-: 

1079.7451, found: 1079.7435. 

 

 

 

Phosphatidylglycerophosphate methyl ester (PGP-Me, 1): To a solution of phosphate S7 (12 mg, 10 μmol) in 

MeOH (0.5 mL) was added platinum oxide (2.3 mg, 10 μmol). The mixture was hydrogenated for 12 h under 

1.0 atm of hydrogen gas then platinum black was filtered. After concentration, the residue was purified by 

flush column chromatography on silica gel (CHCl3/MeOH/H2O = 20:10:1) to afford corresponding deprotected 

product as a triethylamine salt form. 

 The deprotected product was mixed with 0.2 mL of NaClO4 solution (4 M). The mixture was stirred with a 

vortex mixer. After centrifugation the supernatant solution was removed, the precipitate was washed with 

distilled water, and dissolved in CHCl3/MeOH (1:1). The organic solvent was concentrated to afford PGP-Me 

1 (6.9 mg, 72% in two steps) as a white solid. [α]25
D = +2.34 (c = 0.73, CHCl3); 1H NMR (500 MHz, 
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CD3OD/CDCl3(4/3 v/v), using CD3OD as the lock) δ 4.00-3.84 (m, 7H), 3.62-3.50 (m, 7H), 3.45-342 (m, 3H), 

3.41-3.35 (m, 4H), 1.62-1.43 (m, 6H), 1.36-0.97 (m, 42H), 0.85-0.80 (m, 30H); 13C NMR (125 MHz, 

CD3OD/CDCl3(4/3 v/v)) δ 78.1, 78.0, 77.8, 70.9, 70.1, 70.0, 70.0, 69.9, 68.7, 66.2, 66.2, 64.8, 64.7, 52.3, 52.2, 

39.3, 37.4, 37.3, 37.3, 37.2, 37.0, 36.6, 32.7, 32.7, 32.7, 29.8, 29.7, 27.9, 24.7, 24.3, 24.3, 22.2, 22.2, 19.4, 

19.3, 19.3; 31P NMR (125 MHz, CD3OD/CDCl3 (4/3 v/v)): δ 3.00, 1.74; IR (thin film): ν = 3402, 3278, 2953, 

2924, 2868, 1652, 1461, 1377, 1212, 1088, 1053, 834 cm-1; HRMS (ESI+) m/z calcd for C47H97O11P2 [M-

2Na+H]-: 899.6512, found: 899.6497. 

 

3) Preparation of CD3,D-labelled PGP-Me derivatives 

Following the established iterative method, enantiopure CD3,D-labelled phytanol derivatives were 

prepared by changing the coupling order of non-labelled and deuterated isoprene units. Then further 

conversions of CD3,D-labbelled phytanol derivatives were carried out by the essentially same method 

as shown in Scheme S1 to successfully furnish the desired CD3,D-PGP-Me derivatives respectively. 
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OMe

O
BnO

N

O
BnO

O

O

Bn
D D

BnO

D3C D
OH

17 (93%D)

Et2O, 20oC

91% 18 ( 99% ee)

TsCl, Et3N, DMAP

BnO

D3C D
OTs

CH2Cl2, rt
95%

S12

LiBr BnO

D3C D
Br

S13

BnO

D3C D

S14

S15

DBU, CH3OD, reflux

77% (repeated 2 times)
OMe

O
BnO

D D
S9

KOH

THF, D2O
rt, quant

OH

O
BnO

D D
S10

PivCl, Et3N

THF, 20oC

OHN

O

Bn 6

then 17, LiCl, rt, 91%

N

O
BnO

O

O

Bn
D3C D

S11

NaHMDS, CD3I

THF, 78 oC, 70%

LiAlH4

DMF, reflux
87%

THF, 0oC to rt

Ph, CuCl2,19 BCl3

CH2Cl2, 78oC

75% (2 steps)

BnO

D3C D
MgBr

HO

D3C D

3'-CD3,D-phytanol (20)

Synthesis of 3'-CD3,D-phytanyl tosylate S15

TsO

S4

TsO

D3C D

TsCl, Et3N, DMAP

CH2Cl2, rt
94%

Mg BnO

D3C D
MgBr

19

THF, reflux

S8
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Scheme S3. Preparation of 3’-CD3,D-PGP-Me (2) 

 

 

 
[2,2-d2]-methyl-4-(benzyloxy)butanoate S9: To a solution of butanoate S8 (10.0 g, 48.0 mmol) in CH3OD 

(100 mL) was added DBU (14.4 mL, 96.0 mmol). After stirring for 16 h under reflux, the mixture was 

concentrated under reduced pressure and the residue was purified by flush column chromatography on silica 

gel (gradient EtOAc/Hexane = 1/10 to 1/5). This procedure was repeated again to afford deutarated butanoate 

S9 (7.8 g, 77%, 93%D) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.35-7.25 (m, 5H), 4.49 (s, 2H), 3.64 

(s, 3H), 3.50 (t, J = 6.0 Hz, 2H), 2.44-2.40 (m, 0.15H) 1.93 (t, J = 6.0 Hz, 2H); 13C NMR (125 MHz, CDCl3) 

δ 174.0, 138.5, 128.4, 127.7, 127.6, 73.0, 69.2, 51.6, 31.0-30.1 (m) 25.1; HRMS (ESI+) m/z calcd for 

C12H14D2O3Na [M+Na]+: 233.1123, found: 233.1109. 
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[2,2-D2]-4-(benzyloxy)butanoic acid S10: To a solution of deuterated butanoate S9 (6.9 g, 32.8 mmol) in THF 

(140 mL) and D2O (10 mL) was added KOH (3.7 g, 65.6 mmol). After stirring for 12 h at room temperature, 

the reaction mixture was allowed to cool to 0oC and acidified with 6N HCl, then extracted with EtOAc (×3). 

The combined organic layer was washed with brine and dried over anhydrous MgSO4, then filtered. The filtrate 

was concentrated under reduced pressure to afford deuterated carboxylic acid S10 (6.4 g, quant) as a colorless 

oil. This compound was used for next reaction without further purification. 1H NMR (500 MHz, CDCl3) δ 

7.37-7.29 (m, 5H), 4.52 (s, 2H), 3.54 (t, J = 6.0 Hz, 2H), 2.50-2.46 (m, 0.15H) 1.95 (t, J = 6.0 Hz, 2H); 13C 

NMR (125 MHz, CDCl3) δ 179.9, 138.3, 128.5, 127.7, 73.0, 69.1, 30.9-30.2 (m), 24.7; HRMS (ESI+) m/z 

calcd for C11H11D2O3 [M-H]-: 195.0990, found: 195.0982. 

 

 

 

[2,2-D2]-(S)-4-benzyl-3-(4-(benzyloxy)-butanoyl)oxazolidin-2-one 17: To a solution of carboxylic acid S10 

(6.3 g, 32.4 mmol) in THF (150 mL) was added EtN3 (9.0 mL, 64.9 mmol) and pivaloyl chloride (4.4 mL, 35.7 

mmol) at -20oC. After stirring for 45 min at same temperature, LiCl (1.5 g, 35.7 mmol) and (S)-4-benzyl-

oxazolidin-2-one 6 (5.6 g, 31.8 mmol) in THF (50 mL) were added sequentially. The reaction mixture was 

stirred for 16 h at room temperature before quenching with 0.2 N HCl aq (150 mL) at 0oC, then extracted with 

EtOAc (×3). The combined organic layer was washed with sat. NaHCO3 aq, brine and dried over anhydrous 

MgSO4, then filtered. Filtrate was concentrated, and the residue was purified with flush column 

chromatography on silica gel (gradient EtOAc/Hexane = 1/10 to 2/5) to afford deuterated imide 17 (10.4 g, 

91%) as a pale yellow oil. 1H NMR (500 MHz, CDCl3) δ 7.36-7.31 (m, 6H), 7.28-7.25 (m, 2H), 7.20-7.18 (m, 

2H), 4.63-4.58 (m, 1H), 4.51 (s, 2H), 4.15-4.07 (m, 2H), 3.58 (t, J = 6.0 Hz, 2H), 3.27 (dd, J = 3.5, 8.0 Hz, 

1H), 3.07-3.02 (m, 0.15H), 2.70 (dd, J = 10.0, 13.5 Hz, 1H), 2.03 (t, J = 6.0 Hz, 2H); 13C NMR (125 MHz, 

CDCl3) δ 173.2, 153.6, 138.5, 135.5, 129.5, 129.0, 128.5, 1278, 127.7, 127.4, 73.0, 69.3, 66.2, 55.2, 38.0, 32.3-

31.6 (m), 24.5; HRMS (ESI+) m/z calcd for C21H21D2NO4Na [M+Na]+: 378.1650, found: 378.1642. 

 

 

 

[2,2-CD3,D]-(S)-4-benzyl-3-((S)-4-(benzyloxy)-butanoyl)oxazolidin-2-one S11: To a solution of deuterated 

imide 17 (9.6 g, 27.0 mmol) in THF (150 mL) was added sodium bis(trimethylsilyl)amide (41 mL, 41 mmol, 
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1.0M in THF) over 10 min at -78oC. After stirring for 30 min at same temperature, iodomethane-d3 (5.2 mL, 

81.0 mmol) was added. The reaction mixture was stirred for 6 h at -78oC before quenching with sat NH4Cl aq, 

then extracted with Et2O (×3). The combined organic layer was washed with brine and dried over anhydrous 

MgSO4, then filtered. Filtrate was concentrated, and the residue was purified with flush column 

chromatography on silica gel (gradient EtOAc/Hexane = 1/10 to 1/1) to afford CD3,D-labeled imide S11 (7.0 

g, 70%) as a pale yellow oil. 1H NMR (500 MHz, CDCl3) δ 7.32-7.21 (m, 8H), 7.17-7.15 (m, 2H), 4.43-4.34 

(m, 3H), 3.97 (dd, J = 3.0, 9.0 Hz, 1H), 3.73 (t, J = 9.0 Hz, 1H), 3.60-3.52 (m, 2H), 3.20 (dd, J = 3.5, 13.5 Hz, 

1H), 2.71 (dd, J = 9.5, 13.5 Hz, 1H), 2.20-2.15 (m, 1H), 1.74 (dt, J = 5.0, 14.0 Hz, 1H); 13C NMR (125 MHz, 

CDCl3) δ 177.2, 153.4, 138.6, 135.5, 129.5, 128.9, 128.4, 127.7, 127.6, 127.3, 72.9, 68.6, 65.9, 55.3, 38.1, 34.7 

(t, JC-D =20.0 Hz), 33.6; HRMS (ESI+) m/z calcd for C22H21D4NO4Na [M+Na]+: 394.1932, found: 394.1932. 

 

 

 

[2,2-CD3,D]-(S)-4-(benzyloxy)-2-methylbutan-1-ol 15: To a solution of CD3,D-labeled imide S11 (7.0 g, 

18.8 mmol) in dry Et2O (150 mL) was added sodium lithium aluminum hydride (1.4 g, 37.7 mmol) at -20oC. 

The reaction mixture was stirred for 2 h at the same temperature, then sat. Rochelle salt aq. was added. After 

stirring for 30 min, the mixture was extracted with Et2O (×3). The combined organic layer was washed with 

brine and dried over anhydrous MgSO4, then filtered. Filtrate was concentrated and the residue was purified 

with flush column chromatography on silica gel (gradient EtOAc/Hexane = 1/10 to 1/5) to afford CD3,D-

labeled alcohol 15 (3.4 g, 91%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.37-727 (m, 5H), 4.52 (s, 

2H), 3.62-3.41 (m, 4H), 1.73-1.66 (m, 1H), 1.56 (dt, J = 5.2, 10.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) 

δ.138.1, 128.5, 127.8, 127.8, 73.2, 68.5, 68.0, 33.9, 33.5 (t, JC-D =19.1 Hz); HRMS (ESI+) m/z calcd for 

C12H14D4O2Na [M+Na]+: 221.1456, found: 221.1451. 

 

 

 
[2,2-CD3,D]-(S)-4-(benzyloxy)-2-methylbutyl 4-methylbenzenesulfonate S12: Following the tosylation 

procedure with CD3,D-labeled alcohol 15 (3.2 g, 16.1 mmol), CD3,D-labeled tosylate S12 was obtained as a 

colorless oil (5.3 g, 94%). 1H NMR (400 MHz, CDCl3) δ 7.78-7.75 (m, 2H), 7.35-7.25 (m, 7H), 4.43 (s, 2H), 

3.93 (d, J = 9.6 Hz, 1H), 3.84 (d, J = 9.6 Hz, 1H), 3.46-3.42 (m, 2H), 2.42 (s, 3H), 2.02-1.95 (m, 0.14H) , 1.69-

1.62 (m, 1H), 1.46-1.39 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 144.7, 138.5, 133.2, 129.9, 128.5, 128.0, 

127.7, 75.0, 73.0, 67.7, 32.6, 29.7 (t, JC-D =19.1 Hz), 21.7; HRMS (ESI+) m/z calcd for C19H20D4O4SNa 

[M+Na]+: 375.1544, found: 375.1537. 
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[3,3-CD3,D]-(S)-((4-bromo-3-methylbutoxy)methyl)benzene S13: Following the same procedure as 

described for bromide S2 with CD3,D-labeled tosylate S12 (3.0 g, 8.5 mmol), CD3,D-labeled bromide S13 was 

obtained as a colorless oil (1.9 g, 87%). 1H NMR (400 MHz, CDCl3) δ 7.38-7.29 (m, 5H), 4.52 (s, 2H), 3.56-

3.51 (m, 2H), 3.44 (d, J = 9.6 Hz, 1H), 3.34 (d, J = 9.6 Hz, 1H), 2.07-2.01 (m, 0.15H), 1.85-1.77 (m, 1H), 

1.60-1.53 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 138.5, 128.5, 127.7, 127.6, 73.1, 67.9, 41.5, 34.6, 31.6 (t, 

JC-D =19.9 Hz); HRMS (ESI+) m/z calcd for C12H13D4BrONa [M+Na]+: 283.0612, found: 283.0607, 285.0586. 

 

 

 

[3,3-CD3,D]-((((3R,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)methyl)benzene S14: Following the 

preparation procedure of Grignard reagent with bromide S13 (1.0 g, 3.8 mmol) and the Cu-catalyzed cross-

coupling procedure with tosylate S4 (140 mg, 0.37 mmol), the desired compound S14 was obtained as a pale 

yellow oil. The pure coupling products couldn’t be obtained due to contamination of the Wurtz coupling 

products of the Grignard reagent. Thus, compound S14 was only partially purified and used in next step. 

 

 

 

3-CD3,D-phytanol (20): Following the Bn removal procedure with compound S14, 3-CD3,D-labeled phytanol 

(20) was obtained as a pale yellow oil (83 mg, 75% in 2 steps). 1H NMR (400 MHz, CDCl3) δ 3.72-3.63 (m, 

2H), 1.64-1.47 (m, 3H), 1.40-1.01 (m, 20H), 0.87-0.84 (m, 12H); 13C NMR (100 MHz, CDCl3) δ 61.3, 39.9, 

39.5, 37.5, 37.5, 37.4, 37.4, 32.9, 28.9 (t, JC-D =19.3 Hz), 28.1, 24.9, 24.5, 24.4, 22.8, 22.7, 19.9, 19.3; HRMS 

(ESI+) m/z calcd for C20H38D4ONa [M+Na]+: 325.3384, found: 325.3378. 

 

 

 

[3,3-CD3,D]-(3R,7R,11R)-3,7,11,15-tetramethylhexadecyl 4-methylbenzenesulfonate S15: Following the 

tosylation procedure with alcohol 3-CD3,D-labeled phytanol 20 (83 mg, 0.27 mmol), 3-CD3,D-labeled tosylate 
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S15 was obtained as a pale yellow oil (119 mg, 95%). 1H NMR (500 MHz, CDCl3) δ 7.79-7.78 (m, 2H), 77.34-

7.32 (m, 2H), 4.09-4.02 (m, 2H), 2.44 (s, 3H), 1.68-1.62 (m, 1H), 1.56-0.96 (m, 22H), 0.86-0.81 (m, 12H); 13C 

NMR (125 MHz, CDCl3) δ 144.7, 133.4, 129.9, 128.0, 69.2, 39.5, 37.5, 37.5, 37.4, 37.3, 36.9, 35.6, 32.9, 32.8, 

28.6 (t, JC-D =19.3 Hz), 28.1, 24.9, 24.5, 24.2, 22.8, 22.7, 21.7, 19.8, 19.8; HRMS (ESI+) m/z calcd for 

C27H44D4O3SNa [M+Na]+: 479.3473, found: 479.3464. 

 

 

 

Phytanol (22): To a solution of phyatol (1.0 g, 3.4 mmol) in MeOH (15 mL) was added (s)-Ru(OAc)2(T-

BINAP)3 (61 mg, 0.067 mmol). The mixture was hydrogenated for 24 h under 50 atm of hydrogen gas. After 

concentration, the residue was purified by flush column chromatography on silica gel (gradient EtOAc/Hexane 

= 1/10 to 1/5) to afford phytanol (22) as a pale yellow oil (0.95 g, 94%). 

 

 

(((R)-3-((4-methoxybenzyl)oxy)-2-(((3R,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)propoxy)methene 

trityl)tribenzene S16: To a solution of separately prepared alcohol2 (1.0 g, 2.2 mmol) in DMF (15 mL) was 

added sodium hydride (88 mg, 2.2 mmol, 60% in oil) at 0 °C. After stirring for 30 min at same temperature, 

tosylate 15 (0.83 g, 1.8 mmol) in 5 mL of DMF solution was added in the mixture. After stirring for 17 h at 

room temperature, the mixture was quenched with water and extracted with EtOAc (×3). The combined organic 

layer was washed with brine and dried over anhydrous MgSO4, then filtered. The filtrate was concentrated 

under reduced pressure and the residue was purified by flush column chromatography on silica gel (gradient 

EtOAc/Hexane = 0/1 to 1/5) to afford compound S16 (1.2 g, 90%) as a pale yellow oil. [α]25
D = +4.35 (c = 

1.40, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.46-7.44 (m, 6H), 7.29-7.18 (m, 11H), 6.85-6.82 (m, 2H), 4.45 

(dd, J = 11.5, 17.5 Hz, 2H), 3.78 (s, 3H), 3.61-3.52 (m, 5H), 3.20 (d, J = 4.5 Hz, 2H), 1.67-1.45 (m, 3H), 1.41-

1.03 (m, 21H), 0.88-0.83 (m, 15H); 13C NMR (125 MHz, CDCl3) δ 159.2, 144.2, 130.6, 129.2, 128.9, 127.8, 

127.0, 113.8, 86.6, 78.5, 73.0, 70.3, 69.1, 63.7, 55.3, 39.5, 37.7, 37.6, 37.5, 37.4, 37.3, 32.9, 32.9, 30.0, 28.1, 

24.9, 24.6, 24.5, 22.8, 22.7, 19.9, 19.8; ; IR (thin film): ν = 2951, 2924, 2865, 1512, 1462, 1246, 1089, 1035, 

762, 745, 703, 632 cm-1; HRMS (ESI+) m/z calcd for C50H70O4Na [M+Na]+: 757.5172, found: 757.5164. 
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(S)-3-((4-methoxybenzyl)oxy)-2-(((3R,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)propan-1-ol 

(protected glycerol): To a solution of glycerol derivative S16 (1.1 g, 1.5 mmol) in MeOH (9 mL) and CH2Cl2 

(3 mL) was added p-toluenesulfonic acid monohydrate (57 mg, 0.30 mmol). After stirring for 3.5 h at room 

temperature, the reaction mixture was quenched with sat. NH4Cl aq, then water layer was extracted with Et2O 

(×3). The combined organic layer was washed with brine and dried over anhydrous MgSO4, then filtered. The 

filtrate was concentrated under reduced pressure and the residue was purified by flush column chromatography 

on silica gel (gradient EtOAc/Hexane = 1/10 to 2/5) to afford protected glycerol (0.68 g, 92%) as a pale yellow 

oil. [α]25
D = -6.67 (c = 2.20, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.25-7.23 (m, 2H), 6.89-6.86 (m, 2H), 

4.47 (dd, J = 11.5, 14.0 Hz, 2H), 3.80 (m, 3H), 3.73-3.69 (m, 1H), 3.64-3.59 (m, 2H), 3.57-3.49 (m, 4H), 2.09 

(bt, J = 6.0 Hz, 1H), 1.64-1.59 (m, 3H), 1.18-1.04 (m, 20H), 0.87-0.83 (m, 15H); 13C NMR (125 MHz, CDCl3) 

δ 159.4, 130.2, 129.4, 113.9, 78.5, 73.3, 69.8, 38.7, 63.1, 55.4, 39.5, 37.6, 37.5, 37.5, 374, 37.4, 37.2, 32.9, 

29.9, 28.1, 24.9, 24.6, 24.4, 22.8, 22.7, 19.8, 19.8; ; IR (thin film): ν = 3457, 2951, 2924, 2866, 1512, 1461, 

1246, 1090, 1038, 820 cm-1; HRMS (ESI+) m/z calcd for C31H56O4Na [M+Na]+: 515.4076, found: 515.4070. 

 

 

[3’,3’-CD3,D]-1-(((S)-2,3-bis(((3R,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)propoxy)methyl)-4-

methoxybenzene S17: To a solution of protected glycerol (130 mg, 0.26 mmol) in DMF (2.0 mL) was added 

sodium hydride (10.6 mg, 0.26 mmol, 60% in oil) at 0 °C. After stirring for 30 min at 0 °C, tosylate S15 (100 

mg, 0.22 mmol) in 0.5 mL of DMF was added in the mixture. After stirring for 16 h at room temperature, the 

mixture was quenched with water and extracted with EtOAc (×3). The combined organic layer was washed 

with brine and dried over anhydrous MgSO4, then filtered. The filtrate was concentrated under reduced 

pressure and the residue was purified by flush column chromatography on silica gel (EtOAc/Hexane = 1/15) 

to afford compound S17 (155 mg, 91%) as a pale yellow oil. 1H NMR (500 MHz, CDCl3) δ 7.27-7.25 (m, 2H), 

6.88-6.86 (m, 2H), 4.48 (s, 2H), 3.80 (s, 3H), 3.63-3.44 (m, 9H), 1.65-1.49 (m, 5H), 1.41-1.06 (m, 42H), 0.88-

0.84 (m, 27H); 13C NMR (125 MHz, CDCl3) δ 159.2, 130.6, 129.3, 113.8, 78.1, 73.1, 71.0, 70.1, 70.0, 68.9, 

56.3, 39.5, 37.6, 37.6, 37.5, 37.4, 37.4, 372, 36.6, 2.9, 32.9, 29.9, 29.3 (t, JC-D =18.3 Hz), 28.1, 24.9, 24.6, 24.5, 

24.4, 22.8, 22.7, 19.9, 19.8, 19.8; HRMS (ESI+) m/z calcd for C51H92D4O4Na [M+Na]+: 799.7457, found: 

799.7452. 

 

 

 

3’-CD3,D-archaeol: To a solution of compound S17 (135 mg, 0.17 mmol) in CH2Cl2 (4.0 mL) and H2O (0.2 

mL) was added dichlorodicyanoquinone (43 mg, 0.19 mmol). After stirring for 2 h at room temperature, the 
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reaction mixture was diluted with CH2Cl2 and quenched with sat. NH4Cl aq, then water layer was extracted 

with CH2Cl2 (×3). The combined organic layer was washed with brine and dried over anhydrous MgSO4, then 

filtered. The filtrate was concentrated under reduced pressure and the residue was purified by flush column 

chromatography on silica gel (gradient EtOAc/Hexane = 1/10 to 2/5) to afford 3’-CD3,D-archaeol (104 mg, 

91%) as a pale yellow oil. 1H NMR (500 MHz, CDCl3) δ 3.75-3.46 (m, 9H), 1.65-1.48 (m, 5H), 1.47-1.03 (m, 

42H), 0.89-0.84 (m, 27H); 13C NMR (125 MHz, CDCl3) 78.4, 71.1, 70.2, 68.7, 63.2, 39.5, 37.6, 37.5, 37.5, 

37.4, 37.4, 37.2, 36.5, 32.9, 29.9, 29.3 (t, JC-D =19.1 Hz), 28.1, 24.9, 24.6, 24.4, 24.4, 22.8, 22.7, 19.9, 19.8, 

19.8; HRMS (ESI+) m/z calcd for C43H84D4O3Na [M+Na]+: 679.6882, found: 679.6873. 

 

 

 

3’-CD3,D-phophate S18: Following the same procedure as described for compound S7 with 3’-CD3,D-

archaeol (80 mg, 0.12 mmol), 3’-CD3,D-labeled phosphate S18 was obtained as a pale yellow oil (54 mg, 75%). 
1H NMR (500 MHz, CD3OD/CDCl3(4/3 v/v), using CD3OD as the lock) δ 7.32-7.23 (m, 10H), 5.03-5.00 (m, 

2H), 4.66-4.58 (m, 2H), 4.24-4.20 (m, 1H), 4.13-4.07 (m, 1H), 3.96 (bt, J = 5.0 Hz, 2H), 3.85 (bt, J = 5.0 Hz, 

2H), 3.80-3.77 (m, 1H), 3.67 (d, J = 9.0 Hz, 1.5H), 3.65 (d, J = 9.0 Hz, 1.5H),3.58-3.56 (m, 3H), 3.49 (ddd, J 

= 2.0, 4.0, 5.5 Hz, 1H), 3.43-3.40 (m, 3H), 3.09 (q, J = 7.5 Hz, 6H, HNEt3), 1.57-1.43 (m, 7H), 1.38-1.03 

(49H), 0.84-0.80 (27H); 13CNMR (125 MHz, CDCl3) δ 138.0, 135.6, 135.6, 128.6, 128.6, 128.5, 128.2, 127.9, 

1279, 127., 127.7, 127.6, 79.7, 79.4, 79.2, 78.0, 77.8, 76.6, 72.0, 72.0, 70.8, 69.9, 69.7, 69.7, 68.7, 66.9, 66.9, 

65.1, 65.1, 63.5, 63.4, 54.4, 54.3, 54.3, 54.3, 46.3, 39.3, 37.4, 37.3, 37.3, 37.3, 37.2, 37.1, 36.5, 32.8, 32.7, 

32.7, 29.7, 27.9, 24.7, 24.4, 24.3, 22.3, 22.2, 19.4, 19.4, 19.4, 8.3; HRMS (ESI+) m/z calcd for 

C61H105D4O11P2Na [M-HNEt3]-: 1083.7702, found: 1083.7686. 

 

 

3’-CD3,D-phosphatidylglycerophosphate methyl ester (3’-CD3,D-PGP-Me, 2): Following the same 

procedure as described for PGP-Me (1) with 3’-CD3,D-labeled phosphate S18 (20 mg, 17 μmol), desired 3’-

CD3,D-PGP-Me (2) was obtained as a white solid (10 mg, 65% in 2 steps). 1H NMR (400 MHz, 

CD3OD/CDCl3(4/3 v/v)), using CD3OD as the lock) δ 4.01-3.96 (m, 7H), 3.73-3.66 (m, 7H), 3.60-3.55 (m, 

3H), 1.76-1.56 (m, 6H), 1.50-1.08 (m, 41H), 0.98-0.92 (m, 27H); 13C NMR (100 MHz, CD3OD/CDCl3(4/3 

v/v)) δ 78.1, 77.8, 70.9, 70.1, 70.1, 70.0, 69.9, 68.7, 66.2, 66.2, 64.7, 64.7, 52.3, 52.2, 39.3, 37.5, 37.3, 37.3, 

37.2, 37.0, 36.6, 32.7, 32.7, 29.8, 29.7, 27.9, 24.7, 24.3, 24.3, 22.3, 22.2, 19.4, 19.4, 19.3; HRMS (ESI+) m/z 

calcd for C47H93D4O11P2 [M-2Na+H]-: 903.6768, found: 903.6744. 
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ii) Preparation of 7’-CD3,D-PGP-Me (3) 
 

 

Scheme S4. Preparation of 7’-CD3,D-PGP-Me (3) 

 

 

 

Tosylate S19: Pale yellow oil (52 mg).1H NMR (400 MHz, CDCl3) δ 7.80-7.78 (m, 2H), 7.35-7.33 (m, 2H), 

4.10-4.02 (m, 2H), 2.45 (S, 3H), 1.69-1.63 (m, 1H), 1.56-1.48 (m, 1H), 1.44-1.00 (m, 14H), 0.87 (d, J = 6.5 

Hz, 6H), 0.82 (d, J = 6.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 144.7, 133.4, 129.9, 128.0, 69.2, 39.4, 37.3, 

36.9, 35.6, 32.8, 28.6 (t, JC-D =19.1 Hz), 28.1, 24.9, 24.2, 22.8, 22.7, 21.7, 19.8; HRMS (ESI+) m/z calcd for 

C22H34D4O3SNa [M+Na]+: 386.2793, found: 386.2785. 

 

 

7-CD3,D-phytanol (S20): Pale yellow oil (28 mg). 1H NMR (500 MHz, CDCl3) δ 3.71-3.63 (m, 2H), 1.64-

1.48 (m, 3H), 1.36-1.05 (m, 20H), 0.90-0.84 (m, 12H); 13C NMR (125 MHz, CDCl3) δ 61.3, 40.1, 39.5, 37.6, 

37.5, 37.4, 37.3, 37.2, 32.9, 32.1 (t, JC-D =18.1 Hz), 29.6, 28.1, 24.9, 24.5, 24.4, 22.8, 22.7, 19.8, 19.8; HRMS 

(ESI+) m/z calcd for C20H38D4ONa [M+Na]+: 325.3384, found: 325.3373. 

 

7’-CD3,D-archaeol: Pale yellow oil (35 mg). 1H NMR (500 MHz, CDCl3) δ 3.74-3.60 (m, 3H), 3.56-3.45 (m, 

6H), 1.66-1.88 (m, 2H), 1.56-1.47 (m, 4H), 1.47-1.03 (m, 41H), 0.89-0.84 (m, 27H); 13C NMR (125 MHz, 

CDCl3) 78.4, 71.1, 70.2, 68.7, 63.2, 39.5, 37.6, 37.5, 37.5, 37.4, 37.4, 37.2, 36.7, 32.9, 32.3 (t, JC-D =18.3 Hz),  

30.0, 29.9, 28.1, 24.9, 24.8, 24.6, 24.5, 24.4, 22.8, 22.7, 19.9, 19.8, 19.8, 19.8; HRMS (ESI+) m/z calcd for 

C43H84D4O3Na [M+Na]+: 679.6882, found: 679.6872. 
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7’-CD3,D-phosphatidylglycerophosphate methyl ester (7’-CD3,D-PGP-Me, 3): white solid (7.2 mg). 1H NMR 

(500 MHz, CD3OD/CDCl3(4/3 v/v)), using CD3OD as the lock) δ 4.01-3.90 (m, 7H), 3.72-3.64 (m, 7H), 3.57-

3.53 (m, 3H), 1.71-1.54 (m, 6H), 1.47-1.08 (m, 41H), 0.95-0.90 (m, 27H); 13C NMR (125 MHz, 

CD3OD/CDCl3(4/3 v/v)) δ 78.1, 78.0, 77.8, 70.9, 70.1, 70.0, 70.0, 69.9, 68.7, 66.2, 66.2, 64.8, 64.7, 52.3, 52.2, 

39.3, 37.5, 37.3, 37.3, 37.2, 37.0, 36.6, 32.7, 32.7, 32.7, 29.8, 29.7, 27.9, 24.7, 24.3, 24.3, 22.2, 22.2, 19.4, 

19.3, 19.3; HRMS (ESI+) m/z calcd for C47H93D4O11P2 [M-2Na+H]-: 903.6768, found: 903.6750. 

 

 

iii) Preparation of 11’-CD3,D-PGP-Me (4) 

 

Scheme S5. Preparation of 11’-CD3,D-PGP-Me (4) 

 

 

Tosylate S21: Pale yellow oil (550 mg). 1H NMR (400 MHz, CDCl3) δ 7.80-7.77 (m, 2H), 7.35-7.33 (m, 2H), 

4.10-4.01 (m, 2H), 2.44 (S, 3H), 1.67-1.61 (m, 1H), 1.53-1.37 (m, 2H), 1.29-0.99 (m, 6H), 0.84 (d, J = 6.8 

Hz ,6H); 13C NMR (100 MHz, CDCl3) δ 144.6, 123.2, 129.8, 127.8, 69.1, 39.1, 36.6, 35.5, 28.4 (t, JC-D =19.1 

Hz), 27.9, 24.4, 22.6, 22.5, 21.6; HRMS (ESI+) m/z calcd for C17H24D4O3SNa [M+Na]+: 339.1908, found: 

339.1905. 
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Tosylate S22: Pale yellow oil (211 mg). 1H NMR (500 MHz, CDCl3) δ 7.80-7.78 (m, 2H), 7.35-7.33 (m, 2H), 

4.10-4.02 (m, 2H), 2.44 (S, 3H), 1.70-1.63 (m, 1H), 1.56-1.38 (m, 3H), 1.30-0.98 (m, 12H), 0.86 (d, J = 7.0 

Hz , 6H), 0.80 (d, J = 6.5 Hz , 3H); 13C NMR (125 MHz, CDCl3) δ 144.7, 133.4, 129.9, 128.0, 69.2, 39.4, 37.1,  

37.1, 35.8, 32.0 (t, JC-D =19.1 Hz), 29.3, 28.0, 24.8, 24.2, 22.8, 22.7, 21.7, 19.3; HRMS (ESI+) m/z calcd for 

C22H34D4O3SNa [M+Na]+: 386.2793, found: 386.2785. 

 

 

11-CD3,D-phytanol (S23): Pale yellow oil (140 mg). 1H NMR (400 MHz, CDCl3) δ 3.72-3.63 (m, 2H), 1.64-

1.48 (m, 3H), 1.40-1.00 (m, 20H), 0.90-0.84 (m, 12H); 13C NMR (125 MHz, CDCl3) δ 61.3, 40.1, 39.5, 37.6, 

37.5, 37.4, 37.3, 37.2, 32.9, 32.1 (t, JC-D =18.3 Hz), 29.6, 28.1, 24.8, 24.5, 24.5, 22.8, 22.7, 19.9, 19.8; HRMS 

(ESI+) m/z calcd for C20H38D4ONa [M+Na]+: 325.3384, found: 325.3380. 

 

 

 

11’-CD3,D-archaeol: Pale yellow oil (92 mg). 1H NMR (500 MHz, CDCl3) δ 3.75-3.46 (m, 9H), 1.65-1.48 (m, 

5H), 1.47-1.03 (m, 42H), 0.89-0.84 (m, 27H); 13C NMR (125 MHz, CDCl3) 78.4, 71.1, 70.2, 68.7, 63.2, 39.5, 

37.6, 37.5, 37.5, 37.4, 37.4, 37.2, 36.5, 32.9, 29.9, 29.3 (t, JC-D =19.1 Hz), 28.1, 24.9, 24.6, 24.4, 24.4, 22.8, 

22.7, 19.9, 19.8, 19.8; HRMS (ESI+) m/z calcd for C43H84D4O3Na [M+Na]+: 679.6882, found: 679.6873. 

 

 

 

11’-CD3,D-phosphatidylglycerophosphate methyl ester (11’-CD3,D-PGP-Me, 4): white solid (7.0 mg). 1H 

NMR (400 MHz, CD3OD/CDCl3(4/3 v/v)), using CD3OD as the lock) δ 4.01-3.96 (m, 7H), 3.73-3.66 (m, 7H), 

3.60-3.55 (m, 3H), 1.76-1.56 (m, 6H), 1.50-1.08 (m, 41H), 0.98-0.92 (m, 27H); 13C NMR (100 MHz, 

CD3OD/CDCl3(4/3 v/v)) δ 78.1, 77.8, 70.9, 70.1, 70.1, 70.0, 69.9, 68.7, 66.2, 66.2, 64.7, 64.7, 52.3, 52.2, 39.3, 

37.5, 37.3, 37.3, 37.2, 37.0, 36.6, 32.7, 32.7, 29.8, 29.7, 27.9, 24.7, 24.3, 24.3, 22.3, 22.2, 19.4, 19.4, 19.3; 

HRMS (ESI+) m/z calcd for C47H93D4O11P2 [M-2Na+H]-: 903.6768, found: 903.6755. 
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III. Determination of the optical purity of isoprene units 8 and 18 

The optical purity of isoprene units 8 and 18 was determined by 1H NMR analysis with the use of the 2-

methoxy-2-(1-phenyl)propionic (MαNP) acid ester method.4 

 

1) General procedure for the preparation of MαNP esters 

To a solution of primary alcohol (1.0 equiv) in CH2Cl2 was added (R) or (S)-2-methoxyl-2-(1-phenyl) propionic 

acid (MαNP acid, 2.1 equiv), N,N'-Dicyclohexylcarbodiimide (DCC, 3.0 equiv) and DMAP (3.0 equiv) 

sequentially. After stirring for 12 h at room temperature, the reaction mixture was quenched with sat. NH4Cl 

aq, then water layer was extracted with CH2Cl2 (×3). Combined organic layer was washed with brine and dried 

over anhydrous MgSO4, then filtered. Filtrate was concentrated, and the residue was purified with flash column 

chromatography (EtOAc/Hexane = 1/20) to afford MαNP esters. 

 

 

2) Determination of the diastereomer ratio of MαNP devivatives by 1H NMR 

i) For non-deuterated isoprene unit 8 

 

Figure S1. 1H NMR spectra of (R)-MαNP esters of (a) enantiopure isoperene unit 8 and (b) racemic isoprene 

unit (CDCl3, 400 MHz). The methyl group signal of (R)-MαNP ester appeared as doublet at 0.50 ppm for 

enantiopure isoprene unit 8 (a) and 0.50, 0.56 ppm for racemic one. The absence of the doublet peak at 0.56 

ppm indicated that optical purity was higher than 99% ee. 
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ii) For CD3,D-isoprene unit 18 

 

Figure S2. 1H NMR spectra of diastereomeric MαNP esters of isoperene unit 18 (CDCl3, 400 MHz). The 

methylene proton (Hb) signals around 1.3 ppm derived from (R)-MαNP ester could not be detected (a), which 

suggested the optical purity of 2H-labeled isoprene unit 18 was over 99% ee. 
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IV. Solid-state NMR measurements and supplementary spectra 

1) Sample preparation for solid-state NMR measurements 

CD3,D-PGP-Me derivatives (or D2-DMPC) (2.0 mg) was dissolved in MeOH/CHCl3 (1:1 v/v). After removing 

the solvent in vacuo for 20 h, the dried membrane film was added with 3.0 μL of 0.1M NaCl aq. and 0.5 mL 

of distilled water, and then vigorously vortexed to make multilamellar vesicles. The resultant lipid dispersion 

was freeze−thawed six times, lyophilized, and rehydrated with deuterium-depleted water (or with 5 M NaCl) 

to make 60% water (w/w). Then the mixture was again freeze−thawed and packed into disposable high-

resolution MAS insert (Bruker, Germany) sealed with Araldite epoxy glue (NICHIBAN CO. LTD, Japan). 

 

2) Solid-state 2H NMR measurement 

2H NMR spectra were collected on a JEOL (JEOL, Japan) ECA 400 spectrometer equipped with a 5 mm 2H 

static probe (Doty Scientific, USA) using a quadrupolar echo sequence.5 The 90° pulse width was 3.9 μs. 

Relaxation delay and the sweep width were 1.0 s and 140 kHz respectively. 

 
3) Spectral simulation 
 

 

Table S1: Quadrupolar tensor (δxx, δyy, δzz) obtained from spectral fitting for 3’,7’,11’-CD3,D-PGP-Me 

derivatives. 

 

 

 

 

 

 

 

 

Figure S3: 2H NMR spectra obtained by experiment (black line) and simulation (red line). (a) 3’-CD3,D-PGP-

Me, (b) 7’-CD3,D-PGP-Me and (c) 11’-CD3,D-PGP-Me 

 

 
 

   

 

 

 



S25 
 

V. Molecular dynamics (MD) simulations 
1) Calculations of SCD(CD3)/SCD(D) ratios  

The order parameters (SCD) was calculated by the following equation: 

 

where θ is the angle of the C-D bond vector to the bilayer normal, the angular brackets denote time averaging. 

As the result of the rapid rotation around a C-C bond, the C-CD3 segment can be handled in a similar to a C-

D segment. The observed SCD(CD3) is attenuated by the scaling effect due to a rapid rotation of a methyl group 

(SCD3). When the dihedral angle of C-C-D bond is 111o, SCD3 is calculated as follows: 

C C

D

D

D

111o

C C D

 

 
 

 

2) Detailed examination of conformation based on the SCD(CD3)/SCD(D) values  
Here, we deduced the population of three staggered conformers based on the MD simulations, as shown in Fig. 

S4. Surprisingly, the unfavorable gauche conformers, where the C1’ carbon atom was gauche to both C3’-Me 

and C4’ (see the gauche-conformer in Fig. 5e), turned to become more dominant in the C2’-C3’ rotational 

conformation. 

 

  
 
 
 
 
 
 
 
 
 

Figure S4. (a) Distribution of dihedral angles (red: 3’, blue: 7’, green: 11’ position) of the sn-3 chain; (b) 

Ratio of anti, gauche+ and gauche- conformers. 

 

 

  

anti：-180o < θ < -120o, 120o < θ < 180o

gauche +：0O < θ < 120O 

gauche −：-120O < θ < 0O 

(a) (b) 
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3) Angular distribution of the chain vector and the bilayer normal 

Although the parallel chain distribution appeared most frequently for both PGP-Me and DPPC, PGP-Me 

showed a significantly broader distribution. 
 

 

 

 

 

 

 

 

Figure S5. Distribution of angles between the chain vector and the bilayer normal for PGP-Me (red line) and 

DPPC (black line). The chain vector was defined as the vector connecting C1 and C15 positions. 
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Figure S6. Additional snapshots of PGPMe (top) and DPPC (bottom) in the same simulation as that in Figure 8. 

 

PGPMe 

DPPC 
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The CHARMM force field, the parameter and topology files, used in our MD simulation are listed below. 
## Parameter file ## 
ATOMS 
MASS  -1  HOL        1.00800  
MASS  -1  HAL1       1.00800  
MASS  -1  HAL2       1.00800  
MASS  -1  HAL3       1.00800  
MASS  -1  CTL1      12.01100  
MASS  -1  CTL2      12.01100  
MASS  -1  CTL3      12.01100  
MASS  -1  O2L       15.99940  
MASS  -1  PL        30.97400  
MASS  -1  OSHI      15.99940 ! Shinoda et al. J.Chem.Phys.121,9648(2004) 
 
BONDS 
!atom type     Kb          b0 
OSHI  CTL2  330.0  1.458    
OSHI  CTL1  330.0       1.458    
CTL1  HAL1  309.00      1.111    
CTL2  HAL2  309.00      1.111    
CTL3  HAL3  322.00      1.111    
O2L   PL     580.0       1.48     
CTL1  CTL1  222.500     1.500    
CTL1  CTL2  222.500     1.538    
CTL1  CTL3  222.500     1.538    
CTL2  CTL2  222.500     1.530    
CTL2  CTL3  222.500     1.528    
CTL3  CTL3  222.500     1.530    
 
ANGLES 
!atom types          Ktheta    Theta0   Kub     S0 
HAL2 CTL2 OSHI    53.0     110.5     
HAL1 CTL1 OSHI    53.0     110.5     
CTL1 CTL2 OSHI    30.0     108.0     
CTL2 CTL1 OSHI    30.0     108.0     
CTL2 CTL2 OSHI    30.0     108.0     
CTL2 OSHI CTL2    60.0     111.4     
CTL1 OSHI CTL2    60.0     111.4     
HAL2 CTL2 HAL2   35.500    109.00    5.40   1.80200  
HAL3 CTL3 HAL3   35.500    108.40    5.40   1.80200  
O2L  PL   O2L    120.0      120.0     
HAL1 CTL1 CTL1   34.500    110.10   22.53   2.179   
HAL1 CTL1 CTL2   34.500    110.10   22.53   2.179   
HAL1 CTL1 CTL3   34.500    110.10   22.53   2.179   
HAL2 CTL2 CTL1   26.500    110.10   22.53   2.179   
HAL2 CTL2 CTL2   26.500    110.10   22.53   2.179   
HAL2 CTL2 CTL3   34.600    110.10   22.53   2.179   
HAL3 CTL3 CTL1   33.430    110.10   22.53   2.179   
HAL3 CTL3 CTL2   34.600    110.10   22.53   2.179   
HAL3 CTL3 CTL3   37.500    110.10   22.53   2.179   
CTL1 CTL1 CTL1   53.350    111.00    8.00   2.561   
CTL1 CTL1 CTL2   58.350    113.50   11.16   2.561   
CTL1 CTL1 CTL3   53.350    108.50    8.00   2.561   
CTL1 CTL2 CTL1   58.350    113.50   11.16   2.561   
CTL1 CTL2 CTL2   58.350    113.50   11.16   2.561   
CTL1 CTL2 CTL3   58.350    113.50   11.16   2.561   
CTL2 CTL1 CTL2   58.350    113.50   11.16   2.561   
CTL2 CTL1 CTL3   58.350    113.50   11.16   2.561   
CTL2 CTL2 CTL2   58.350    113.60   11.16   2.561   
CTL2 CTL2 CTL3   58.000    115.00    8.00   2.561   
CTL3 CTL1 CTL3   58.350    113.50   11.16   2.561  
  
DIHEDRALS 
!atom types                Kchi    n    delta 
HAL1 CTL1 OSHI CTL2     0.48    3     0.00  
HAL2 CTL2 OSHI CTL2     0.48    3     0.00  
HAL2 CTL2 OSHI CTL1     0.48    3     0.00  
HAL2 CTL2 CTL2 OSHI     0.06    3     0.00  
HAL1 CTL1 CTL2 OSHI     0.06    3     0.00  
HAL2 CTL2 CTL1 OSHI     0.06    3     0.00  
CTL2 CTL2 OSHI CTL2     0.20    3     0.00  
CTL2 CTL2 OSHI CTL2     0.21    2     0.00  
CTL2 CTL2 OSHI CTL2     0.50    1     0.00  
CTL1 CTL2 OSHI CTL2     0.20    3     0.00  
CTL1 CTL2 OSHI CTL2     0.21    2     0.00  
CTL1 CTL2 OSHI CTL2     0.50    1     0.00  
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CTL2 CTL1 OSHI CTL2     0.20    3     0.00  
CTL2 CTL1 OSHI CTL2     0.21    2     0.00  
CTL2 CTL1 OSHI CTL2     0.50    1     0.00  
CTL2 CTL2 OSHI CTL1     0.20    3     0.00  
CTL2 CTL2 OSHI CTL1     0.21    2     0.00  
CTL2 CTL2 OSHI CTL1     0.50    1     0.00  
OSHI CTL1 CTL2 OSHI     0.70    2     0.00  
OSHI CTL1 CTL2 OSHI     3.00    1   180.00  
X    CTL1 CTL1 X        0.200   3     0.00  
X    CTL1 CTL2 X        0.200   3     0.00  
X    CTL1 CTL3 X        0.200   3     0.00  
X    CTL2 CTL2 X        0.1900  3     0.00  
X    CTL2 CTL3 X        0.1600  3     0.00  
X    CTL3 CTL3 X        0.1525  3     0.00  
CTL3 CTL2 CTL2 CTL3     0.060   2     0.00  
CTL3 CTL2 CTL2 CTL3     0.035   5     0.00  
CTL2 CTL2 CTL2 CTL3     0.162   2     0.00  
CTL2 CTL2 CTL2 CTL3     0.047   3   180.00  
CTL2 CTL2 CTL2 CTL3     0.105   4     0.00  
CTL2 CTL2 CTL2 CTL3     0.177   5     0.00  
CTL2 CTL2 CTL2 CTL2     0.101   2     0.00  
CTL2 CTL2 CTL2 CTL2     0.142   3   180.00  
CTL2 CTL2 CTL2 CTL2     0.074   4     0.00  
CTL2 CTL2 CTL2 CTL2     0.097   5     0.00  
 
NONBONDED nbxmod  5 atom cdiel fshift vatom vdistance vfswitch - 
cutnb 14.0 ctofnb 12.0 ctonnb 10.0 eps 1.0 e14fac 1.0 wmin 1.5 
!atom  ignored      epsilon     Rmin/2   ignored   eps,1-4   Rmin/2,1-4 
HOL      0.0       -0.046     0.2245 
HAL1     0.0       -0.022     1.3200  
HAL2     0.0       -0.028     1.3400  
HAL3     0.0       -0.024     1.3400  
CTL1     0.0       -0.0200    2.275    0.0     -0.01       1.9  
CTL2     0.0       -0.0560    2.010    0.0     -0.01       1.9  
CTL3     0.0       -0.0780    2.040    0.0     -0.01       1.9  
O2L      0.0       -0.12      1.70 
PL       0.0       -0.585     2.15   
OSHI     0.0       -0.1521    1.77   
 
NBFIX 
HBOND CUTHB 0.5   
END 
 
## Topology file## 
DEFA FIRS none LAST none 
AUTOGENERATE ANGLES DIHEDRALS PATCH 
 
RESI PGPM  -2.00   
GROUP 
ATOM  C11 CTL3   -0.17 
ATOM H11A HAL3    0.09 
ATOM H11B HAL3    0.09 
ATOM H11C HAL3    0.09 
ATOM  O11 OSLP   -0.57 
ATOM  P1  PL      1.50 
ATOM  O12 O2L    -0.78 
ATOM  O13 O2L    -0.78 
ATOM  O14 OSLP   -0.57 
ATOM  C12 CTL2   -0.08 
ATOM H12A HAL2    0.09 
ATOM H12B HAL2    0.09 
GROUP 
ATOM  C13 CTL1    0.14 
ATOM H13A HAL1    0.09 
ATOM  O1  OHL    -0.65 
ATOM  H1A HOL     0.42 
GROUP 
ATOM  C14 CTL2   -0.08 
ATOM H14A HAL2    0.09 
ATOM H14B HAL2    0.09 
ATOM  O21 OSLP   -0.57 
ATOM  P2  PL      1.50 
ATOM  O22 O2L    -0.78 
ATOM  O23 O2L    -0.78 
ATOM  O24 OSLP   -0.57 
ATOM  C15 CTL2   -0.08 
ATOM H15A HAL2    0.09 
ATOM H15B HAL2    0.09 
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GROUP 
ATOM  C2  CTL2    0.02    
ATOM  HR  HAL2    0.09   
ATOM  HS  HAL2    0.09   
ATOM  O2  OSHI   -0.40   
ATOM  C21 CTL2    0.02    
ATOM  H1R HAL2    0.09   
ATOM  H1S HAL2    0.09   
GROUP 
ATOM  C3  CTL1    0.11            
ATOM  O3  OSHI   -0.40   
ATOM  HX  HAL1    0.09   
ATOM  C31 CTL2    0.02   
ATOM  H1X HAL2    0.09   
ATOM  H1Y HAL2    0.09   
GROUP 
ATOM  C22 CTL2   -0.18 
ATOM  H2R HAL2    0.09 
ATOM  H2S HAL2    0.09 
GROUP 
ATOM  C23 CTL1   -0.09 
ATOM  H3R HAL1    0.09 
GROUP 
ATOM  C24 CTL3   -0.27  
ATOM  H4R HAL3    0.09  
ATOM  H4S HAL3    0.09  
ATOM  H4T HAL3    0.09  
GROUP 
ATOM  C25 CTL2   -0.18  
ATOM  H5R HAL2    0.09  
ATOM  H5S HAL2    0.09  
GROUP 
ATOM  C26 CTL2   -0.18  
ATOM  H6R HAL2    0.09  
ATOM  H6S HAL2    0.09  
GROUP 
ATOM  C27 CTL2   -0.18  
ATOM  H7R HAL2    0.09  
ATOM  H7S HAL2    0.09  
GROUP 
ATOM  C28 CTL1   -0.09  
ATOM  H8R HAL1    0.09  
GROUP 
ATOM  C29 CTL3   -0.27  
ATOM  H9R HAL3    0.09  
ATOM  H9S HAL3    0.09  
ATOM  H9T HAL3    0.09  
GROUP 
ATOM C210 CTL2   -0.18  
ATOM H10R HAL2    0.09  
ATOM H10S HAL2    0.09  
GROUP 
ATOM C211 CTL2   -0.18  
ATOM H11R HAL2    0.09  
ATOM H11S HAL2    0.09  
GROUP 
ATOM C212 CTL2   -0.18  
ATOM H12R HAL2    0.09  
ATOM H12S HAL2    0.09  
GROUP 
ATOM C213 CTL1   -0.09  
ATOM H13R HAL1    0.09  
GROUP 
ATOM C214 CTL3   -0.27  
ATOM H14R HAL3    0.09  
ATOM H14S HAL3    0.09  
ATOM H14T HAL3    0.09  
GROUP 
ATOM C215 CTL2   -0.18  
ATOM H15R HAL2    0.09  
ATOM H15S HAL2    0.09  
GROUP 
ATOM C216 CTL2   -0.18  
ATOM H16R HAL2    0.09  
ATOM H16S HAL2    0.09  
GROUP 
ATOM C217 CTL2   -0.18  
ATOM H17R HAL2    0.09  
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ATOM H17S HAL2    0.09  
GROUP 
ATOM C218 CTL1   -0.09  
ATOM H18R HAL1    0.09  
GROUP 
ATOM C219 CTL3   -0.27  
ATOM H19R HAL3    0.09  
ATOM H19S HAL3    0.09  
ATOM H19T HAL3    0.09  
GROUP 
ATOM C220 CTL3   -0.27  
ATOM H20R HAL3    0.09  
ATOM H20S HAL3    0.09  
ATOM H20T HAL3    0.09  
GROUP 
ATOM  C32 CTL2   -0.18  
ATOM  H2X HAL2    0.09  
ATOM  H2Y HAL2    0.09  
GROUP 
ATOM  C33 CTL1   -0.09 
ATOM  H3X HAL1    0.09 
GROUP 
ATOM  C34 CTL3   -0.27 
ATOM  H4X HAL3    0.09 
ATOM  H4Y HAL3    0.09 
ATOM  H4Z HAL3    0.09 
GROUP 
ATOM  C35 CTL2   -0.18 
ATOM  H5X HAL2    0.09 
ATOM  H5Y HAL2    0.09 
GROUP 
ATOM  C36 CTL2   -0.18 
ATOM  H6X HAL2    0.09 
ATOM  H6Y HAL2    0.09 
GROUP 
ATOM  C37 CTL2   -0.18 
ATOM  H7X HAL2    0.09 
ATOM  H7Y HAL2    0.09 
GROUP 
ATOM  C38 CTL1   -0.09 
ATOM  H8X HAL1    0.09 
GROUP 
ATOM  C39 CTL3   -0.27 
ATOM  H9X HAL3    0.09 
ATOM  H9Y HAL3    0.09 
ATOM  H9Z HAL3    0.09 
GROUP 
ATOM C310 CTL2   -0.18 
ATOM H10X HAL2    0.09 
ATOM H10Y HAL2    0.09 
GROUP 
ATOM C311 CTL2   -0.18 
ATOM H11X HAL2    0.09 
ATOM H11Y HAL2    0.09 
GROUP 
ATOM C312 CTL2   -0.18 
ATOM H12X HAL2    0.09 
ATOM H12Y HAL2    0.09 
GROUP 
ATOM C313 CTL1   -0.09 
ATOM H13X HAL1    0.09 
GROUP 
ATOM C314 CTL3   -0.27 
ATOM H14X HAL3    0.09 
ATOM H14Y HAL3    0.09 
ATOM H14Z HAL3    0.09 
GROUP 
ATOM C315 CTL2   -0.18 
ATOM H15X HAL2    0.09 
ATOM H15Y HAL2    0.09 
GROUP 
ATOM C316 CTL2   -0.18 
ATOM H16X HAL2    0.09 
ATOM H16Y HAL2    0.09 
GROUP 
ATOM C317 CTL2   -0.18 
ATOM H17X HAL2    0.09 
ATOM H17Y HAL2    0.09 
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GROUP 
ATOM C318 CTL1   -0.09 
ATOM H18X HAL1    0.09 
GROUP 
ATOM C319 CTL3   -0.27 
ATOM H19X HAL3    0.09 
ATOM H19Y HAL3    0.09 
ATOM H19Z HAL3    0.09 
GROUP 
ATOM C320 CTL3   -0.27 
ATOM H20X HAL3    0.09 
ATOM H20Y HAL3    0.09 
ATOM H20Z HAL3    0.09      
 
BOND  C11  H11A      C11  H11B      C11  H11C  
BOND  C11  O11 
BOND  O11  P1 
BON   P1   O12       P1   O13       P1   O14 
BOND  O14  C12 
BOND  C12  H12A      C12  H12B 
BOND  C12  C13        
BOND  C13  H13A      C13  O1        O1   H1A 
BOND  C13  C14 
BOND  C14  H14A      C14  H14B 
BOND  C14  O21 
BOND  P2   O21 
BOND  P2   O22       P2   O23       P2   O24 
BOND  O24  C15 
BOND  C15  H15A      C15  H15B  
BOND  C15  C3 
BOND  C3   C2        C3   HX        C2   HR        C2   HS 
BOND  C2   O2        O2   C21       C3   O3        O3   C31 
BOND  C21  C22       C22  C23       C23  C25       C25  C26 
BOND  C26  C27       C27  C28       C28  C210      C210 C211 
BOND  C211 C212      C212 C213      C213 C215      C215 C216 
BOND  C216 C217      C217 C218      C218 C220       
BOND  C31  C32       C32  C33       C33  C35       C35  C36 
BOND  C36  C37       C37  C38       C38  C310      C310 C311 
BOND  C311 C312      C312 C313      C313 C315      C315 C316 
BOND  C316 C317      C317 C318      C318 C320       
BOND  C21  H1R       C21  H1S       C22  H2R       C22  H2S  
BOND  C23  H3R    
BOND  C23  C24       C24  H4R       C24  H4S       C24  H4T 
BOND  C25  H5R       C25  H5S       C26  H6R       C26  H6S  
BOND  C27  H7R       C27  H7S        
BOND  C28  H8R    
BOND  C28  C29       C29  H9R       C29  H9S       C29  H9T 
BOND  C210 H10R      C210 H10S      C211 H11R      C211 H11S 
BOND  C212 H12R      C212 H12S       
BOND  C213 H13R   
BOND  C213 C214      C214 H14R      C214 H14S      C214 H14T 
BOND  C215 H15R      C215 H15S      C216 H16R      C216 H16S 
BOND  C217 H17R      C217 H17S       
BOND  C218 H18R   
BOND  C218 C219      C219 H19R      C219 H19S      C219 H19T 
BOND  C220 H20R      C220 H20S      C220 H20T 
BOND  C31  H1X       C31  H1Y       C32  H2X       C32  H2Y  
BOND  C33  H3X    
BOND  C33  C34       C34  H4X       C34  H4Y       C34  H4Z 
BOND  C35  H5X       C35  H5Y       C36  H6X       C36  H6Y  
BOND  C37  H7X       C37  H7Y        
BOND  C38  H8X    
BOND  C38  C39       C39  H9X       C39  H9Y       C39  H9Z 
BOND  C310 H10X      C310 H10Y      C311 H11X      C311 H11Y 
BOND  C312 H12X      C312 H12Y       
BOND  C313 H13X   
BOND  C313 C314      C314 H14X      C314 H14Y      C314 H14Z 
BOND  C315 H15X      C315 H15Y      C316 H16X      C316 H16Y 
BOND  C317 H17X      C317 H17Y       
BOND  C318 H18X   
BOND  C318 C319      C319 H19X      C319 H19Y      C319 H19Z 
BOND  C320 H20X      C320 H20Y      C320 H20Z 
 
END 
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VII. 1H and 13C NMR spectra of synthetic intermediates and products 
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