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General Information

All reactions were carried out with dried glassware under argon atmosphere. Dichloromethane (CH:Cl,),
tetrahydrofuran (THF), and toluene were supplied from Kanto Chemical Co., Inc. as “Dehydrated solvent system”.
Other solvents and reagents were purchased from commercial suppliers and used without further purification. 'H
NMR spectra were recorded on a JEOL INM-ECA600 (600 MHz) spectrometer. Chemical shifts are reported in ppm
from the solvent resonance or tetramethylsilane (TMS) as the internal standard (CDCls: 7.26 ppm, TMS: 0.00 ppm).
Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet),
coupling constants (Hz) and integration. '*C NMR spectra were recorded on a JEOL JNM-ECA600 (150 MHz)
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm from the solvent resonance as
the internal standard (CDCls: 77.0 ppm). 3'P NMR spectra were recorded on a JEOL INM-ECA600 (243 MHz)
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm with 85% H3POj4 solution as an
external standard (0.0 ppm in CDCls). 'F NMR spectra were recorded on a JEOL INM-ECA600 (565 MHz)
spectrometer. Chemical shifts are reported in ppm from the C¢FsCF3 (-67.2 ppm) resonance as the external standard.
Analytical thin layer chromatography (TLC) was performed on Merck precoated TLC plates (silica gel 60 GF2sa4,
0.25 mm). Flash column chromatography was performed on silica gel 60N (spherical, neutral, 40-50 um; Kanto
Chemical Co., Inc.). High resolution mass spectra analysis was performed on a JEOL JMS-T100GCV Time-of-Flight
Mass Spectrometer at the Research and Analytical Center for Giant Molecules, Graduate School of Science, Tohoku

University.
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Experimental Procedure

Procedure for Preparation of Phosphinate 1.

EtsN (1.1 equiv) %
PhPCI + HO X P
2 /\/\ Benzene, H Fl);OHN
0°Ctort,9h
4 5a 1a
. then
1.1 equiv

aqueous work-up

Synthesis of 1a is representative (eq. 1).

To a solution of 4-pentyn-1-o0l (0.31 mL, 3.3 mmol) and triethylamine (0.46 mL, 3.3 mmol) in benzene (6.0 mL) was
added dichlorophenylphosphine (0.41 mL, 3.0 mmol) at 0 °C. The resulting mixture was warmed to room temperature
and stirred for 9 h. The reaction was quenched with H»O, and the product was extracted with AcOEt. The combined
organic layer was dried over Na>SOs, filtered and concentrated under reduced pressure. The crude mixture was
purified by silica gel column chromatography (Hexane/AcOEt = 1:1 to 1:2) to afford 1a (0.53 g, 2.6 mmol, 86%) as

a colorless oil.

General Procedure for Bronsted Base-Catalyzed 1,2-Addition/[1,2]-Phospha-Brook Rearrangement Sequence.

0
CHO 0 P2-tBu (10 mol %) )
+ PO o) |\O/é\)\
H ﬁho% DMF, rt, 4 h PRl Y

2a 1a 3aa
(1.0 equiv)

The reaction of 1a with 2a is representative (Table 1, entry 1). To a solution of 1a (21 mg, 0.10 mmol) and 2a (16
mg, 0.10 mmol) in DMF (1.0 mL) was added a solution of P2-/Bu in THF (2.0 M, 5.0 uL, 0.010 mmol) at room
temperature. The reaction mixture was stirred at room temperature for 4 h. The reaction was quenched with sat. aq.
NH4Cl, and the product was extracted with AcOEt. The combined organic layer was dried over Na;SOy, filtered and
concentrated under reduced pressure. The crude mixture was purified by silica gel column chromatography

(Hexane/AcOEt = 1:1) to provide 3aa (35 mg, 0.095 mmol, 95%) as a colorless oil.

Procedure for 1 mmol Scale Reaction (Table 1, entry 13)

To a solution of 1a (0.21 g, 1.0 mmol) and 2a (0.16 g, 1.0 mmol) in DMF (4.0 mL) was added a solution of P2-Bu
in THF (2.0 M, 50 puL, 0.10 mmol) at room temperature. The reaction mixture was stirred at room temperature for 4
h. The reaction was quenched with sat. aq. NH4Cl, and the product was extracted with AcOEt. The combined organic
layer was dried over Na;SOy, filtered and concentrated under reduced pressure. The crude mixture was purified by

silica gel column chromatography (Hexane/AcOEt = 1:1) to provide 3aa (0.32 g, 0.87 mmol, 87%) as a colorless oil.
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Procedure for Preparation of 7 (Scheme 4a).

o)
1}
H,EEO)HS\/Br 9
1b P2-tBu (10 mol % NaN; (2.0 equiv
. ( o) 3 (2.0 equiv) o’ﬁ)\oﬁg\/'\h

CHO  DMSO,rt 4h rt, 12 h Ph

/©/ MeO,C 7

MeO,C 2b

(1.0 equiv)

To a solution of 1b (28 mg, 0.10 mmol) and 2b (16 mg, 0.10 mmol) in DMSO (1.0 mL) was added a solution of P2-
fBu in THF (2.0 M, 5.0 pL, 0.010 mmol) at room temperature. After stirring at room temperature for 4 h. sodium
azide (13 mg, 0.20 mmol) was added. The resulting mixture was further stirred at room temperature for 12 h. The
reaction was quenched with sat. aq. NH4Cl, and the product was extracted with a 1:2 mixture of hexane and AcOEt.
The combined organic layer was dried over NaxSOs, filtered and concentrated under reduced pressure. The crude
mixture was purified by silica gel column chromatography (Hexane/AcOEt = 1:1) to provide 7 (33 mg, 0.081 mmol,

81%) as a colorless oil.

Procedure for Preparation of 9 (Scheme 4b).

0
P N P
HO N B I X/\)\
thO oc H F|>ho NN
1c (1.0 equiv) 1a (1.0 equiv) H : o
OHC CHO  p2-tBu (10 mol %) P2-tBu (10 mol %) N ~APS P 4,\)\
- _ Boc (6] lthO (0] IIDhO 3%
DMF, rt, 4 h rt, 4 h
8 9

To a solution of 1¢ (29 mg, 0.10 mmol) and 8 (13 mg, 0.10 mmol) in DMF (1.0 mL) was added a solution of P2-7Bu
in THF (2.0 M, 5.0 pL, 0.010 mmol) at room temperature. After stirring at room temperature for 4 h. 1a (21 mg, 0.10
mmol) and a solution of P2-/Bu in THF (2.0 M, 5.0 puL, 0.010 mmol) were sequentially added. The resulting mixture
was further stirred at room temperature for 4 h. The reaction was quenched with sat. aq. NH4Cl, and the product was
extracted with AcOEt. The combined organic layer was dried over Na>SQy, filtered and concentrated under reduced
pressure. The crude mixture was purified by silica gel column chromatography (Hexane/AcOEt = 1:2) to provide 9

(39 mg, 0.063 mmol, 63%) as a colorless oil.
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Analytical Data

Pent-4-yn-1-yl phenylphosphinate (1a):

% Purification with silica gel column chromatography (Hexane/AcOEt = 1:1 to 1:2); 0.53 g, 86% yield,
H’E;OJHN Colorless oil; "H NMR (600 MHz, CDCl3) § 7.82-7.77 (m, 2H), 7.64-7.60 (m, 1H), 7.61 (d,J=141.2
Hz, 1H), 7.55-7.50 (m, 2H), 4.26-4.16 (m, 2H), 2.36 (td, J = 6.6, 2.4 Hz, 2H), 1.96 (t, J = 2.4 Hz, 1H), 1.94 (tt, J =
6.6, 6.0 Hz, 2H); '*C NMR (150 MHz, CDCls) §133.2 (d, J=2.9 Hz), 130.9 (d, J = 11.5 Hz), 129.6 (d, /= 132.2
Hz), 128.8 (d,J=12.9 Hz), 82.6, 69.3, 64.2 (d, J= 5.7 Hz), 29.1 (d, /= 7.2 Hz), 14.7; 3'P NMR (243 MHz, CDCls)
826.1; IR (ATR): 3295, 3059, 2951, 2892, 2372, 1715, 1620, 1439, 1200, 1123, 964, 749 cm™'; HRMS (FD+) m/z:

[M] Calcd for C11H1302P 208.0653, Found 208.0652.

4-Bromobutyl phenylphosphinate (1b):

i Purification with silica gel column chromatography (Hexane/AcOEt=1:1 to 1:2); 0.56 g, 67% yield,
/E;O/H?/Br Colorless oil; '"H NMR (600 MHz, CDCls) §7.82-7.76 (m, 2H), 7.64-7.60 (m, 1H), 7.60 (d, J =
141.0 Hz, 1H), 7.55-7.50 (m, 2H), 4.17-4.07 (m, 2H), 3.44 (t, /= 6.6 Hz, 2H), 2.03-1.98 (m, 2H), 1.92-1.87 (m, 2H);
BC NMR (150 MHz, CDCl3) 6 133.2 (d, J = 2.9 Hz), 130.9 (d, J= 12.9 Hz), 129.6 (d, J = 130.7 Hz), 128.8 (d, J =
12.9 Hz), 64.8 (d, J= 7.2 Hz), 32.9, 29.0 (d, J= 5.8 Hz), 28.8; *'P NMR (243 MHz, CDCl3) §25.8; IR (ATR): 3316,
3060, 2943, 2365, 1688, 1439, 1126, 964, 749 cm™'; HRMS (FD+) m/z: [M+H] Calcd for CioHsBrO>P 276.9993,

Found 276.9992.

H

2-(tert-Butoxycarbonylamino)ethyl phenylphosphinate (1c):

o H Purification with silica gel column chromatography (Hexane/AcOEt = 1:2); 0.38 g, 45% yield,
Py N.
H ,':ho/v Boc White solid; 'H NMR (600 MHz, CDCls) 67.81-7.76 (m, 2H), 7.65-7.60 (m, 1H), 7.60 (d, J =

142.2 Hz, 1H), 7.55-7.50 (m, 2H), 5.19 (brs, 1H), 4.20-4.05 (m, 2H), 3.50-3.35 (m, 2H), 1.43 (s, 9H); 3C NMR (150
MHz, CDCls) 5155.8, 133.3 (d, J = 2.9 Hz), 130.9 (d, J= 11.6 Hz), 129.2 (d, J = 130.6 Hz), 128.9 (d, J = 12.9 Hz),
79.6, 65.5 (d, J = 4.4 Hz), 41.1 (d, J = 3.0 Hz), 28.3; *'P NMR (243 MHz, CDCl3) 527.2; IR (ATR): 3317, 3059,
2977, 2934, 2374, 1704, 1527, 1440, 1365, 1220, 1171, 1126, 961 cm’'; HRMS (FD+) m/z: [M] Caled for
C13H20NO4P 285.1130, Found 285.1129; M.p. 86.0-87.6 °C.

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl phenylphosphinate (1d):
0 Purification with silica gel column chromatography (Hexane/AcOEt = 3:2 to 1:1); 0.23 g,
H’EEO/\Q\ 43% yield (1.5 mmol scale), Colorless oil; "H NMR (600 MHz, CDCl3) §7.82 (d, J= 8.4 Hz,
Bpin 2H), 7.81-7.76 (m, 2H), 7.65 (d, J = 141.6 Hz, 1H), 7.62-7.59 (m, 1H), 7.53-7.49 (m, 2H),
7.38 (d, J = 8.4 Hz, 2H), 5.18 (dd, J = 12.0, 8.4 Hz, 1H), 5.09 (dd, J = 12.0, 9.6 Hz, 1H), 1.34 (s, 12H); 3*C NMR
(150 MHz, CDCl3) 6138.5 (d, /= 7.2 Hz), 135.1, 133.2 (d, /= 2.9 Hz), 130.9 (d, J=11.6 Hz), 129.6 (d, /= 130.8
Hz), 128.8 (d, /= 14.4 Hz), 127.1, 83.9, 67.0 (d, J = 6.9 Hz), 24.8; *'P NMR (243 MHz, CDCl3) §25.7; IR (ATR):
3419, 3056, 2979, 2933, 2361, 1614, 1399, 1359, 1221, 1143, 1088, 957, 858 cm’'; HRMS (FD+) m/z: [M] Caled for

Ci19H24BO4P 358.1505, Found 358.1504.
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2-Naphthylmethyl pent-4-yn-1-yl phenylphosphonate (3aa):
9 Purification with silica gel column chromatography (Hexane/AcOEt = 1:1); 35 mg,
O/E;OHN 95% yield, Colorless oil; "H NMR (600 MHz, CDCl3) 67.86-7.79 (m, 6H), 7.57-7.53
(m, 1H), 7.51-7.43 (m, 5H), 5.31 (dd, J=12.0, 7.8 Hz, 1H), 5.20 (dd, J=12.0, 8.4 Hz,
1H), 4.21-4.11 (m, 2H), 2.27 (td, J = 7.2, 3.0 Hz, 2H), 1.90 (t, J = 3.0 Hz, 1H), 1.86 (it, J = 7.2, 7.2 Hz, 2H); 1*C
NMR (150 MHz, CDCl3) 6'133.6 (d, J=5.7 Hz), 133.1 (d, /= 7.0 Hz), 132.6 (d, /=2.9 Hz), 131.8 (d, /= 10.1 Hz),
128.5 (d, J=14.4 Hz), 128.4, 128.0, 127.8 (d, J = 187.2 Hz), 127.7, 127.0, 126.31, 126.29 (2C), 125.5, 82.8, 69.1,
67.7 (d, J=4.4 Hz), 64.6 (d, J=4.2 Hz), 29.2 (d, J= 7.2 Hz), 14.8; 3'P NMR (243 MHz, CDCls) 620.2; IR (ATR):
3454, 3297, 3227, 3057, 2959, 2896, 2117, 1439, 1244, 1131, 1014, 976, 814 cm’!; HRMS (FD+) m/z: [M] Calcd for
C2H2105P 364.1228, Found 364.1227.

(4-Methoxycarbonyl)benzyl pent-4-yn-1-yl phenylphosphonate (3ab):

0 Purification with silica gel column chromatography (Hexane/AcOEt = 3:2 to 1:1);

||
/@Ao’ E;o% 33 mg, 89% yield, Colorless oil; 'H NMR (600 MHz, CDCl3) §8.01 (d, J = 8.4 Hz,
MeO,C 2H), 7.85-7.79 (m, 2H), 7.59-7.55 (m, 1H), 7.49-7.45 (m, 2H), 7.42 (d, J = 8.4 Hz,

2H), 5.20 (dd, J = 12.6, 7.8 Hz, 1H), 5.09 (dd, J = 12.6, 7.8 Hz, 1H), 4.22-4.12 (m, 2H), 3.92 (s, 3H), 2.29 (td, J =
7.2,2.4 Hz, 2H), 1.92 (t,J= 2.4 Hz, 1H), 1.87 (tt, J= 7.2, 7.2 Hz, 2H); 3C NMR (150 MHz, CDCls) § 166.6, 141.2
(d,J=7.2Hz), 132.7 (d,J=2.9 Hz), 131.8 (d, J= 8.5 Hz), 130.0, 129.8, 128.6 (d, /= 15.8 Hz), 127.5 (d, /= 188.1
Hz), 127.2, 82.7,69.1, 66.7 (d, J= 4.2 Hz), 64.6 (d, J= 5.7 Hz), 52.1, 29.1 (d, J= 7.2 Hz), 14.7; *' P NMR (243 MHz,
CDCls) 620.3; IR (ATR): 3438, 3303, 2996, 2953, 1720, 1438, 1280, 1244, 1109, 1010, 748 cm™'; HRMS (FD+)
m/z: [M] Calcd for CooH2105P 372.1127, Found 372.1126.

4-Cyanobenzyl pent-4-yn-1-yl phenylphosphonate (3ac):
o Purification with silica gel column chromatography (Hexane/AcOEt=1:1); 30 mg, 88%

@ﬂoﬁ;@% yield, Colorless oil; "H NMR (600 MHz, CDCls) 57.84-7.78 (m, 2H), 7.64 (d, J=9.0
NC Hz, 2H), 7.61-7.57 (m, 1H), 7.51-7.45 (m, 4H), 5.19 (dd, J = 12.6, 7.8 Hz, 1H), 5.10
(dd, J=12.6, 7.8 Hz, 1H), 4.24-4.12 (m, 2H), 2.29 (td, J = 7.2, 3.0 Hz, 2H), 1.94 (t, J= 3.0 Hz, 1H), 1.88 (tt, /= 7.2,
6.6 Hz, 2H); 3C NMR (150 MHz, CDCls) 5 141.5 (d, J = 7.2 Hz), 132.9 (d, J = 2.9 Hz), 132.3, 131.8 (d, J = 10.1
Hz), 128.6 (d, J= 15.9 Hz), 127.8, 127.2 (d, J = 186.6 Hz), 118.5, 112.1, 82.6, 69.2, 66.2 (d, J = 5.9 Hz), 64.7 (d, J
= 5.9 Hz), 29.1 (d, J = 5.8 Hz), 14.7; P NMR (243 MHz, CDCls) 520.5; IR (ATR): 3463, 3296, 3060, 2961, 2898,
2229, 2117, 1440, 1245, 1131, 1011, 819 cm’'; HRMS (FD+) m/z: [M] Caled for C1oH;sNOsP 339.1024, Found
339.1023.

(4-Methylthio)benzyl pent-4-yn-1-yl phenylphosphonate (3ad):
0 Purification with silica gel column chromatography (Hexane/AcOEt = 1:1); 32 mg,
Q/\O’EEOHN 88% yield, Colorless oil; "H NMR (600 MHz, CDCl3) §7.82-7.77 (m, 2H), 7.57-7.54
MeS (m, 1H), 7.48-7.43 (m, 2H), 7.28 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 5.10
(dd, J=12.0, 7.8 Hz, 1H), 4.99 (dd, J= 12.0, 7.8 Hz, 1H), 4.18-4.09 (m, 2H), 2.48 (s, 3H), 2.28 (td, /= 7.2, 2.4 Hz,
2H), 1.92 (t, J = 2.4 Hz, 1H), 1.86 (tt, J = 7.2, 6.6 Hz, 2H); '*C NMR (150 MHz, CDCls) § 138.9, 132.9 (d, /= 5.7
Hz), 132.5 (d,J=2.9 Hz), 131.8 (d, /= 10.1 Hz), 128.6, 128.5 (d, /= 14.2 Hz), 127.8 (d, /= 188.6 Hz), 126.4, 8§2.8,
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69.1,67.2 (d,J= 5.9 Hz), 64.5 (d, J= 5.7 Hz), 29.2 (d, J= 7.2 Hz), 15.7, 14.7; 'P NMR (243 MHz, CDCLs) 520.1;
IR (ATR): 3463, 3294, 3227, 3058, 2959, 2922, 2896, 1602, 1496, 1439, 1246, 1131, 994 cm’'; HRMS (FD+) m/z:
[M] Caled for C1oH2,05PS 360.0949, Found 360.0948.

3-Nitrobenzyl pent-4-yn-1-yl phenylphosphonate (3ae):
o Purification with silica gel column chromatography (Hexane/AcOEt = 1:1); 17 mg,

OzN\©ﬂo’E;o% 48% yield, Colorless oil; 'H NMR (600 MHz, CDCl3) 68.21 (s, 1H), 8.17 (d, J= 7.8

Hz, 1H), 7.86-7.79 (m, 2H), 7.69 (d, J= 7.8 Hz, 1H), 7.60-7.56 (m, 1H), 7.53 (dd, J =
7.8, 7.8 Hz, 1H), 7.50-7.45 (m, 2H), 5.23 (dd, J = 12.6, 7.8 Hz, 1H), 5.14 (dd, J = 12.6, 7.8 Hz, 1H), 4.26-4.14 (m,
2H), 2.30 (td, J = 7.2, 2.4 Hz, 2H), 1.94 (t, J = 2.4 Hz, 1H), 1.89 (tt, J = 7.2, 6.6 Hz, 2H); 13C NMR (150 MHz,
CDCls3) 6148.3, 138.3 (d, J="7.2 Hz), 133.4, 132.9 (d, /= 2.9 Hz), 131.8 (d, /= 10.1 Hz), 129.6, 128.7 (d, /= 14.4
Hz), 127.2 (d,J=188.1 Hz), 123.2, 122.4, 82.6, 69.2, 66.0 (d, /= 4.3 Hz), 64.8 (d,J=5.7 Hz), 29.1 (d, J=7.2 Hz),
14.7; 3'P NMR (243 MHz, CDCls) §20.6; IR (ATR): 3465, 3297, 3231, 3067, 2961, 2924, 1530, 1351, 1244, 1131,
1015, 979 cm’!; HRMS (FD+) m/z: [M] Calcd for CisH1sNOsP 359.0923, Found 359.0922.

2-Fluorobenzyl pent-4-yn-1-yl phenylphosphonate (3af):
E 0 Purification with silica gel column chromatography (Hexane/AcOEt = 1:1); 33 mg, 92%
@ﬂo’ﬁg;o% yield, Colorless oil; 'H NMR (600 MHz, CDCls) &7.84-7.79 (m, 2H), 7.58-7.54 (m, 1H),
7.48-7.41 (m, 3H), 7.33-7.28 (m, 1H), 7.13 (ddd, /= 7.2, 7.2, 1.2 Hz, 1H), 7.04 (ddd, J =
9.6,8.4,1.2Hz 1H), 5.21 (dd, J=12.0, 7.8 Hz, 1H), 5.11 (dd, /= 12.0, 7.8 Hz, 1H), 4.21-4.12 (m, 2H), 2.28 (td, J
=7.2,2.4 Hz, 2H), 1.92 (t, J= 3.0 Hz, 1H), 1.87 (tt, J= 7.2, 6.6 Hz, 2H); '*C NMR (150 MHz, CDCl3) & 160.6 (d, J
=247.0 Hz), 132.6 (d, /J=2.9 Hz), 131.8 (d, /= 10.0 Hz), 130.3 (d, /= 6.5 Hz), 130.2, 128.5 (d, J=15.7 Hz), 127.6
(d, J=186.7 Hz), 124.2 (d, J=2.9 Hz), 123.4 (dd, /= 14.4, 7.2 Hz), 115.3 (d, /= 20.1 Hz), 82.8, 69.0, 64.5 (d, J =
5.7 Hz), 61.5 (dd, J = 4.3, 4.2 Hz), 29.2 (d, J = 7.2 Hz), 14.7; 3'P NMR (243 MHz, CDCls) §20.2; '°F NMR (565
MHz, CDCl3) §-118.0 (m); IR (ATR): 3306, 3236, 3060, 2998, 2899, 2119, 1591, 1494, 1240, 1132, 996, 747 cm’!;
HRMS (FD+) m/z: [M+H] Caled for CisH19FO3P 333.1056, Found 333.1055.

Pent-4-yn-1-yl (2-trifluoromethyl)benzyl phenylphosphonate (3ag):
CF, 0 Purification with silica gel column chromatography (Hexane/AcOEt = 3:2); 31 mg, 82%
O’E;O N yield, Colorless oil; '"H NMR (600 MHz, CDCl3) 67.86-7.81 (m, 2H), 7.68 (d, J = 7.8 Hz,
1H), 7.65 (d, J = 8.4 Hz, 1H), 7.59-7.54 (m, 2H), 7.50-7.45 (m, 2H), 7.42 (dd, J="7.8, 7.2
Hz, 1H), 5.34 (dd, J=13.2, 7.2 Hz, 1H), 5.25 (dd, J=12.6, 7.2 Hz, 1H), 4.24-4.13 (m, 2H), 2.29 (td, /= 7.2, 2.4 Hz,
2H), 1.92 (t, J= 2.4 Hz, 1H), 1.88 (tt, J= 7.2, 7.2 Hz, 2H); 3C NMR (150 MHz, CDCls) §134.6 (d, J = 7.2 Hz),
132.7 (d, J= 2.8 Hz), 132.1, 131.8 (d, J = 10.1 Hz), 129.4, 128.6 (d, J = 15.8 Hz), 128.2, 127.7 (q, J = 30.3 Hz),
127.4 (d, J=188.1 Hz), 125.9 (q, J=5.7 Hz), 124.1 (q, J = 272.8 Hz), 82.7, 69.1, 64.7 (d, J= 5.7 Hz), 63.6, 29.2 (d,
J=7.2Hz), 14.7; 3 'P NMR (243 MHz, CDCls) §20.1; '°F NMR (565 MHz, CDCl3) §-59.8; IR (ATR): 3473, 3306,
3232, 3062, 2963, 1599, 1440, 1314, 1250, 1169, 1119, 1010, 863 c¢cm’'; HRMS (FD+) m/z: [M] Calcd for

C19H13F303P 382.0946, Found 382.0944.
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(2-Bromo-5-chloro)benzyl pent-4-yn-1-yl phenylphosphonate (3ah):
o Purification with silica gel column chromatography (Hexane/AcOEt = 3:2); 39 mg, 90%
C'O\ﬂo’ggo >\ vield, Colorless oil; 'H NMR (600 MHz, CDCIs) 57.88-7.82 (m, 2H), 7.61-7.56 (m, 1H),
Br 7.52-7.42 (m, 4H), 7.16-7.13 (m, 1H), 5.18 (dd, J=13.2, 7.2 Hz, 1H), 5.06 (dd, /= 13.2,
7.2 Hz, 1H), 4.28-4.17 (m, 2H), 2.32 (td, J= 7.2, 2.4 Hz, 2H), 1.95 (t, /= 2.4 Hz, 1H), 1.91 (tt, J=7.2, 6.6 Hz, 2H);
3C NMR (150 MHz, CDCl3) §137.4 (d, J= 7.2 Hz), 133.7, 133.6, 132.8 (d, J = 2.9 Hz), 131.8 (d, J = 10.0 Hz),
129.5, 128.8, 128.6 (d, /= 15.8 Hz), 127.2 (d, /= 188.1 Hz), 119.8, 82.6, 69.2, 66.2 (d, J=4.3 Hz), 64.7 (d, J=4.2
Hz), 29.1 (d, J=7.2 Hz), 14.8; 3'P NMR (243 MHz, CDCl3) §20.3; IR (ATR): 3462, 3303, 3233, 3061, 2961, 2118,

1440, 1249, 1131, 1016, 876 cm’!; HRMS (FD+) m/z: [M+H] Caled for C1sH;sBrClO;P 426.9866, Found 426.9862.

Benzo[d][1,3]dioxol-5-ylmethyl pent-4-yn-1-yl phenylphosphonate (3ai):
9 Purification with silica gel column chromatography (Hexane/AcOEt=1:1); 27 mg, 75%
<0]©ﬂoﬁ;o% yield, Colorless oil; '"H NMR (600 MHz, CDCl3) §7.80 (dd, J=13.8, 7.8 Hz, 2H), 7.58-
0 7.53 (m, 1H), 7.48-7.43 (m, 2H), 6.86 (d, J = 0.60 Hz, 1H), 6.81 (d, J = 7.8 Hz, 1H),
6.75 (d, J="7.8 Hz, 1H), 5.95 (s, 2H), 5.04 (dd, /= 12.0, 8.4 Hz, 1H), 4.93 (dd, /= 12.0, 8.4 Hz, 1H), 4.18-4.08 (m,
2H), 2.28 (td, J = 7.2, 2.4 Hz, 2H), 1.93 (t, J = 2.4 Hz, 1H), 1.86 (tt, J = 7.2, 7.2 Hz, 2H); 3C NMR (150 MHz,
CDCl) 61478, 147.7, 132.5 (d, J= 2.9 Hz), 131.8 (d, /= 10.0 Hz), 129.9 (d, /= 7.2 Hz), 128.5 (d, J = 14.4 Hz),
127.9 (d, J=188.1 Hz), 122.0, 108.8, 108.1, 101.1, 82.8, 69.1, 67.6 (d, J=4.3 Hz), 64.5 (d, /=59 Hz),29.2 (d, J =
7.2 Hz), 14.8; *'PNMR (243 MHz, CDCl3) §20.0; IR (ATR): 3442, 3298, 2994, 2960, 2896, 1492, 1445, 1240, 1131,
1038, 970 cm™!'; HRMS (FD+) m/z: [M] Caled for Ci9H190sP 358.0970, Found 358.0969.

Pent-4-yn-1-yl (3,4,5-trimethoxy)benzyl phenylphosphonate (3aj):
o Purification with silica gel column chromatography (Hexane/AcOEt = 1:1 to 1:2); 36
MEOD/\O/ E;O% mg, 90% yield, Colorless oil; "H NMR (600 MHz, CDCls) §7.83-7.78 (m, 2H), 7.58-
7.53 (m, 1H), 7.48-7.43 (m, 2H), 6.56 (s, 2H), 5.06 (dd, J = 12.0, 8.4 Hz, 1H), 5.00
OMe (dd, J=12.0, 8.4 Hz, 1H), 4.21-4.11 (m, 2H), 3.824 (s, 3H), 3.816 (s, 6H), 2.30 (td, J
=7.2,2.4Hz, 2H), 1.93 (t,J=3.0 Hz, 1H), 1.88 (tt, /= 7.2, 6.0 Hz, 2H); 3*C NMR (150 MHz, CDCl3) § 153.2, 137.9,
132.5(d,J=2.9 Hz), 131.7 (d, /= 10.1 Hz), 131.6 (d, /= 5.7 Hz), 128.4 (d, /= 15.7 Hz), 127.9 (d, J = 188.1 Hz),
105.1, 82.7, 69.1, 67.9 (d, J = 5.7 Hz), 64.5 (d, J = 5.7 Hz), 60.7, 56.0, 29.2 (d, J = 7.2 Hz), 14.7; *'P NMR (243
MHz, CDCls) §20.1; IR (ATR): 3462, 3294, 2942, 2841, 1593, 1508, 1462, 1423, 1334, 1008, 962 ¢cm™'; HRMS
(FD+) m/z: [M] Caled for C21H2506P 404.1389, Found 404.1386.

MeO

1-Naphthylmethyl pent-4-yn-1-yl phenylphosphonate (3ak):

Purification with silica gel column chromatography (Hexane/AcOEt = 3:2); 35 mg, 95%
OH& yield, Colorless oil; "H NMR (600 MHz, CDCls) 68.09 (d, J= 8.4 Hz, 1H), 7.87-7.76 (m,

4H), 7.56-7.48 (m, 4H), 7.43-7.38 (m, 3H), 5.64 (dd, J = 12.0, 7.8 Hz, 1H), 5.48 (dd, J =
12.0, 7.8 Hz, 1H), 4.16-4.08 (m, 2H), 2.23 (td, J= 6.6, 3.0 Hz, 2H), 1.89 (t, /= 3.0 Hz, 1H), 1.81 (tt, /= 6.6, 6.6 Hz,
2H); *C NMR (150 MHz, CDCl3) 6 133.6, 132.5 (d, J=2.9 Hz), 131.8 (d, /= 10.0 Hz), 131.7 (d, /=7.2 Hz), 131 .4,
129.5, 128.6, 128.4 (d, J = 15.9 Hz), 127.8 (d, J = 188.1 Hz), 127.1, 126.6, 125.9, 125.2, 123.6, 82.8, 69.0, 66.0 (d,
J=42Hz),64.5(d,J=5.7Hz),29.2 (d, /= 7.2 Hz), 14.7; 3'P NMR (243 MHz, CDCl3) §20.1; IR (ATR): 3464,

(@]
\
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3296, 3226, 3057, 2960, 2897, 2117, 1825, 1439, 1244, 1131, 982 cm™!; HRMS (FD+) m/z: [M] Caled for C2,H2 03P
364.1228, Found 364.1227.

Pent-4-yn-1-yl (quinolin-4-yl)methyl phenylphosphonate (3al):
Purification with silica gel column chromatography (Hexane/AcOEt = 1:2 to 1:3); 27 mg,
N0 ;O% 73% yield, Colorless oil; 'TH NMR (600 MHz, CDCl3) 68.90 (d, /= 4.8 Hz, 1H), 8.14 (d,
N~ J=8.4Hz, 1H), 7.94 (d, /= 8.4 Hz, 1H), 7.86-7.80 (m, 2H), 7.76-7.71 (m, 1H), 7.60-7.55
(m, 2H), 7.50-7.44 (m, 3H), 5.66 (dd, J=13.2, 7.2 Hz, 1H), 5.53 (dd, /= 13.2, 7.2 Hz, 1H), 4.26-4.16 (m, 2H), 2.29
(td, J=6.6,2.4 Hz, 2H), 1.92 (t, J= 2.4 Hz, 1H), 1.88 (tt,J = 6.6, 6.6 Hz, 2H); *C NMR (150 MHz, CDCl3) § 150.2,
148.0, 141.2 (d, J="7.2 Hz), 132.8 (d, J=2.9 Hz), 131.7 (d, /= 10.1 Hz), 130.2, 129.4, 128.6 (d, J=15.9 Hz), 127.1
(d, J=188.1 Hz), 127.0, 125.5, 122.8, 119.2, 82.6, 69.2, 64.7 (d, /= 5.7 Hz), 63.9 (d, /= 4.3 Hz), 29.1 (d, J= 5.7
Hz), 14.7; 3'P NMR (243 MHz, CDCl3) 620.7; IR (ATR): 3467, 3298, 3235, 3060, 2960, 2899, 1599, 1511, 1439,
1244, 1131, 944, 848 cm’!; HRMS (FD+) m/z: [M] Caled for C21H20NOsP 365.1181, Found 365.1180.

T-10u=0

Pent-4-yn-1-yl (2-pyridyl)methyl phenylphosphonate (3am):
0 Purification with silica gel column chromatography (Hexane/AcOEt = 1:2); 26 mg, 81%
ENj/\O”EEO N yield, Colorless oil; '"H NMR (600 MHz, CDCls) 6 8.55 (ddd, J= 4.8, 1.8, 1.2 Hz, 1H), 7.88-
Z 7.83 (m, 2H), 7.70 (dd, J = 7.2, 1.8 Hz, 1H), 7.59-7.55 (m, 1H), 7.50-7.45 (m, 3H), 7.21
(ddd, J=7.2,4.8, 1.2 Hz, 1H), 5.22 (dd, J=13.2, 7.8 Hz, 1H), 5.16 (dd, J = 13.2, 7.8 Hz, 1H), 4.26-4.16 (m, 2H),
2.30 (dd, J = 6.6, 2.4 Hz, 2H), 1.92 (t, J = 2.4 Hz, 1H), 1.90 (tt, J = 6.6, 6.6 Hz, 2H); 3*C NMR (150 MHz, CDCl;3)
0156.2 (d, J=8.7 Hz), 149.1, 136.8, 132.6 (d, /= 3.0 Hz), 131.8 (d, /= 10.1 Hz), 128.5 (d, /= 15.8 Hz), 127.4 (d,
J=188.1 Hz), 122.8, 121.3,82.7, 69.1, 67.8 (d, J= 5.8 Hz), 64.7 (d, J= 5.7 Hz), 29.2 (d, J= 5.9 Hz), 14.7; 3'P NMR
(243 MHz, CDCl3) 620.2; IR (ATR): 3464, 3299, 3234, 3060, 2961, 2925, 1725, 1593, 1439, 1239, 1131, 1016, 870

cm''; HRMS (FD+) m/z: [M] Caled for C17H sNOsP 315.1024, Found 315.1024.

(Benzofuran-2-yl)methyl pent-4-yn-1-yl phenylphosphonate (3an):
o) Purification with silica gel column chromatography (Hexane/AcOEt=3:2to 1:1); 28 mg,
° ] O'Egok 79% yield, Colorless oil; 'H NMR (600 MHz, CDCl3) §7.83-7.78 (m, 2H), 7.55-7.50
@jﬂ (m, 2H), 7.45-7.40 (m, 3H), 7.29 (ddd, J= 8.4, 7.2, 1.2 Hz, 1H), 7.22 (ddd, /= 7.8, 7.2,
0.6 Hz, 1H), 6.75 (s, 1H), 5.25 (dd, J = 12.6, 8.4 Hz, 1H), 5.14 (dd, J = 12.6, 8.4 Hz, 1H), 4.22-4.13 (m, 2H), 2.28
(td, J=7.2,3.0 Hz, 2H), 1.90 (t, /= 3.0 Hz, 1H), 1.87 (tt,J= 7.2, 6.6 Hz, 2H); '>*C NMR (150 MHz, CDCl3) & 155.2,
1519 (d,/=7.2 Hz), 132.6 (d,J=2.9 Hz), 131.8 (d, /= 10.0 Hz), 128.4 (d, /= 15.7 Hz), 127.7, 127.5 (d, J = 189.6
Hz), 124.9, 122.9, 121.4, 111.4, 107.0, 82.8, 69.1, 64.6 (d, J = 5.7 Hz), 60.1 (d, J = 4.2 Hz), 29.2 (d, J = 7.2 Hz),
14.7; 3'P NMR (243 MHz, CDCl3) §20.5; IR (ATR): 3466, 3298, 3233, 3058, 2961, 1594, 1440, 1246, 1131, 972
cm’!; HRMS (FD+) m/z: [M] Calced for C20H1904P 354.1021, Found 354.1020.

Pent-4-yn-1-yl (2-thienyl)methyl phenylphosphonate (3ao0):
o Purification with silica gel column chromatography (Hexane/AcOEt = 3:2); 16 mg, 49%
1}

Woﬁo b vield, Colorless oil; 'H NMR (600 MHz, CDCly) §7.82-7.77 (m, 2H), 7.57-7.53 (m, 1H),
7.48-7.43 (m, 2H), 7.31 (dd, J= 5.4, 1.2 Hz, 1H), 7.06 (dd, J= 3.6, 1.2 Hz, 1H), 6.95 (dd, J
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=5.4,3.6 Hz, 1H), 5.32 (dd, J = 12.0, 8.4 Hz, 1H), 5.20 (dd, J = 12.0, 8.4 Hz, 1H), 4.18-4.09 (m, 2H), 2.28 (td, J =
6.6, 3.0 Hz, 2H), 1.93 (t, J=3.0 Hz, 1H), 1.86 (tt, J = 6.6, 6.0 Hz, 2H); '3C NMR (150 MHz, CDCls) 5138.4 (d, J =
7.2 Hz), 132.6 (d, J=2.9 Hz), 131.8 (d, J= 10.1 Hz), 128.5 (d, J = 15.7 Hz), 128.0, 127.7 (d, J = 188.1 Hz), 127.0,
126.8, 82.8, 69.1, 64.5 (d, J = 5.7 Hz), 62.0 (d, J = 4.4 Hz), 29.2 (d, J = 7.2 Hz), 14.8; >'P NMR (243 MHz, CDCL;)
520.0; IR (ATR): 3455, 3297, 3229, 3061, 2959, 2898, 1594, 1439, 1243, 1131, 980, 851 cmr'; HRMS (FD+) m/z:
[M] Caled for C16H,705PS 320.0636, Found 320.0635.

Pent-4-yn-1-yl (3-thienyl)methyl phenylphosphonate (3ap):
o Purification with silica gel column chromatography (Hexane/AcOEt = 3:2 to 1:1); 23 mg,
(fo/ﬁ;o A yield, Colorless oil; 'H NMR (600 MHz, CDCl3) §7.82-7.76 (m, 2H), 7.58-7.53 (m,
1H), 7.48-7.43 (m, 2H), 7.30-7.27 (m, 2H), 7.09-7.06 (m, 1H), 5.16 (dd, J = 12.0, 8.4 Hz,
1H), 5.06 (dd, J=12.0, 8.4 Hz, 1H), 4.18-4.09 (m, 2H), 2.28 (td, /= 7.2, 2.4 Hz, 2H), 1.93 (t, /= 2.4 Hz, 1H), 1.86
(tt, J=7.2, 6.6 Hz, 2H); 1*C NMR (150 MHz, CDCl3) §137.2 (d, J= 5.7 Hz), 132.5 (d, /= 2.8 Hz), 131.7 (d, J =
10.0 Hz), 128.5 (d, J=15.7 Hz), 127.8 (d, J = 188.1 Hz), 127.3, 126.3, 124.2, 82.8, 69.1, 64.5 (d, /= 5.9 Hz), 62.8
(d,J=5.7Hz),29.2 (d,J=7.2 Hz), 14.8; 3'P NMR (243 MHz, CDCl3) §20.1; IR (ATR): 3454, 3297, 3228, 3099,
2896, 2117, 1439, 1243, 1131, 1008, 973 cm™'; HRMS (FD+) m/z: [M+H] Calcd for Ci6Hi303PS 321.0714, Found

321.0712.

1-(2-Naphthyl)ethyl pent-4-yn-1-yl phenylphosphonate (3aq):
Me O Purification with silica gel column chromatography (Hexane/AcOEt = 3:2); 29 mg,
o/igok 77% yield, 51:49 diastereomeric mixture, Colorless oil; '"H NMR (600 MHz, CDCls)
07.88-7.82 (m, 3H), 7.80-7.72 (m, 1.5H), 7.68-7.63 (m, 1.5H), 7.58-7.39 (m, SH), 7.31-
7.27 (m, 1H), 5.84 (dq, J= 7.8, 6.6 Hz, 0.5H), 5.67 (dq, J = 7.8, 6.6 Hz, 0.5H), 4.17 (dt, J = 6.6, 6.6 Hz, 1H), 3.92
(dt,J=6.6, 6.6 Hz, 1H), 2.30 (td, /= 7.2, 2.4 Hz, 1H), 2.06 (td, J= 7.2, 2.4 Hz, 1H), 1.93 (t,J=2.4 Hz, 0.5H), 1.89
(tt, J=7.2, 6.6 Hz, 1H), 1.79 (t, J= 2.4 Hz, 0.5H), 1.76 (d, J = 6.6 Hz, 1.5 H), 1.70-1.60 (m, 2.5H); 3C NMR (150
MHz, CDCl3) 6139.4 (d,J=2.9 Hz), 138.8 (d, /=4.2 Hz), 133.1 (2C), 133.01, 132.97, 132.4 (d,/=3.0 Hz), 132.2
(d,J=2.8Hz), 131.7 (d,J=8.7Hz), 131.6 (d, /= 10.1 Hz), 128.7 (d, /= 194.0 Hz), 128.44 (d, /= 15.7 Hz), 128.43,
128.3, 128.20 (d, J = 186.8 Hz), 128.18 (d, J = 14.4 Hz), 128.1, 128.0, 127.7, 127.6, 126.3, 126.2, 126.15, 126.08,
125.0, 14.9, 123.85, 123.78, 82.9, 82.8, 75.7 (d, J = 4.3 Hz), 75.4 (d, /= 5.9 Hz), 69.0, 68.9, 64.32 (d, J = 5.7 Hz),
64.29 (d,J=4.3 Hz),29.3 (d,J="7.2Hz), 29.1 (d,/J=5.8 Hz), 24.5 (d, J=4.3 Hz), 24.4 (d, /= 5.7 Hz), 14.8, 14.6;
3IPNMR (243 MHz, CDCls) 619.3, 18.8; IR (ATR): 3437, 3304, 3058, 2983, 1595, 1440, 1242, 1130, 970, 945, 745
cm’'; HRMS (FD+) m/z: [M] Calced for C23H2303P 378.1385, Found 378.1384.

Diphenylmethyl pent-4-yn-1-yl phenylphosphonate (3ar):

Purification with silica gel column chromatography (Hexane/AcOEt = 2:1); 36 mg, 91%

O o yield, Colorless oil; '"H NMR (600 MHz, CDCls) 67.73-7.68 (m, 2H), 7.51-7.47 (m, 1H),
O o/igok 7.43-7.33 (m, 6H), 7.31-7.19 (m, 6H), 6.55 (d, /= 9.0 Hz, 1H), 4.04-3.92 (m, 2H), 2.14 (td,
J=17.2,3.0 Hz, 2H), 1.90 (t, J = 3.0 Hz, 1H), 1.73 (tt, J = 7.2, 6.6 Hz, 2H); 3*C NMR (150

MHz, CDCls) §140.8 (d, J = 4.3 Hz), 140.4, (d, J = 5.7 Hz), 132.3 (d, J = 2.9 Hz), 131.6 (d, J = 10.1 Hz), 128.5,
12831, 128.29 (d, /= 15.7 Hz), 128.28 (d, J= 189.4 Hz), 128.0, 127.9, 127.1, 127.0, 82.9, 79.6 (d, J= 5.8 Hz), 68.9,
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64.4 (d, J= 5.9 Hz), 29.1 (d, J= 5.7 Hz), 14.7; 'P NMR (243 MHz, CDCl3) 6 19.5; IR (ATR): 3437, 3303, 3232,
3063, 2997, 1595, 1496, 1440, 1246, 1131, 975 cm™'; HRMS (FD+) m/z: [M] Calcd for C24H2303P 390.1385, Found
390.1384.

5-Methoxy-1,2,3,4-tetrahydronaphthalen-1-yl pent-4-yn-1-yl phenylphosphonate (3as):
Purification with silica gel column chromatography (Hexane/AcOEt = 2:1); 29 mg,

O
|1
MeO _Po 75% vyield, 55:45 diast i ixture, Colorl il; 'TH NMR (600 MHz, CDCl
ol hok o yield, iastereomeric mixture, Colorless oil; ( Z, 3)

57.86-7.77 (m, 2H), 7.57-7.52 (m, 1H), 7.48-7.41 (m, 2H), 7.24-7.19 (m, 1H), 7.04
(dd, J = 7.8, 7.8 Hz, 0.45H), 6.81-6.70 (m, 1.55H), 5.69-5.65 (m, 0.55H), 5.60-5.56 (m, 0.45H), 4.21-4.04 (m, 2H),
3.82 (s, 1.65H), 3.80 (s, 1.35H), 2.84-2.75 (m, 1H), 2.50-2.47 (m, 1H), 2.33-2.23 (m, 2.45H), 2.08-1.70 (m, 6.55H);
13C NMR (150 MHz, CDCLs) 8 157.0, 156.9, 135.9 (d, J= 5.7 Hz), 135.5 (d, J= 5.9 Hz), 132.3 (d, J = 2.9 Hz, 2C),
131.9 (d, J = 10.1 Hz), 131.7 (d, J = 10.1 Hz), 129.0 (d, J = 185.3 Hz), 128.6 (d, J = 188.1 Hz), 128.4 (d, J = 14.4
Hz), 128.3 (d, J = 14.4 Hz), 126.8, 126.7, 126.4, 126.2, 121.82, 121.77, 109.3, 109.2, 82.92, 82.89, 73.4 (d, J= 5.9
Hz), 73.2 (d, J = 5.7 Hz), 69.0, 68.9, 64.4 (d, J = 5.7 Hz), 64.3 (d, J = 5.9 Hz), 55.31, 55.28, 30.5, 30.1,29.3 (d, J =
7.2 Hz), 29.2 (d, J = 7.2 Hz), 22.63, 22.60, 17.6, 17.5, 14.81, 14.79; 3'P NMR (243 MHz, CDCl3) 519.5 (minor),
18.6 (major); IR (ATR): 3443, 3303, 3228, 2994, 2944, 2838, 1588, 1472, 1439, 1250, 1131, 1038, 975, 747 cm’’;
HRMS (FD+) m/z: [M] Caled for Co2HasO4P 384.1490, Found 384.1489.

(Ethoxycarbonyl)(Phenyl)methyl pent-4-yn-1-yl phenylphosphonate (3at):
E0,C O Purification with silica gel column chromatography (Hexane/AcOEt = 2:1 to 1:1); 34 mg,
©/\o’ E;o N 88% yield, 50:50 diastereomeric mixture, Colorless oil; "H NMR (600 MHz, CDCls) & 7.93-
7.88 (m, 1H), 7.73-7.68 (m, 1H), 7.60-7.56 (m, 0.5H), 7.53-7.46 (m, 2.5H), 7.42-7.34 (m,
3.5H), 7.31-7.28 (m, 1.5H), 5.92 (d, /= 9.0 Hz, 0.5H), 5.81 (d, J = 8.4 Hz, 0.5H), 4.38-3.91 (m, 4H), 2.35 (td, J =
7.8,2.4 Hz, 1H), 2.16 (td, J= 7.2, 3.0 Hz, 1H), 1.99-1.92 (m, 1.5H), 1.87 (t, /=3.0 Hz, 0.5H), 1.73 (tt, J=7.2, 7.2
Hz, 1H); 3C NMR (150 MHz, CDCl3) §169.1 (d, J=4.2 Hz), 168.8 (d, /= 5.8 Hz), 135.5 (d, J= 4.4 Hz), 134.9 (d,
J=59Hz),132.6 (d,J=2.9Hz), 132.5 (d, /=2.9 Hz), 131.7 (d, /= 10.0 Hz), 131.6 (d, /= 10.1 Hz), 129.1, 129.0,
128.7, 128.5, 128.4 (d, J = 15.7 Hz), 128.3 (d, J = 14.4 Hz), 127.6 (d, J = 189.6 Hz, 2C), 127.3, 127.1, 82.9, 82.7,
75.5 (d, J=4.4 Hz, 2C), 69.0 (2C), 64.9 (d, J= 5.7 Hz), 64.5 (d, J= 5.7 Hz), 61.8, 61.7, 29.3 (d, J = 7.2 Hz), 29.0
(d,J=7.2Hz), 14.8, 14.6, 14.0, 13.8; 3'P NMR (243 MHz, CDCls) §20.2, 19.9; IR (ATR): 3489, 3300, 3063, 2982,
1754, 1440, 1251, 1212, 1058, 1020, 982 cm™'; HRMS (FD+) m/z: [M] Calcd for C2iH230sP 386.1283, Found
383.1283.

4-Bromobut-1-yl (4-methoxycarbonyl)benzyl phenylphosphonate (3bb):
0 Purification with silica gel column chromatography (Hexane/AcOEt = 1:1); 39 mg,
@Aoﬁ;oﬁvar 88% yield, Colorless oil; "H NMR (600 MHz, CDCl3) §8.02 (d, J = 9.0 Hz, 2H),
MeO,C 7.84-7.78 (m, 2H), 7.60-7.56 (m, 1H), 7.50-7.45 (m, 2H), 7.42 (d, J=9.0 Hz, 2H),
5.19 (dd, J=12.6, 7.8 Hz, 1H), 5.07 (dd, J= 12.6, 7.8 Hz, 1H), 4.13-4.04 (m, 2H), 3.92 (s, 3H), 3.38 (t, /= 7.2 Hz,
2H), 1.96-1.90 (m, 2H), 1.84-1.79 (m, 2H); '*C NMR (150 MHz, CDCl3) § 166.6, 141.1 (d, J= 7.2 Hz), 132.7, 131.7
(d, J=10.1 Hz), 130.0, 129.8, 128.6 (d, /=159 Hz), 127.4 (d, J= 186.6 Hz), 127.3, 66.7 (d, /= 4.3 Hz), 65.2 (d, J
=5.9 Hz), 52.1, 32.9, 28.9 (d, /= 7.2 Hz), 28.7; 3'P NMR (243 MHz, CDCls) §20.4; IR (ATR): 3454, 3060, 2953,

S10



2845, 1720, 1615, 1438, 1280, 1246, 1131, 998 cm; HRMS (FD+) m/z: [M] Caled for Ci19H2BrOsP 440.0388,
Found 440.0387.

2-(tert-Butoxycarbonylamino)ethyl (4-methoxycarbonyl)benzyl phenylphosphonate (3cb):
e Purification with silica gel column chromatography (Hexane/AcOEt = 1:2); 35
@Aoﬁo/\/“\soc mg, 78% yield, White solid; 'H NMR (600 MHz, CDCL:) 68.02 (d, J= 7.8 Hz,
MeO,C 2H), 7.84-7.78 (m, 2H), 7.60-7.56 (m, 1H), 7.50-7.45 (m, 2H), 7.42 (d, J=7.8
Hz, 2H), 5.19 (dd, J = 12.6, 7.8 Hz, 1H), 5.10 (dd, J= 12.6, 7.8 Hz, 1H), 5.05 (brs, 1H), 4.13-4.07 (m, 2H), 3.92 (s,
3H), 3.47-3.37 (m, 2H), 1.42 (s, 9H); *C NMR (150 MHz, CDCls) 6 166.6, 155.8, 141.0 (d, /= 7.2 Hz), 132.9 (d, J
=2.9Hz), 131.8 (d, J=10.1 Hz), 130.1, 129.9, 128.7 (d, /= 15.7 Hz), 127.4, 127.1 (d, J = 188.1 Hz), 79.5, 66.9 (d,
J=43Hz), 65.6 (d, J= 5.7 Hz), 52.2, 41.0 (d, J = 2.8 Hz), 28.3; 3'P NMR (243 MHz, CDCl3) §20.9; IR (ATR):
3347,2978, 1713, 1515, 1439, 1279, 1247, 1173, 1008, 750 cm™'; HRMS (FD+) m/z: [M+H] Calcd for C2,H2oNO7P
450.1682, Found 450.1681; M.p. 110.0-112.0 °C.

(4-Methoxycarbonyl)benzyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl phenylphosphonate (3db):

0 Purification with silica gel column chromatography (Hexane/AcOEt = 3:2);

@AO’E;O/\@ 28 mg, 54% yield, Colorless oil; '"H NMR (600 MHz, CDCl3) 67.99 (d, J =
MeO,C Boin 8.4 Hz, 2H), 7.84-7.79 (m, 2H), 7.77 (d, J = 8.4 Hz, 2H), 7.58-7.54 (m, 1H),
7.47-7.43 (m, 2H), 7.36 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 5.17-5.03 (m, 4H), 3.91 (s, 3H), 1.34 (s, 12H);
BCNMR (150 MHz, CDCl3) §166.7, 141.1 (d,J=7.2 Hz), 138.9 (d, J= 7.2 Hz), 135.0, 132.7 (d, /= 2.9 Hz), 131.8
(d, J = 10.1 Hz), 129.9, 129.8, 128.6 (d, J = 15.8 Hz), 127.4 (d, J = 188.2 Hz), 127.3, 126.9, 83.9, 67.6 (d, J = 5.7

Hz), 66.7 (d, J = 4.3 Hz), 52.1, 24.8; *'P NMR (243 MHz, CDCl;) §20.6; IR (ATR): 3446, 3056, 2978, 2952, 1930,
1720, 1614, 1359, 1277, 995, 858 cm'; HRMS (FD+) m/z: [M+H] Calcd for C2sH33BO-P 523.2057, Found 523.2053.

Pent-4-yn-1-yl (hydroxy(2-naphthyl)methyl)(phenyl)phosphinate (6aa):
Purification with silica gel column chromatography (Hexane/AcOEt = 1:1); 69:31

PO g, ien wib -
“Y i hoﬁ& diastereomeric mixture, Colorless oil; "H NMR (600 MHz, CDCl;) major diastereomer

HO 07.82-7.78 (m, 1H), 7.75-7.62 (m, 4H), 7.49-7.37 (m, 5H), 7.34 (d, /= 8.4 Hz, 1H), 7.30-
7.26 (m, 1H), 5.38-5.33 (m, 1H), 4.27 (brs, 1H), 4.24-4.17 (m, 1H), 4.05-3.98 (m, 1H), 2.31 (td, /= 7.2, 2.4 Hz, 2H),
1.94 (t, J= 2.4 Hz, 1H), 1.87-1.80 (m, 2H); minor diastereomer & 7.82-7.78 (m, 1H), 7.75-7.62 (m, 3H), 7.56-7.52
(m, 1H), 7.49-7.37 (m, 5H), 7.30-7.26 (m, 2H), 5.31-5.28 (m, 1H), 4.17-4.12 (m, 1H), 4.09-4.05 (m, 1H), 3.88 (brs,
1H), 2.25 (td, J = 7.2, 2.4 Hz, 2H), 1.92 (t, J = 2.4 Hz, 1H), 1.92-1.86 (m, 2H); '*C NMR (150 MHz, CDCl;) For
major diastereomer 682.9, 73.3 (d, /= 112.1 Hz), 69.2, 64.0 (d, /= 7.2 Hz), 29.3 (d, J = 5.7 Hz), 14.8; For minor
diastereomer 6 83.0, 73.6 (d,J=110.5 Hz), 69.1, 64.1 (d, /= 7.2 Hz), 29.3 (d, /= 5.7 Hz), 14.8; Other peaks 6 133.9,
133.6, 133.1, 133.0, 132.9, 132.7, 132.6, 132.5, 128.3, 128.2, 128.1, 128.0, 127.7, 127.6, 127.4, 127.3, 126.9, 126.5,
126.4,126.2, 126.1, 126.06, 126.02, 125.99, 125.96, 125.0, 124.9; 3'P NMR (243 MHz, CDCl3) 6 39.6 (major), 38.3
(minor); IR (ATR): 3297, 3059, 3011, 2963, 2896, 1592, 1508, 1438, 1217, 1120, 1024, 977, 744 cm™'; HRMS (FD+)
m/z: [M] Calcd for C»H2103P 364.1228, Found 364.1226.

=0
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4-Azidobut-1-yl (4-methoxycarbonyl)benzyl phenylphosphonate (7):
C Purification with silica gel column chromatography (Hexane/AcOEt=1:1); 33 mg,
/@/\oﬁoﬁv“s 81% vield, Colorless oil; 'H NMR (600 MHz, CDCls) §8.02 (d, J = 8.4 Hz, 2H),
MeO,C 7.84-7.79 (m, 2H), 7.60-7.55 (m, 1H), 7.50-7.45 (m, 2H), 7.42 (d, /= 8.4 Hz, 2H),
5.19 (dd, J=12.0, 7.2 Hz, 1H), 5.08 (dd, /= 12.0, 7.2 Hz, 1H), 4.13-4.03 (m, 2H), 3.91 (s, 3H), 3.27 (t, /= 6.6 Hz,
2H), 1.77-1.71 (m, 2H), 1.68-1.62 (m, 2H); '*C NMR (150 MHz, CDCls) §166.6, 141.1 (d, J= 5.7 Hz), 132.7 (d, J
=2.9 Hz), 131.7 (d, J = 10.2 Hz), 130.0, 129.8, 128.6 (d, J = 15.8 Hz), 127.5 (d, /= 188.1 Hz), 127.3, 66.7 (d, J =
4.3 Hz), 65.4 (d, J= 5.7 Hz), 52.1, 50.8, 27.5 (d, J = 7.2 Hz), 25.1; 3'P NMR (243 MHz, CDCl3) §20.4; IR (ATR):
3429, 2999, 2953, 2897, 2098, 1720, 1438, 1281, 1247, 997, 745 cm'; HRMS (FD+) m/z: [M+H] Calcd for
Ci19H23N305P 404.1375, Found 404.1373.

Adduct 9:

Purification with silica gel column chromatography (Hexane/AcOEt =

@)

BOC/H\/\O/E;O/\QAO’ ;o% 1:2); 39 mg, 63% yield, 50:50 diastereomeric mixture, Colorless oil;

"H NMR (600 MHz, CDCl3) 67.83-7.77 (m, 4H), 7.58-7.53 (m, 2H),
7.48-7.43 (m, 4H), 7.34-7.29 (m, 4H), 5.15-5.08 (m, 3H), 5.05-4.98 (m, 2H), 4.20-4.04 (m, 4H), 3.43-3.28 (m, 2H),
2.30-2.25 (m, 2H), 1.94-1.91 (m, 1H), 1.89-1.82 (m, 2H), 1.41 (s, 9H); *C NMR (150 MHz, CDCls) § 155.7, 136.6
(d, J=5.7Hz), 136.3 (d,J=5.9 Hz), 132.7, 132.6, 131.78 (d, /= 10.1 Hz), 131.73 (d, /= 10.1 Hz), 128.8, 128.6 (d,
J=14.3 Hz), 128.5 (d,J=15.8 Hz), 127.82, 127.77, 127.6 (d, J= 188.1 Hz), 127.21 (d, J=185.3 Hz), 127.17, 82.7,
79.4,69.1, 67.3 (d, J=4.3 Hz), 67.1 (d, /= 5.7 Hz), 65.5 (d, /= 4.3 Hz), 64.5 (d, /= 5.9 Hz), 41.0 (d, /= 4.2 Hz),
29.1(d,J=7.2 Hz), 28.3, 14.7; *'P NMR (243 MHz, CDCl3) §20.7, 20.1; IR (ATR): 3442, 3307, 2980, 1704, 1510,
1440, 1366, 1238, 1131, 1018, 746 cm’'; HRMS (FD+) m/z: [M+H] Caled for C3HsNOsP, 628.2229, Found
628.2227.

T-0

S12



)
687 T
- ]
107
7
o
©
S
O
/<
O=a-0
I
670 P
)
00T _3
107 -~
60 3

T, I T e 3 7 i 7 B 7 7 o o) B B 1t T 1 B 1 2 7 g [ 2 o

G LAY I AN AR RABAA)
YT €T TT 1T 0T 61 8

DG A0 R0 P S LA B L I RS N R0 PRGBS0 RSN LA EA N L)
9T ST ¥1 €121 I'T 0T 60 80 L0 90 S0 +'0 €020 10 0

douepunqe

0

~

o

9.0

|
g

1261
16’1
€761
£56°1
856°1
£96°1
L9671
PreET
87T
§e€T
09eT
L9ET
1LET

LLIY
817
8817
061t
861
00T
90T
[Urag
LITY
0wy
LT
0gTy
PETY

N~ A=

—1
—— S9TL

9TS’L
= TEs’L

= 108°L

—— 6L08

X : parts per Million : Proton

600 MHz, CDCl,

|
|

s0

0

€0

o

o 0
Qouepunqe

T
60.0

)
=]

EQ
&

-

-

y

3

StLv1

L6067
SH1'6T

OLT'F9
80T+9

S €69
= 68L°9L

000°LL
HTLL

R £95°T8

€TL'8TL
608'8T1
ELI'6TI
SO0EL
6T8°0¢1
906°0€1

X : parts per Million : Carbon13

150 MHz, CDClj3

S13



6.0

5.0

4.0

3.0

2.0

1.0

3 [2 0 ¥ e %
N B
H IIDhO/HS\/ r
1b

abundance

T, T e 3 7 i 7 B B 7 o) B B 1 T 1 B 1 2 7 v [ 3 v

9.0 8.0 7.0 6.0 5.0 3.0 20 1.0 0
1
\ A H /‘\ %N |
o b e 2 B e SR
S 243383 359 552838583232 g
=g g 333 SS3R2222E28 g

%
X : parts per Million : Proton

600 MHz, CDCls

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

abundance

o4
(=3
8]
(=3
S
=3
(=3

T T T T T T T T T T T T T
180.0 1700 160.0 150.0 140.0 130.0 1200 1100 1000 900 80.0 700 600 50.0 40.0  30.

\
27
>_
il

77.211
77.000
76.789
64.783
64.735
29.002
28.963
28.791

X : parts per Million : Carbon13

150 MHz, CDClj;

S14



1701 [

S )

92T |

— <}

o [

% €80 L

h I

Iz iy [

-~ k

O n

/ £ [

Oo=0-0 [

\ [

T [

050 r

—_— ] H

0T . f

—_— 60 t

00T T [

_— |8

150 L

T T T T T T T T T 1 .
[l 001 06 08 oL 09 0 or 0'¢ 0T o1 0

douepunqe

0
|
g

1.0

— 0’1

20

3.0

— ESPE

4.0

wry
orry

5.0

—981°S

6.0

70

J— A
—5TL

£€TS°L
= 6TS°L

- 68LL

0

© —TLOY

9.0
X : parts per Million : Proton

600 MHz, CDCl,

SLO'IY

Ee
F —se0'1r

6T5°S9

— 85659
=

68L9L

e
g
A 000'LL
2 Woeeee

FS N gsseL

2
51 LTl

608'8TI
S68'8T1
Eo == €T9'6T1

0

3

- 968°0€1

£L60ET
o 61€ €€l
£ 8eeeel

T
150.0

)
— ——618'SSIZ

T T
170.0  160.0

T
180.0
X : parts per Million : Carbo:

Lt

T
91

T
Sl

vl

T
€1

T
Tl

[N

T
o1

T T T T T T
60 80 L0 90 S0 ¥0 €0 TO

T
o
Qouepunqe

150 MHz, CDClj3

S15



0
g
600 MHz, CDCly

1.0
0

—— LT8YT

6TTH el

J

20
0

3.0
T
0.0

0
l
800 7
A
5g
RE

4.

690° &
$80°
680° 2
o1’ FS
191°6 -
sLi's
181
S61°s

Bpin

P

I e o e S L LA F et w L  a aa  a A a LAT A M
5.0

1d
0

6.

9LI'L
99TL
PLEL
88E°L
90S°L
TsL
69L°L
e
wLL
P6L’L
808°L

.0
o
a
8
=

8
<
o
%

9.0

X : parts per Million : Proton
X : parts per Million : Carbon13

L S A L 5 L B I P R T R ) (BAESA) |RAERA} T ARSI LR 2 20 A RIRER) IBEGRIRREEN AR | IS5 A RS Bo25ARIB Y EER G T
0€20TTOITO0TO6I0BIOLIOITOSTOPIOEIOTIONIOOI 06 08 0L 09 0°S OF 0°€ 0T 01 9TETYTETTTITOTOT ST LTYISTHIETTITTOT6080L090S0+0€0T010 0
Qouepunqe douepunqe

150 MHz, CDClj3

S16




900°0-
i 0000

£8°C

|

;o

r 000
= 881
0581
1981
us’|
£88°1
—

8S1'Y

3.0

T

891°F
SLT'Y
181%
98It
1S
Lo1r's
£€0TS
LITS
L6TS
60€°S
9IES
62E°S

T

— 09TL

06'%

.‘u 6LY'L

S6t'L
908°L

J,q

EI8L
3 Cos 8I8°L
LesL
r 6T8°L
wL
9E8'L

T T T T T T T T T T T T T T T T T T T T T
TT 1T 0T 61 81 LT 91 ST #1 €121 I'T 0T 60 80 L0 90 S0 +'0 €0 TO 10

Qouepunqe

oton

&

ion :

11

il

X : parts per M

600 MHz, CDCl,

WMWMMMMM

70

€0

o

o 0
Qouepunqe

744

9162
<
=2 — et

A
L
o= 15019
FS TN 69069
68L9L

o = 000LL
FS N\t
—~—208'T8

2 s

16z9t1
oreozt
066921
6L9°LTL
$66'LTL
88E°8TI

ES A ssr8zl
& N\ 1ss8at
Lt

o IN\esie
£g Wesoza
= Neasza
6607 €€l
opIEEl

X : parts per Million : Carbon13

150 MHz, CDClj3

S17



L6'L

LA

(0]
Il
i
Ph
3ab

MeO,C

10T

1

I

£6'1

61

T T e 3 7 i 7 B B 7 s o) B B B 1t T 1 1 2 7 [ 2 o

08

oL 09

oS oy

0e

0cT

T
o1

douepunqe

0
|
g

< —Ll6E

= os1'y

Mww_.ﬂ

FLOS

&aﬁ

wTs
siTS

SE
=
c
g
=
;

6.0

9.0

600 MHz, CDCl,

68L°9L
o "= 000LL
FS N\

18978

=]
ES 8¥T'LTI
= 160°8T1
£61°8TI
M 865°8TI
FQ 9gLL6TL

896'6T1

= 0zL 1€
ES |\ LLLTED
Q 899°T€L
N L89°TET

sriyt

<
CF —germ

T
150.0

T
160.0

——— 679991

T
170.0

T
180.0

T T T
ST ¥0 €1 1 It 01 60 80 L0 90 SO ¥0 €0 TO 10 0
Qouepunqe

Carbonl3

X : parts per Million

150 MHz, CDCl3

S18



961 -
007
4
50T
Pe o
OHP/IDI o.\aw
O
00 1
[ S ———

NC

ory i u

wc )

o o L B e e e B e 2 e e e B o s e e

T T T T B2 T T T THIT T BLBARRIAY B TEFENT T
€T TT 1T 0T 61 8T LT 9T ST ¥1 €1 T1 I'T 0T 60 80 L0 90 S0 0 €0 TO 10 0

Qouepunqe

0

9.0

|
g

688°1
181
1881
0681
£06°1
161
9¢£6°L
1r6°1
08TT
$8TT
w6t
96T°T
Y0ET

80T

600 MHz, CDCl,

ES 96919
—Zserro
< T\ 1919
£\ 00z99
90269

68L°9L
Fo % 000LL
2 1L

TN o0w9es

£TETEL
SEFIFI

o
g <osrin

Qouepunqe

X : parts per Million : Carbon13

150 MHz, CDCl3

S19



T I T e 3 7 7 B 7 s o B B 1 1 B o 1 2 7 [ 2 v

J
wol 18°0
61
w0e 3
g
\ \ 10T
G
\Oh T
= a N0 © 4
(@] D./ (R 001
(@] —
7]
(4]
=
e il 3
il 60 =)
961
T i T T T
oS a4 oe 0T 01

douepunqe

0

1.0

2.0

<

9.0

|
2

9€8°1
881
6581
0L8°1
188°1
L1671
1261
961
yLzT

h 8LTT

— SLFT

X : parts per Mil

600 MHz, CDCl,

3

80

T
Lo

90

T
S0

,,
o

€0

T
0

10

0
Qouepunqe

et
= 1s9's1

SrI'6T

— 616z

SEP9TL

errLal
Livsen
Nm_m.wﬁ

X : parts per Million : Carbon13

150 MHz, CDCl3

S20



L6'1

y

£6'¢

81

o L

¥Ioo€roTlo 1T 01

o 0

Qouepunqe

=

|
g

600 MHz, CDCl,

MWWM

0
Qouepunqe

FE N oITeo
68L°9L

o == 000'LL
ES 1TLL
11978

<

=

100.0

[xdarad|
80TECt
18Tl
809°821
L8321
sLS6Tt
erLIsl
) H\ 9IS 1€l

E 69821
= £ gggzer
- RN
.~ LIESED
3 N soeset

—) 4|

T T
1200 1100

30.0

0

T T
170.0 160.0 150

T
180.0

X : parts per Million : Carbon13

150 MHz, CDCl3

S21



e

LA

9l [ [
S6'1 [
\ \ 10c E
A \.J F
\Oh |
- L
O=0-0o % 001 i
/O LA — =
1t
N i
€60 [
] 760 w
6T = I
o =
L61 3t
T T T T T T T T T T T ¥ T T T T
91 ST 1 €1 TI I'T 01 60 80 L0 90 SO +0 €0 TO0O 10 O

douepunqe

0

0

1

20

3.0

4.0

5.0

.0

7.0 6.

M A DY A S

8.0

9.0

2

9El'y
Iy
Eldbd
LIy
8S1'7
991
691°F
LLy
Wy
L81'Y
960°S
801°S
91I’S
8TI’s
L61'S
0ITS
LITS
0£TS

600 MHz, CDCl,

Lo

90

T
S0

T
0

T
€0

0

T
o
Qouepunqe

ES N oLr'19
° et 19

<

FS T\ cr060

2
=
3

110.0

0.0

Q
3
&

=]

150 MHz, CDClj3

19

SISHY
£55'79

68L9L
000°LL
HTLL
T~ PLLT8

S22

19T°SI1

—g6esin

9sIHTl
K Lot'8Tl

_ussa

=

S

SYTOEL

\

o3
ac
b oSy
cga
28

X : parts per Million : Carbon13




L I T e 3 7 7 B B L o) B 5 T B o < 7 [ 2 v

£8°T
961
L6'T
\ \ 660
” )
\Oh o
= a 3]
(e} oo s
o
32
[T
(@]
: 60 B
oI
Lot _—
961 =3
T T T
0t 0¢ 0T 01 0

douepunqe

0

5.0

6.0

70

8.0

—— 0000

IlIIV'
2
S
=

600 MHz, CDCl,

-

-

o1

60

80

Lo

90

S0

0

€0

3
i

Qouepunqe

=
ES .
° L9S°E9
= 6¥9't9
L89F9

ES TN 18069
=

0

68L9L
o S~ 000LL
Fs 1zLL

oL

- 1€8°sTl
S L8’
= 806'STL
oLL9T

= £85°LTl
FS ) reosa
=) wrsa
£6v'8Tl

2 865'8TI
O\ IEr6T1
6VLTED
918 1€l
£€60°TEL
L89°TEL
90LZEl
268 TEL
0p9'vEL

T T T T
170.0 160.0 150.0 1400 130.0

T
180.0
X : parts per Million : Carbon13

150 MHz, CDClj3

S23



g
(@]
[a]
(@)
N
r I
L =
[ ’ o
1 Fo 0000 =] i N
[ ©
t <
f FS
: IRl
[o &
= 881 &
[ 868'
[ 606't L60°6T
[ 0%6't ES <crrez
b 0£6'1 @
$6¢ [ €561
P o s
(a1}
961 w L 1067 e
t 60T
[ TIET ES
b 61€T z
r £26T
[ 1€£7 - .
L2 Fid S 9ILPY
r \3&.3
L 199
[ P o T\ 181'99
f oy ES TN\ 91769
[ Mwwﬂ 68L9L
[ . 000°LL
\\ . r$ Jser =2 Nirew
® [ Leey T 6r9T8
L 9rT
t €sTh 2
@) r Lty =
/£ £ : oS
O=n-0d ® r PS0'S o
\ [3e] 00’1 L2 $90°S =
(@] = R LLO'S P
= [ SsI°s
0 J t L91°s 2 06L611
[ LS = 695921
b 681°S £28°LT1
[ 155821
1S <
e 2= 959'81
r = 608'8T1
— [ 68621
[ - .
o r == F A
[ g Lasa
t SEIL T6LTEl
[ GE'L . 1I8'ZEL
i L= 6v1L ES 919°€E1
fe= postn b £LOEET
ot ||w o -/ 0s€'LEl
b 8EPL < $6€°LE1
i - N -2
£6'1 w [ on.\.n
—u | L E =
< =
Ce €8'LB 3]
t St
r 8L g &
[ 99822 ES
t 89813 51
[ o
L2 5 =
= m -
[ &
1§ &
T T T T T T T T T T T T T T T T T T 4 T T T ] T T T '} T T T T
g1 LT 91 ST +1 €1 TI I'l 01 60 80 L0 90 S0 +0 €0 TO 10 0O 1€ T 't 01 60 80 L0 90 SO +v0 €0 TO 10
duepunqe duepunqge

150 MHz, CDCljy

S24

X : parts per Million : Carbon13




g0i1 L80. m
961 [
1t

& 3

o ;

o=d-& § |

A ™ [

£07T @] r
[

i ;

ot 5 [

[

o_ 0O I

NS E

17T [
S

-l [

ot = [

07T § H
Jt

661 T

0e

0T

ol

0
douepunqe

0
|
g

7.0
A
2
e

—89TL
0st'L

= LSY'L

9.0
X : parts per Million : Protol

600 MHz, CDCl3

L

Y

s

e

e

.

ssr6z
<
=2 —sover

ES
S Losrro
s
o =819
ES TN\ 69069
68L'9L
o S 000°LL
FS Nz
—~ 18T

<
g
<

S _serior

o - sTrsol
ES T 05801

2 oo
S 8T
S vsa
£05°8T1
St
F& = oeL sl
987251
S0S°zEl

T
140.0

orL Lyt

> —LoLLht

0

T T
170.0  160.0 150

T
180.0

Qouepunqe

X : parts per Million : Carbon13

150 MHz, CDClj3

S25



16

S0T

S0T

m

T T N 3 7 i 7 B B 7 o) B B 1t T 1 B 1 2 7 G v [ 2 o

®
Pe
—
=Q.— ©
(@] oo g
e} 00T
—_—
()
=
(e}
— ]
0T ]
66—
—_—
o o :
> 1) e
= =
T T T T T T T T T
(a8 00r1 06 08 oL 09 (Y oy 0¢ 0t 01

Qouepunqe

0
|
2

1.0

688°1
0L8°L
088°L
0681
061
1261
STl
0g£6°L
T
98T
£€6TT
867T
S0ET
60£T

20

3.0

918°€
— e

9 6Lt

<
sy
91t
LLIY

1867

$667
<Y 100°¢
v ¥10°S

6£0°C
£90°S
850°S
€L0°S

6.0

6559

9.0

X : parts per Million

600 MHz, CDCl3

9£1°6T

ES —<tsrez
(32

— w09
E2 /) ser1o
o 9ULY'v9
PI6LO

o L6
ES TN w0y
68L°9L

o = 000LL
FS N
—~~L0L'T8

——orrsor

T
110.0

0

4 ozzLen

69¢°8T1
TLY'8TL
985" 1€l

T 1Ll

ASZQ
SOLIEL

> S0STET
E /ﬁm.ﬁ_

PEG'LEL

120.

130.0

0

140,

T
150.0

—961°¢st

T T
170.0  160.0

T
180.0

T T
¥0 €0 TO 10
Qouepunqe

X : parts per Million : Carbon13

150 MHz, CDClj3

S26



A

v

900°0-
Py 0000
r 000

< woLt
€081
€8l
8l
SE8'l
1881
988°l
068°1
ace
LITT
€T
82T
SETT
6£TT

880
r S60't
001t
Sory
orry
Siry
ey
9y
€Ty
9y
ey

r's
LLY'S
87°S
L6Y'S
=— W9

[ §€9'
[ wo's
Fe §59'

6.0

T T
10 0
Qouepunqe

600 MHz, CDCl3

— 9Lyl

92T1°6T

ES—<wree
(32

i6. I\ [24% 2]

666'S9

= N LTO'99

S TN pz069
68L°9L

o == 000LL
=] 1zLL
—~ 7088

o £€657ETl
Im rsel

- 9r6'STI
695921
9LO’LTL
6¥E8TI

8LESTI

o SSH8TL

EQ 865°8TI
a

X : parts per Million

X : parts per Million : Carbon13

= I/
<
FS
o Se6rTel
= SE9EEL
)
<
3=
=3
ES
b
=3
FS
a3
0

Qouepunqe

150 MHz, CDClj

S27




T, T N . 7 7 B 7 7 o o) B B 1t 1 B 1 2 7 G [ 2 o

oLt
s6'1 W
"R
™
P6'l
Ve “ﬂ
o
o=d/-& §
X (2]
o
/N g
oUT
£6T i
964
=3
161 LY 2]
—
60 3
960 Q
T T T T T T T T T T T T T T T
91 ¢1 1 €1 TI I't 01T 60 80 L0 90 S0 ¥0 €0 TO TI0 0

douepunqe

0

|
2

600 MHz, CDCl3

ol

Mo

A bt

o

L

=
°

=
FS
54

)
=]
3

b
=
9
<
ES
<

EQ
el

T T
170.0  160.0

T
180.0

Lo

90

S0

0

€0

z0 o
Qouepunqe

116'€9
A
91Lr9
5L
TN L6169
08L9L
000°LL
1eLL
8578

P61l
8sLTel
sigszn
600°LTI
1£5°8T1
LE9'8TL
rett
LITOEL

\\ 10L°1€1
\ S9L° €I

1z el
Nopszer

sriyt

IAQ.:._E

——900°8%1
—— LETOSI

X : parts per Million : Carbon13

150 MHz, CDClj3

S28



18T

861

o
O
_/ = E
o=0-0 8§ %
@) [.J
7
N /
$6°0
£6C
00T
Lol
96'0 5
=,
T T LAY T T ) T T
R S B B Lo 90 10

douepunqe

T T N . 7 7 B B 7 o o) B B 1 B T 7 G g [ s v

0
|
g

0

1

20

3.0

4.0

6.0

70

<

600 MHz, CDCl3

SrI'6T

ES —<tsrez
(32

68L9L
o S~ 000LL
g NowLL

. 9TLs

€8T 1Tl
908°TL

2 A\ oLt
] \ 20Tl

tLESTl
2

= % 6Y9°TEL

FS \ooLoer

< .
ES ocrent
w

T T
o0 o 0
Qouepunqe

150 MHz, CDCl3

S29



)

067 )
b

i

0T
4
0T
O 1
£ S
OlP/ o s
O
001
47 S —
= =
@)
960 3
0T = J
10
007 J

T, T e 3 7 i 7 B B 7 s o) B B 1t T 1 B 2 7 G g [

61

T T T T T T T T T T
T 0T 60 80 L0 90 S0 +0 €0 TO 10
Qouepunqe

T T T T T T
81T LT 91 §1 ¥1 €1 TI 1

0

9.0

—— 0000

X : parts per Mi

600 MHz, CDCl,

S0

0

€0

o

N
|

Qouepunqe

=
Fo
°

=
£S
54

)
=]
3

=3
FS

=
FS
Q

2
=3
&

=]

ES

<
£
e}

009
29009
8519

N 029F9

T~ £90'69

68L9L
000°LL
HTLL
T~ PLLT8

——— 696'901
— P9ELIL

Y.
106221
= cosra
—eoesTl

= pipsu

L iEl
N o6L 150
sl
16521

68°1S1

—~epeist

°
S
a
v
o]

X : parts per Million : Carbonl

)

150 MHz, CDClj3

S30



86°1 g0
;
)
66'1
g 001
O 00T =
o-d £ 8 ]
- \ (3]
(@]
(/)]
= 860
ToU
60
10T
001
96°1

L I T N 3 7 i 7 B B 7 o o) 5 1 1 B 1 2 7 G g [ v

(REERARAESS BIADA B 2 L B RS SRS 02 R T D) U N A BB B 33 AR
€T TTITOTOL 8T LT 91 ST #1 €1 T1 I'T 01 60 80 L0 90 S0 ¥0 €0 TO 10 0
Qouepunqe

0
|
g

0

(Ut
w8l
£98°1
PL8'T
+88°1

1

<
8

§T6°1
6261
Lgre
uee
8LTT
€80T
06TT
62T

20

3.0

9el'y
Wiy
Lvl'y
€SIy
LSIY
PO1F

5.0

s
SITS
0es
9IES
Twes
9€€°S

6.0

R TS e S

0969

090°L

7.0

X : parts per Mil

600 MHz, CDCl,

(T—

Wity

SrI'6T

ES —sor6z
(32

< .
ES §T0T9
@ L reoeo
0549

< £95P9
FS N 5069
68L9L

< 000°LL
s LTLL
—~ 1£878

8089T1
066921
LsorLen
Ls6'LTl
1esel
LOt'8TL
ussel
ozLier
L8L1EL
£PSTEl
9¢5°TEl
£0F'8El
1SH8€l

1600 1500 1400 1300
— 7 A

T
170.0

T
180.0

80

Lo

90

S0

0

€0

o

o

Qouepunqe

X : parts per Million : Carbon13

150 MHz, CDClj3

S31



L
3

1 180
007
0T
G 00'l
rot =
O
o=a-& §
X o
O
N\ _»
760 ]
86T i)
07 - |
0 I
661 ]
T T T
0¢ 0 o1 0

douepunqe

=

70

9.0

|
g

SLOL

6L0°L
0L
980°L

= 8L
6¥r'L

- N LSY'L
oLLL
wULLg
Y8LL S

3 F
At
Sens

X : parts per Million : Pr

600 MHz, CDCl,

EVL'T9

FS
S _Zisreo

LYr'Y9
= 98579

FS N6
68L°9L

X : parts per Million : Carbon13

90

S0

0

€0

o == 000LL
2] 1eLL
—— 1£87T8
2
g
2
=
<
FS
= e
6T€9C1
:M\SE&
nk\ :
Olm g
2= :
mJﬂ
2\
\m/ :
2
ES
]
2
E2
E=
2
LS :
W T
2
=
5
ol I -
T0 X0) 0

Qouepunqe

150 MHz, CDCl3

S32



abundance

4.89

3.03

0.6 0.7

0.5

03 04
047

0.2

0.1

s U

Me
- I\

(©) Pho
3aq

7

0.93
0.99

L

J

0.99

044

7.857

X : parts per Million :

w

T R 7 M 3 7 7 B e o ot 7S B O 1 B 2 o 7 e [ v

" oh

2318
2.314

2.306
2.302
2294
2.290

.0

0
|
g

2067 =

600 MHz, CDCl,

0.2

0.16

0.14

0.1

OPZ

abundance
0

| | Ll T ! i
b b b bt s b ikl wl‘n‘..‘ul \j. “whmh‘ ol
180.0 1700 160.0 150.0 1300 1200 110.0

140.0

X : parts per Million : Carbon13

I i
(T N YTy TTUSIRTT (PR AT ) T

100.0  90.0 800 700 60.0

AN

2
a
<
g

>
==

82.927
82.812
77.000
76.789
68.852
64.342
64.275

ik if

| w g
Lol b gl lnml AL SOOI A e T N g g

500 400 30.0 200 100 0

29.279
29.231
29.069
29.030
24.502
24.396
14.831
14.601

S33

150 MHz, CDCl3



0S'9

sz —
560 T
L0t i
=
07

00°L

T T N . 7 i 7 B B L o) B B 5 1 O 1 B 1 2 7 G v [ 3 v

T T T T T T T T T T
I'T 0T 61 81 LT 91T ST ¢1 €1 Tl I

T T T T T T T T T
I 0T 60 80 L0 90 S0 ¥#0 €0 TO 10 O
Qouepunqe

0

0

1

2.0

3.0

4.0

5.0

6.0

9.0

—— 0000

=
&
X
=
li

X : parts per Millior

600 MHz, CDCl,

0

€0

0

|
|

Qouepunqe

Fo
°

=
ES
54
)
S
%

<

ER

<
g

T T T
170.0  160.0 150.0

T
180.0

1979
X o00rt9

—— 616’89
68L9L

A 000°LL
neLL
/ LES6L
|/ 9LS6L

9¥6'T8

196921
LsorLer
€F0'8TL
SETRTL
11¢821

Sz 0FI
< 9ocont
S9L0F1
L6Lopt

X : parts per Million : Carbon13

150 MHz, CDClj3

S34



ore

MeO

10T

T, I T N . 7 i 7 B L 7 o) B B 5 1 B 1 2 7 G [ 2 o

0¢

0c

ol

0
douepunqe

0

4.0

9.0

|
g

Bk
PS8l
068°1
S68°1
6681
061
o 1ze'n
STl
= N6l
5 19T
= 8IST

ILLe
£€6LT
108°T
608°T

66L°€
= €8¢
FLOT
80
801t
611%
sty
ey

895°C

PLS'S
188°¢
L8SS
IM 989°¢

£99°¢
699°S
9L9°S
£89°C
€EL'9

X : parts per Million

600 MHz, CDCl,

i

90

$0

0

€0

Qouepunqe

]
<
“

<
s

<
Fo
bl

=
Fo
°

=
FS
54

=
ES
Q
<
ES

<
EQ
e}

9652
<z
LI'6T
A wrer
oLT6T
werog
9810€

— €I€SS

9PTH9

— 2569
86689

— ,68L9L
000°LL
HTLL
888°C8

— L1628

617601

—Loz60n

wr
—Zg18171
96£'921
= osesal
m% 69821
9TrsTl
=\ reoter
169'1€1
S8TTEl

€L8'951

— 89691

)

X : parts per Million : Carbon

150 MHz, CDClj3

S35



wt

Et0,C

£9°1

£5°0

LG A0 RN LA S B B ) L0 0 00 A L R R S P DA RS LA0.0 BESA AL
YT ETTTITOTOT &1 LTI ST VI €T TIITON6080L090CS0¥0E€0T0 10 0

Qouepunqe

=

|
g

3.0

4.0

5.0

<
°

<

9.0

080t
Siry
Ly
Sviy
€81t
681t
[ (g
[4xad
fagad
0sTy

108°s
IR SIS
—— §167S

Noses

600 MHz, CDCl,

e

e

S 0871
S

£96'8T

5 1106
Fo 6T
L) 0LT6T

T
40.0

069'19
LSL'T9
& 9ILY'Y9
2wy

£ sv619
S —— 9L6'89

50.0

70.

__osoL
o =<<iicu
ES_outs

* <68

=
S verLen

$9T'LTI

TSl

g 1281

5] 0rE'8Tl

- 9T'8T1

- 17§'8T1
ES i
& ;

Qouepunqe

150 MHz, CDClj3

S36



T T N 3 7 7 B B 7 s o) B B O 1 B 1 2 7 v [ 2 v e

gt
€61 )
881
]
96 .25
10T m
101
-
m
o
=
Oo=0-0 4
X e
O ™
S&4
fm
61
£61 ]
C S
N
(@]
[0]
=
T T T
09 oS oy 0¢ 0T o1

douepunqe

0
|
2

1.0

081
SI8°1
6181
STl
6281
£06°1
F16°1

9T6°1
6261
8€6°1
0r6'L

<
°

70

9.0

X : parts per Million

600 MHz, CDCl,

=]

a
<

-3|A

=Y
=)

=3
=)

Fe
S
=)

Fe

e

TN

54
0M
ES
3

=
-

S <

T
150.0

T
160.0

T
170.0

T
180.0

o1

60

T
80

Lo

,,
90

T
S0

T
0

T
€0

o

T
10

0
Qouepunqe

PEL'ST
8¥8'8T
968'8T
098°2¢

STI'TS

LTI'SY
991°S9
8L9'99
L0L99

68L9L
000°LL
HTLL

818°9T1
96T LTI
90°8TL
1€5°8T1
LE9'8TL
S6L°6TI
900°0€1

8SLIEL
SELTEL

€0 1pt
1SUIPI

679991

Carbonl3

X : parts per Million

150 MHz, CDClj3

S37



w8 3
23
—
o =
o
o a
= e =
—_—
e}
/e 8 81
Oo=n-0 Py — e M
o) e
(@]
N
(e}
(0]
=
T T T T T T T
08 oL 09 oS (134 0¢ 0T 01

douepunqe

0

1.0

<
i

|
g

— 6171

600 MHz, CDCl,

ES N\ LrseL
68921

809°8TI

HTLL

=]
FS PSELTL
M €1L8Tl
Fa £68°6T1

T60°0€1

o LLLTED
ES |\ PPSIEL
a $88°TE

~ L06TEL

1€6°0%1

o
£ o6

T
150.0

—— TSL'SSI

T
160.0

—— 67999

T
170.0

T
180.0

S0

0

€0

[y

e
<
Fs
2
g
o TwEs
Fe
(32
ES 820°1H
g —ro1r
Eo
& esrts
=
ES }
S s
Sousy
09899
£2 Ness99
e
68L°9L
A 000'LL
~ 0,
| *
1o 0

Qouepunqe

X : parts per Million : Carbo

)
]

150 MHz, CDClj3

S38



T, 7 e 5 7 i 7 B I o o) B B 5 1 1 B 1 7 A g [ 3 v

£
Q.
o
6T 3
O o
/£ T
o0 o
\
) 80
I
O
N
o
[0]
=
i
= —
60—
—_—
@&
0t
2 .
T T T T T T T
08 oL 09 (Y oy 0¢ 0T [ 0

douepunqe

0

1.0

20

=]

|
g

—EVETL

— ti6E

600 MHz, CDCl,

— 8I8YT

w —— 901'TS

6LL9TL
69Tl
8sTLTL
€05°8TI
809°8TI
LoLett
8¥6'6T1
6YLIEL
918’ 1€l
9ILTEL
2 SELTEL
SLOPEL
016'8€1
8S6'8€1
PLO'THI
@iyt

T
110.0

— 7NN~

0

120.

130.0

0

140,

150.0

T
160.0

—— 859991

T
170.0

T
180.0

T

TTrTTT VBB RN LRI 0 A T N BN LR I8 ) BRI}
TTITOT 6L 8T LT 9T ST ¥ €1 TI I'T 01T 60 80 L0 90 S0 ¥0 €0 TO 10
Qouepunqe

X : parts per Million : Carbon13

150 MHz, CDClj3

S39



600 MHz, CDCl,

6aa

Lo — 0000 o
b <
[ FS
[ - T8yl
[ —isgpt
r =
L2 08l =
[ 8l
[ 6681 0LT6T
t w6l F2 A 80€°6T
[ LT6'T 2 9PE6T
o 1€6'1
[ SE6'1 S
< - ES
; s g
161 220 b _Arte
t €05 ES
[ 01T b
b SIET B
[ TeT
[ s 4
Le LTET ES 5009
Led 3 78079
r (SR
[ Fo_ 16
[ g osLoL
. =/ 000LL
I L8E a 1L
[a v107 ES ’
=l i 09828
F¥2 oy “ —<sioes
N
b 90z o
r 91T s
f €8z 2
< E
Fua N 062 g
. SPo t 962
EI% [ T0E°S = £68'7T1
t / LYE'S ES 956'STI
r P9E'S = 766'ST1
b - £209C1
) ES 611971
e S 991'9T1
t ovy'LTl
[ 19 o2 nistu
t g 2 $S00°8T1
WL a )
[ 9rL = 160°8T1
E orrL PPT8TI
fe THL E2 0£€°8T1
4= L g wusTel
L9 G L 6L 629CEl
[ = SP6'TEL
[ ostL FR  Eo0tEl
— [ = 2
— [ 09r'L
— S \\E =
Lo 6L E ES
[:82 wrLg &
r 192"
t 0ILLE <
r StLLE FE
t =
[ 5 =
FS £ =
t =
L 5 , 3
T T T T T T T T T T
0 €0 0 10 0 90 <0 0 €0 0 10 0
duepunqe duepunqge

150 MHz, CDClj3

S40

X : parts per Million : Carbon13




€61 :
- [
961 ;
9%T
tUC ||
|\luJ f
001 i
O —sv— |
o ;
z [
o F
o) ;
/< [
OHP/|P b
~ [
o] [
@ o —
6’1 m
96'l A
8} [
~ L
o [
(] L
= [
T T T L

(% 0T o1

douepunqe

= —zm00

L1
8€9°1
089°1
6591
[N
LT
8IL'T
6TL'1
Ll
£SL1
POL'L
woe't

3.0

ssTe
99T
Le
si6e
990
SLOY

80t

So1y

i
&8

180°S

5.0

AR AN A

g
B

8LI'S

=3
=)
v

®

es

6.0

70

9.0

X : parts per Million

600 MHz, CDCl,

99057
e

o ~opsuz
Fe
(32

=
e
= 8108

FS —
" — SII'TS

=
ES SIPS9
Sesrso
65999

£S Nss099
08L'9L

7
= A 000'LL

ES 1zLL
8

=]
S Ll
= TLosTI
wsst
M LT9'8Tl
FQ 9LL6TL

966'6T1

- 189'1€1
ES \ 6L 1€
9 90LTEL
N seLzen

€01yt

<
S —<iprm

T
150.0

T
160.0

—— 079991

T
170.0

T
180.0

80

T
Lo

T
90

S0

T

0

T
€0 TOo o
Qouepunqe

Carbonl3

X : parts per Million

150 MHz, CDClj3

S41



T, T e 3 7 i 7 B B 7 o) B 5 1 O 1 B 1 2 2 v e

1°6
961 .
—— 380
—_—
0T
—_—
)
S8
Oo=0-0
\
(@]
10t
- =
o
oz 00T
—_—
. =
O
/ £
Oo=0-0
\
(@]
Iz
\
o
[}
[an]
10t e
SI'Y
"
—_—
L0t
e, 3
T T T T T
(U (U4 [0 0T 01 0
Qouepunqe

0

9.0

—— 0000

600 MHz, CDCl,

m

£6T8C
o 8106t
FS "~ ozrec

q 196 0%

10
g —6860r

<
=1
e
S6v' 19

PES O
ES 1L0'L9
° 601°L9
=) L
< 16719
ES TN o0gr69
68L°9L
= A 000'LL
ES 1L
<
NN
Nowzs

2
<

=]

ES TLrLen
L2 S9L'LTL

- €28LT1

ES 9z#'8T1
a £05'8T1

(735431

cor 2
B

X : parts per Million : Carbo:

<l

vl

€1

T T T T T T T T T 1 T
¢rorer o1 60 80 L0 90 €0 0 €0 TO 10
Qouepunqe

150 MHz, CDClj3

S42



