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General
'H NMR spectra were measured on 400 MHz spectrometers. Chemical shifts were

recorded as follows: chemical shift in ppm from internal tetramethylsilane on the J scale,
multiplicity (s = singlet; d = doublet; t = triplet; q = quartet; m = multiplet; br = broad),
coupling constant (Hz), integration, and assignment. >C NMR spectra were measured
on 100 MHz spectrometers. Chemical shifts were recorded in ppm from the solvent
resonance employed as the internal standard (deuterochloroform at 77.0 ppm).
Characteristic peaks in the infrared (IR) spectra were recorded in wave number, cm™ .
High-resolution mass spectra were recorded by Thermo Fisher Scientific Exactive
Orbitrap mass spectrometers. Melting points were uncorrected. Thin-layer
chromatography (TLC) was performed using 0.25 mm silica gel plates (60F-254). The
products were purified by column chromatography on neutral silica gel 60N (63-210

mesh).

Typical procedure for the one-pot conversion of 3-aryl-2-propynoic acids 1 into
4-aryl-3-bromocoumarins 3

To a mixture of 3-phenyl-2-propynoic acid (1a, 0.5 mmol, 73.1 mg), CuCl (5 mol %,
2.5 mg), and K,COs; (0.25 mmol, 34.6 mg) in CH)Cl, (7.5 mL) was added
diphenyliodonium trifluoromethanesulfonate (0.5 mmol, 215.1 mg). The flask was
flushed with argon gas, and then the obtained mixture was stirred for 3 h at 50 °C. The
solvent was removed, and TBAB (1.0 mmol, 322.4 mg), Na,S,0s (1.0 mmol, 238.1 mg),
and DCE/H,0O (1:1, 5.0 mL) were added to the residue. The obtained mixture was
stirred for 19 h at 90 °C. Water (5.0 mL) was added to the reaction mixture and the
product was extracted with CHCI; (15 mL x 3). The organic layer was dried over
Na,SO4. After removal of the solvent under reduced pressure, the residue was purified
by silica-gel column chromatography (eluent: n-hexane/EtOAc = 9:1) to give
3-bromo-4-phenylcoumarin (3Aa, 81.5 mg, 54% yield).

3-Bromo-4-phenylcoumarin (3Aa)’: Yield: 81.5 mg (54%); white solid; Mp:
146-147 °C; IR (neat) 1725, 1273, 1034 cm™; '"H-NMR (400 MHz, CDCl5): & = 7.08
(dd, 1H, J = 8.0, 1.6 Hz), 7.20 (td, 1H, J= 7.8, 1.1 Hz), 7.29-7.32 (m, 2H), 7.42 (dd, 1H,
J =83, 0.9 Hz), 7.52-7.60 (m, 4H); >*C-NMR (100 MHz, CDCl;): & = 112.5, 116.7,
120.2, 124.7, 127.6, 128.0, 128.8, 129.3, 132.0, 135.2, 152.4, 154.6, 157.3; HRMS
(APCI) Calcd for CsH;00,Br [M+H]" = 300.9859, Found = 300.9857.
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3-Bromo-4-(2’-methylphenyl)coumarin (3Ab): Yield: 90.3 mg (57%); white solid;
Mp: 99-100 °C; IR (neat) 1729, 1275, 1035 cm™; 'H-NMR (400 MHz, CDCL;): & = 2.12
(s, 3H), 6.93 (dd, 1H, J=17.9, 1.4 Hz), 7.10 (d, 1H, J= 7.9 Hz), 7.18 (td, 1H, J = 7.4,
1.1 Hz), 7.35-7.46 (m, 4H), 7.57 (td, 1H, J = 7.6, 1.6 Hz); >*C-NMR (100 MHz, CDCl):
6 =19.2, 112.9, 116.8, 119.9, 124.9, 126.3, 127.1, 127.4, 129.4, 130.6, 132.1, 134.8,
134.9, 152.4, 155.0, 157.3; HRMS (APCI) Calcd for C;6H;,0,Br [M+H]" = 315.0015,
Found = 315.0015.

3-Bromo-4-(3’-methylphenyl)coumarin (3Ac): Yield: 85.3 mg (54%); colorless oil; IR
(neat) 1725, 1276, 1037 cm™; "H-NMR (400 MHz, CDCl;): & = 2.45 (s, 3H), 7.10 (d,
1H, J = 8.7 Hz), 7.10 (d, 1H, J = 7.9 Hz), 7.10 (s, 1H), 7.19 (td, 1H, J = 7.9, 1.1 Hz),
734 (d, 1H, J=17.5 Hz), 7.41 (dd, 1H, J = 8.4, 0.9 Hz), 7.45 (t, 1H, J = 7.9 Hz), 7.56 (td,
1H, J= 7.8, 1.6 Hz); C-NMR (100 MHz, CDCls): § = 21.5, 112.4, 116.7, 120.3, 124.6,
125.0, 127.7, 128.4, 128.7, 130.0, 132.0, 135.1, 138.6, 152.4, 154.8, 157.4; HRMS
(APCI) Calcd for Ci¢H,0,Br [MJrH]+ =315.0015, Found = 315.0015.

3-Bromo-4-(4’-methylphenyl)coumarin (3Ad)* Yield: 91.4 mg (58%); white solid;
Mp: 163-164 °C; IR (neat) 1721, 1273, 1038 cm™; "H-NMR (400 MHz, CDCl;): § =
2.48 (s, 3H), 7.12 (dd, 1H, J=7.9, 1.6 Hz), 7.16-7.51 (m, 3H), 7.37 (d, 2H, J = 7.9 Hz),
7.41 (dd, 1H, J = 8.4, 0.9 Hz), 7.56 (td, 1H, J = 7.7, 1.8 Hz); >*C-NMR (100 MHz,
CDCly): & = 21.4, 112.6, 116.8, 120.4, 124.6, 127.7, 128.0, 129.5, 132.0, 132.3, 139.4,
152.4, 154.8, 157.5; HRMS (APCI) Calcd for C;¢H,0,Br [M+H]" = 315.0015, Found
=315.0015.

3-Bromo-4-(4’-methoxyphenyl)coumarin (3Ae)*: Yield: 86.2 mg (52%); pale yellow
solid; Mp: 167-168 °C; IR (neat) 1730, 1251, 1034 cm™'; '"H-NMR (400 MHz, CDCl5):
0=23.91 (s, 3H), 7.08 (d, 2H, J = 8.8 Hz), 7.16 (dd, 1H, J=8.2, 1.8 Hz), 7.20 (td, 1H, J
=7.6, 1.1 Hz), 7.26 (d, 2H, J = 8.8 Hz), 7.41 (d, 1H, J = 8.4 Hz), 7.56 (td, 1H, J= 7.6,
2.0 Hz); "C-NMR (100 MHz, CDCls): & = 55.3, 112.7, 114.1, 116.7, 120.4, 124.6,
127.2, 127.7, 129.7, 131.9, 152.3, 134.4, 157.4, 160.2; HRMS (APCI) Calcd for
C16H1,03Br [M+H]" = 330.9964, Found = 330.9962.

3-Bromo-4-(4’-fluorophenyl)coumarin (3Af)*: Yield: 82.3 mg (52%); white solid;
Mp: 124-125 °C; IR (neat) 1710, 1275, 1038 cm™; "H-NMR (400 MHz, CDCl;): § =
7.07 (dd, 1H, J = 8.0, 1.4 Hz), 7.21 (td, 1H, J = 7.6, 1.1 Hz), 7.23-7.33 (m, 4H), 7.42
(dd, 1H, J = 8.4, 0.9 Hz), 7.58 (td, 1H, J= 7.8, 1.6 Hz); *C-NMR (100 MHz, CDCL): &

S3



=113.1, 116.2 (Jcr= 21.9 Hz), 116.9, 120.2, 124.8, 127.4, 130.2 (Jc.r= 8.6 Hz), 131.1
(Jer= 3.8 Hz), 132.2, 152.4, 153.7, 157.2, 163.1 (Jcr = 249.9 Hz); HRMS (APCI)
Calcd for C;sHyO,BrF [M+H]" = 318.9764, Found = 318.9764

3-Bromo-4-(4’-chlorophenyl)coumarin (3Ag)*: Yield: 152.2 mg (50%); white solid;
Mp: 152-153 °C; IR (neat) 1717, 1277, 1037 cm™'; '"H-NMR (400 MHz, CDCl3): § =
7.06 (dd, 1H, J = 8.2, 1.6 Hz), 7.21 (td, 1H, J = 7.6, 1.1 Hz), 7.25-7.28 (m, 2H), 7.42
(dd, 1H, J = 8.4, 1.1 Hz), 7.56 (d, 2H, J = 8.4 Hz), 7.58 (td, 1H, J = 7.8, 1.6 Hz);
BC-NMR (100 MHz, CDCl;): § =112.9, 117.0, 120.0, 124.8, 127.3, 129.3, 129.6, 132.3,
133.5, 135.6, 152.4, 153.5, 157.1; HRMS (APCI) Calcd for CsHyO,BrCl [M+H]" =
334.9469, Found = 334.9468.

3-Bromo-4-(2’-chlorophenyl)coumarin (3Ah): Yield: 106.7 mg (64%); white solid;
Mp: 162-163 °C; IR (neat) 1732, 1277, 1036 cm™; "H-NMR (400 MHz, CDCl;): § =
6.94 (dd, 1H, J=17.9, 1.4 Hz), 7.21 (t, 1H, J= 7.7 Hz), 7.25 (dd, 1H, J = 7.3, 2.0 Hz) ,
7.43 (d, 1H, J = 8.4 Hz), 7.45-7.53 (m, 2H), 7.56-7.62 (m, 2H); C-NMR (100 MHz,
CDCly): & = 113.6, 116.8, 119.4, 124.9, 126.8, 127.4, 129.4, 130.0, 130.8, 132.0, 132.1,
134.2, 152.3, 152.4, 157.1; HRMS (APCI) Calcd for C;sHy0,BrCl [M+H]" = 334.9469,
Found = 334.9468.

3-Bromo-4-(3’-chlorophenyl)coumarin (3Ai): Yield: 95.2 mg (57%); white solid; Mp:
138-139 °C; IR (neat) 1715, 1276, 1038 cm™; "H-NMR (400 MHz, CDCl3): & = 7.06
(dd, 1H, J = 8.0, 1.6 Hz ), 7.18-7.25 (m, 2H), 7.32 (s, 1H), 7.42 (d, 1H, J = 8.4 Hz),
7.49-7.55 (m, 2H), 7.59 (td, 1H, J = 8.0, 1.6 Hz); *C-NMR (100 MHz, CDCl3): & =
112.8, 116.8, 119.7, 124.8, 126.3, 127.2, 128.0, 129.5, 130.3, 132.2, 134.8, 136.7, 152.2,
152.9, 156.9; HRMS (APCI) Calcd for C;5sHyO,BrCl [M+H]" = 334.9469, Found =
334.9468.

3-Bromo-4-(4’-bromophenyl)coumarin (3Aj): Yield: 95.2 mg (51%); white solid; Mp:
154-155 °C; IR (neat) 1718, 1276, 1037 cm™; "H-NMR (400 MHz, CDCls): & = 7.06
(dd, 1H, J=7.9, 1.6 Hz), 7.18-7.23 (m, 3H), 7.42 (dd, 1H, J= 8.4, 1.1 Hz), 7.58 (td, 1H,
J =179, 1.6 Hz), 7.72 (d, 2H, J = 8.6 Hz); >*C-NMR (100 MHz, CDCl3): & = 112.8,
116.9, 119.9, 123.8, 124.8, 127.2, 129.8, 132.2, 132.2, 134.0, 152.4, 153.4, 157.1;
HRMS (APCI) Calcd for C;sHyO,Br, [M+H]" = 378.8964, Found = 378.8966.

4-(Biphenyl-4’-yl)-3-bromocoumarin (3AKk): Yield: 107.6 mg (57%); yellow solid;
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Mp: 199-200 °C; IR (neat) 1733, 1275, 1036 cm™; 'H-NMR (400 MHz, CDCls): § =
7.18 (dd, 1H, J = 8.0, 1.8 Hz), 7.22 (td, 1H, J = 7.4, 1.1 Hz), 7.39 (d, 2H, J = 8.4 Hz),
7.43 (d, 2H, J = 8.6 Hz), 7.51 (t, 2H, J= 7.3 Hz), 7.58 (td, 1H, J = 7.6, 2.0 Hz), 7.69 (d,
2H, J = 7.5 Hz), 7.79 (d, 2H, J = 8.4 Hz); >C-NMR (100 MHz, CDCLy): & = 112.6,
116.8, 120.2, 124.7, 127.1, 127.4, 127.6, 127.9, 128.6, 128.9, 132.0, 134.0, 139.9, 142.1,
152.4, 154.4, 157.3; HRMS (APCI) Caled for Co1H,40,Br [M+H]" = 377.0172, Found
=377.0170.

3-Bromo-4-(naphthalen-2’-yl)coumarin (3Al): Yield: 88.3 mg (50%); white solid;
Mp: 180-181 °C; IR (neat) 1721, 1275, 1038 cm™; "H-NMR (400 MHz, CDCl;): § =
7.11 (dd, 1H, J = 8.0, 1.6 Hz), 7.17 (td, 1H, J= 7.6, 1.1 Hz), 7.40 (dd, 1H, J=8.4, 1.8
Hz), 7.44 (dd, 1H, J = 8.3, 0.7 Hz), 7.55-7.65 (m, 3H), 7.81 (s, 1H), 7.90-7.99 (m, 2H),
8.04 (d, 1H, J = 8.6 Hz); >C-NMR (100 MHz, CDCl;): & = 112.8, 116.8, 120.3, 124.7,
125.3, 126.9, 127.2, 127.7, 127.7, 127.9, 128.3, 128.7, 132.1, 132.5, 132.8, 133.2, 152.4,
154.6, 157.4; HRMS (APCI) Caled for Ci9H;,0O,Br [MJrH]+ = 351.0015, Found =
351.0013.

3-Bromo-4-(naphthalen-1’-yl)coumarin (3Am): Yield: 98.3 mg (56%); white solid;
Mp: 106-107 °C; IR (neat) 1731, 1277, 1035 em™; "H-NMR (400 MHz, CDCl;): § =
6.83 (dd, 1H, J= 8.0, 1.6 Hz), 7.08 (dt, 1H, J= 7.6, 1.1 Hz), 7.39 (dd, 1H, J=17.0, 1.1
Hz), 7.44-7.48 (m, 3H), 7.54-7.58 (m, 2H), 7.65 (t, 1H, J=7.6 Hz), 7.99 (d, 1H, J=8.2
Hz), 8.04 (d, 1H, J = 8.2 Hz); "C-NMR (100 MHz, CDCl;): & = 114.1, 116.8, 120.6,
124.6, 124.8, 125.4, 126.0, 126.7, 127.2, 127.7, 128.7, 129.6, 129.7, 132.1, 132.8, 133.5,
152.3, 154.1, 157.3; HRMS (APCI) Calcd for CioH,0,Br [M+H]" = 351.0015, Found
=351.0014.

4-(Benzo[b]thiophen-2’-yl)-3-bromocoumarin (3An): Yield: 82.7 mg (46%); red
solid; Mp: 214-215 °C; IR (neat) 1722, 1272, 1038 cm™'; '"H-NMR (400 MHz, CDCl5):
6=723(td, 1H, J=17.7, 0.9 Hz), 7.39 (dd, 1H, J = 8.0, 1.4 Hz), 7.39 (s, 1H), 7.43 (d,
1H, J = 8.4 Hz), 7.45-7.51 (m, 2H), 7.59 (td, 1H, J = 7.8, 1.6 Hz), 7.88-7.96 (m,
2H);*C-NMR (100 MHz, CDCls): 6 = 115.2, 116.8, 120.2, 122.4, 124.4, 124.9, 125.0,
125.5, 125.8, 127.4, 132.3, 134.8, 139.1, 140.6, 148.5, 152.1, 156.9; HRMS (APCI)
Calcd for C17H,¢0,BrS [M+H]" = 356.9579, Found = 356.9579.

4-(Benzofuran-2’-yl)-3-bromocoumarin (3Ao): Yield: 73.0 mg (43%); white solid;
Mp: 129-130 °C; IR (neat) 1739, 1278, 1038 cm™; "H-NMR (400 MHz, CDCl;): § =
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7.28-7.31 (m, 2H), 7.37 (t, 1H, J = 7.7 Hz), 7.41-7.48 (m, 2H), 7.57-7.64 (m, 3H), 7.75
(d, 1H, J = 7.9 Hz); *C-NMR (100 MHz, CDCLy): § = 111.7, 111.8, 114.3, 117.0, 118.8,
122.0, 123.8, 124.9, 126.1, 127.1, 127.4, 132.3, 143.5, 148.1, 152.3, 155.0, 157.1;
HRMS (APCI) Caled for C17H;00sBr [M+H]" = 340.9808, Found = 340.9808.

3-Bromo-4-propylcoumarin (3Ap): Yield: 55.6 mg (42%); white solid; Mp: 58-59 °C;
IR (neat) 2931, 1720, 1272, 1036 cm™; '"H-NMR (400 MHz, CDCl3): & = 1.13 (s, 3H, J
= 7.3 Hz), 1.72 (sextet, 2H, J = 8.2 Hz), 3.03 (t, 2H, J= 8.2 Hz), 7.34 (td, 1H, J= 7.7,
1.1 Hz), 7.37 (d, 1H, J= 8.2 Hz), 7.57 (td, 1H, J= 7.7, 1.4 Hz), 7.66 (dd, 1H, J = 8.2,
1.4 Hz); C-NMR (100 MHz, CDCls): § = 14.3, 21.5, 34.6, 112.7, 117.2, 118.9, 124.8,
124.8, 131.8, 152.1, 154.7, 157.1; HRMS (APCI) Calcd for C,H,0,Br [M+H]" =
267.0015, Found =267.0015.

3-Bromo-7-methyl-4-phenycoumarin (3Ba): Yield: 95.2 mg (60%); white solid; Mp:
186-187 °C; IR (neat) 1722, 1255, 1022 cm™; "H-NMR (400 MHz, CDCls): & = 2.44 (s,
3H), 6.95 (d, 1H, J = 8.2 Hz), 7.00 (dd, 1H, J = 8.2, 0.9 Hz), 7.21 (s, 1H), 7.29 (dd, 2H,
J =17.6, 1.4 Hz), 7.51-7.59 (m, 3H); "C-NMR (100 MHz, CDCl;): & = 21.6, 111.2,
116.8, 117.9, 125.9, 127.2, 128.0, 128.7, 129.2, 135.3, 143.5, 152.4, 154.6, 157.6;
HRMS (APCI) Calcd for C;¢H;,0,Br [M+H]+ =315.0015, Found = 315.0014.

3-Bromo-7-(tert-butyl)-4-phenylcoumarin (3Ca): Yield: 124.6 mg (70%); white solid;
Mp: 132-133 °C; IR (neat) 2951, 1718, 1281, 1031 cm'l; "H-NMR (400 MHz, CDCl5):
0 =1.34(s,9H), 7.01 (d, 1H, J = 8.4 Hz), 7.22 (dd, 1H, J = 8.4, 1.8 Hz), 7.27-7.33 (m,
2H), 7.41 (d, 1H, J = 1.8 Hz), 7.50-7.58 (m, 3H); >C-NMR (100 MHz, CDCl5): § =
30.8, 35.1, 111.3, 113.4, 117.7, 122.2, 127.1, 127.9, 128.7, 129.2, 135.2, 152.3, 154.4,
156.6, 157.6; HRMS (APCI) Calcd for Ci9H;3O,Br [M+H]" = 357.0485, Found =
357.0484.

3-Bromo-7-chloro-4-phenylcoumarin (3Da): Yield: 77.6 mg (46%); white solid; Mp:
191-192 °C; IR (neat) 1731, 1237, 1034 cm™; "H-NMR (400 MHz, CDCl;): 6 = 7.01 (d,
IH, J = 8.6 Hz), 7.16 (dd, 1H, J = 8.7, 1.8 Hz), 7.27-7.30 (m, 2H), 7.42 (s, 1H),
7.52-7.60 (m, 3H); *C-NMR (100 MHz, CDCl;): & = 112.5, 117.0, 118.9, 125.3, 127.9,
128.4, 128.9, 129.5, 134.8, 137.9, 152.5, 153.9, 156.7; HRMS (APCI) Calcd for
C15Hy0,BrCl [M+H]" = 334.9469, Found = 334.9469.
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Crystal Data for 3-Bromo-7-chloro-4-phenylcoumarin 3Da: Formula C,sHgBrClO,,
colorless, crystal dimensions 0.20 x 0.20 x 0.10 mm?>, Plate, space group P 1 21/c 1, a
=9.6791(10) A, b = 15.5782(17) A, ¢ = 8.9056(10) A, oo = 90°, B = 102.9168(15)°, y =
90°, V'=1308.8(2) A’, Z=4, peac = 1.269 g cm™, F(000) = 664, p(MoKa) = 3.337
mm™', 7= 173 K. 7298 reflections collected, 2994 independent reflections with 7> 2o(/)
(20max = 27.56°), and 172 parameters were used for the solution of structure. The
non-hydrogen atoms were refined anisotropically. R; = 0.0286 and wR, = 0.0657. GOF
= 1.053. Crystallographic data (excluding structure factors) for the structure reported in
this paper have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-1587945. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:
int. code + 44(1223)336-033; E-mail: deposit@ccdc.cam.ac.uk].

3,7-Dibromo-4-phenylcoumarin (3Ea): Yield: 79.5 mg (42%); white solid; Mp:
186-187 °C; IR (neat) 1730, 1235, 1069 cm™; "H-NMR (400 MHz, CDCl;): 6 = 6.94 (d,
1H, J = 8.6 Hz), 7.27-7.33 (m, 3H), 7.54-7.61 (m, 4H); C-NMR (100 MHz, CDCls): §
= 112.7, 119.3, 119.9, 125.9, 127.9, 128.1, 128.6, 129.0, 129.5, 134.7, 152.4, 154.0,
156.7; HRMS (APCI) Calcd for C;sHoO,Br, [M+H]" = 378.8964, Found = 378.8964.

Preparation of 4-phenylcoumarin (4Aa)

To a mixture of 3-bromo-4-phenylcoumarin (3Aa, 0.5 mmol, 150.6 mg) in EtOH (7.5
mL) was added Zn powder (5 mmol, 363.3 mg). Under argon atmosphere, the obtained
mixture was stirred for 16 h at refluxing temperature. The cooled mixture was filtered
through celite, and then the filtrate was concentrated under reduced pressure. The
residue was purified by column chromatography on silica gel (eluent: n-hexane/AcOEt
=9:1) to afford 4-phenylcoumarin (4Aa, 89.9 mg, 81% yield).

4-Phenylcoumarin (4Aa)’: Yield: 89.9 mg (81%); white solid; IR (neat) 1722, 1277,
1034 cm™; "TH-NMR (400 MHz, CDCls): & = 6.39 (s, 1H), 7.24 (td, 1H, J=7.7, 0.9 Hz),
7.42 (dd, 1H, J = 8.3, 0.9 Hz), 7.45-7.59 (m, 7H); “C-NMR (100 MHz, CDCl;): =
115.2,117.3, 119.0, 124.1, 127.0, 128.4, 128.8, 129.7, 131.9, 135.2, 154.2, 155.7, 160.8;
HRMS (APCI) Calcd for C;sH;,0, [M+H]" = 223.0754, Found = 223.0753.

Preparation of 4-phenyl-3-(4’-methylbenzenesulfenyl)coumarin (SAa)
To a mixture of 3-bromo-4-phenylcoumarin (3Aa, 0.5 mmol, 150.6 mg) and K,COs (1.5
mmol, 103.7 mg), Cul (0.010 mmol, 9.6 mg), and DMEDA (0.020 mmol, 10uL) in
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toluene (2.0 mL) was added p-toluenethiol (1.2 mmol, 74.6 mg). Under argon
atmosphere, the obtained mixture was stirred for 2 h at 135 °C. Saturated NaHCO;
aqueous solution (5.0 mL) was added to the reaction mixture, and the product was
extracted with CHCl; (15 mL x 3). The organic layer was dried over Na,SO,4. After
removal of the solvent under reduced pressure, the residue was purified by silica-gel
column  chromatography  (eluent:  m-hexane/EtOAc = 9:1) to  give

4-phenyl-3-(4’-methylbenzenesulfenyl)coumarin (5Aa, 106.6 mg, 62% yield).

4-Phenyl-3-(4’-methylbenzenesulfenyl)coumarin (5Aa): Yield: 106.6 mg (62%);
yellow oil; IR(neat) 1719, 1276, 1036 cm™; "H-NMR (400 MHz, CDCls): & = 2.28 (s,
3H), 7.02 (d, 2H, J = 7.9 Hz), 7.08-7.20 (m, 3H), 7.18 (td, 1H, J = 7.8, 1.1 Hz) ,
7.24-7.28 (m, 1H), 7.39 (dd, 1H, J = 8.4, 0.9 Hz), 7.47-7.60 (m, 5H); *C-NMR (100
MHz, CDCL): 6 = 21.0, 116.7, 120.4, 122.3, 124.2, 128.0, 128.3, 128.4, 128.9, 129.7,
129.8, 131.0, 132.0, 134.8, 136.8, 153.2, 158.3, 159.1; HRMS (APCI) Calcd for
CpH 70,8 [M+H]" = 345.0944, Found = 345.0943.

Preparation of 3-(4’-methoxybenzoylamino)-4-phenylcoumarin (6Aa)

To a mixture of 3-bromo-4-phenylcoumarin (3Aa, 0.5 mmol, 150.6 mg) and K,CO; (1.5
mmol, 103.7 mg), Cul (0.010 mmol, 9.6 mg), and DMEDA (0.020 mmol, 10uL) in
toluene (2.0 mL) was added p-methoxybenzamide (1.2 mmol, 90.7 mg). Under argon
atmosphere, the obtained mixture was stirred for 2 h at 135 °C. Saturated NaHCO;
aqueous solution (5.0 mL) was added to the reaction mixture, and the product was
extracted with CHCI; (15 mL X 3). The organic layer was dried over Na;SO4. The
organic layer was dried over Na,SO4. After removal of the solvent under reduced
pressure, the residue was purified by silica-gel column chromatography (eluent:
n-hexane/EtOAc = 1:1) to give N-(4’-phenylcoumarin-3’-yl)-4-methoxybenzamide
(6Aa, 95.2 mg, 51% yield).

3-(4’-Methoxybenzoylamino)-4-phenylcoumarin (6Aa): Yield: 95.2 mg (51%); white
solid; Mp: 234-235 °C; IR(neat) 1718, 1654, 1605, 1254, 1029 cm'l; "H-NMR (400
MHz, CDCls): 6 = 3.83 (s, 3H), 6.87 (d, 2H, J=8.8 Hz) , 7.23 (td, 1H, J= 7.6, 1.1 Hz),
7.33 (dd, 1H, J=28.0, 1.4 Hz) , 7.37-7.49 (m, 6H), 7.54 (td, 1H, J= 7.6, 1.6 Hz), 7.64 (d,
2H, J = 8.8 Hz); >C-NMR (100 MHz, CDCl;): & = 55.4, 113.7, 116.8, 120.2, 120.8,
124.6, 125.7, 127.2, 128.4, 128.5, 128.9, 129.3, 131.2, 133.1, 147.2, 151.9, 160.0, 162.6,
165.3; HRMS (APCI) Calcd for C3H 304N [M+H]+ =372.1230, Found = 372.1228.
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Preparation of (E)-3-(4’-methylstyryl)-4-phenylcoumarin (7Aa)

To a mixture of 3-bromo-4-phenylcoumarin (3Aa) (0.5 mmol, 150.6 mg), K,COs (1.0
mmol, 138.2 mg), and PdCI;(PPhs), (0.010 mmol, 7.0 mg) in DMF (5.0 mL) was added
4-methylstyrene (1.0 mmol, 68 pL). Under argon atmosphere, the obtained mixture
was stirred for 3 h at 90 °C. Saturated NaHCOj3 aqueous solution (5.0 mL) was added to
the reaction mixture, and the product was extracted with EtOAc (15 mL x 3), and
washed with brine (15 mL). The organic layer was dried over Na,SOs.  After
removal of the solvent under reduced pressure, the residue was purified by silica-gel
column  chromatography  (eluent:  m-hexane:EtOAc = 9:1) to  give
(E)-3-(4’-methylstyryl)-4-phenylcoumarin (7Aa) (133.4 mg, 79% yield).

(E)-3-(4’-Methylstyryl)-4-phenylcoumarin (7Aa): Yield: 133.4 mg (79%); light
yellow solid; Mp: 129-130 °C; IR (neat) 3067, 1715, 1256, 969 cm™; 'H-NMR (400
MHz, CDCl3): & =2.30 (s, 3H), 6.65 (d, 1H, J = 16.2 Hz), 7.04-7.08 (m, 3H), 7.12-7.17
(m, 3H), 7.29-7.33 (m, 2H), 7.38 (dd, 1H, J= 8.2, 1.1 Hz), 7.48 (td, 1H, J= 7.8, 1.6 Hz),
7.52-7.60 (m, 3H), 7.91 (d, 1H, J = 16.2 Hz); >*C-NMR (100 MHz, CDCl5): § =21.3,
116.4, 120.8, 120.9, 121.6, 124.1, 126.8, 127.4, 128.8, 128.9, 129.0, 129.3, 130.9, 134.7,
134.9, 135.6, 138.1, 149.8, 152.1, 160.0; HRMS (APCI) Calcd for Co4H;90, [M+H]" =
339.1380, Found = 339.1377.

Preparation of 4-phenyl-3-(phenylethynyl)coumarin (8Aa)

To a mixture of 3-bromo-4-phenylcoumarin (3Aa, 0.5 mmol, 150.6 mg) and Cul (0.010
mmol, 1.9 mg) and PdCI,(PPhs), (0.010 mmol, 7.0 mg) in Et;N (2.5 mL) was added
ethynylbenzene (0.6 mmol, 66 pL). Under argon atmosphere, the obtained mixture was
stirred for 3 h at 60 °C. Water (2.5 mL) was added to the reaction mixture, and the
product was extracted with EtOAc (15 mL x 3), and washed with brine (15 mL). The
organic layer was dried over Na,SO4. After removal of the solvent under reduced
pressure, the residue was purified by silica-gel column chromatography (eluent:
n-hexane:EtOAc = 9:1) to give 4-phenyl-3-(phenylethynyl)coumarin (8Aa, 96.4 mg,
60% yield).

4-Phenyl-3-(phenylethynyl)coumarin (8Aa): Yield: 96.4 mg (60%); yellow solid; Mp:
159-160 °C; IR (neat) 2207, 1716, 1246, 1064 cm™; "H-NMR (400 MHz, CDCl;): & =
7.19-7.33 (m, 7H), 7.42 (dd, 1H, J = 8.4, 0.9 Hz), 7.48-7.61 (m, 6H); *C-NMR (100
MHz, CDCls): & = 83.7, 98.7, 111.1, 117.0, 119.7, 122.4, 124.5, 127.6, 128.2, 128.4,
128.8, 129.1, 129.4, 131.7, 132.0, 134.3, 152.8, 156.2, 159.5; HRMS (APCI) Calcd for
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Cy3H 50, [M+H]" = 323.1067, Found = 323.1064.

Preparation of 3,4-diphenylcoumarin (9Aa)

To a mixture of 3-bromo-4-phenylcoumarin (3Aa, 0.5 mmol, 150.6 mg) and PhB(OH),
(1.0 mmol, 121.9 mg) in DMF (10 mL) was added PdCI,(PPhs), (0.025 mmol, 17.5 mg).
Under the argon atmosphere, the obtained mixture was stirred for 30 min at room
temperature. Then, K,CO3 (1.0 mmol, 138.2 mg) in HO (2 mL) was added to the
mixture, and the obtained mixture was stirred for 1.5 h at 60 °C. Water (5 mL) was
added to the reaction mixture, and the product was extracted with CH,Cl, (15 mL X 3),
and washed with brine (15 mL x 2). The organic layer was dried over Na,SO4. After
removal of the solvent under reduced pressure, the residue was purified by silica-gel
column chromatography (eluent: n-hexane/EtOAc = 9:1) to give 3,4-diphenylcoumarin
(9Aa, 113.7 mg, 76% yield).

3,4-Diphenylcoumarin (9Aa)’: Yield: 113.7 mg (76%); white solid; Mp: 223-224 °C;
IR (neat) 1711, 1297, 1038 cm™; 'H-NMR (400 MHz, CDCl3): & = 7.10-7.25 (m, 9H),
7.28-7.35 (m, 3H), 7.44 (dd, 1H, J = 8.3, 0.7 Hz), 7.54 (td, 1H, J = 7.4, 2.0 Hz);
BC-NMR (100 MHz, CDCls): 8 = 116.7, 120.4, 124.1, 126.9, 127.6, 127.7, 127.8, 1282,
128.3, 129.3, 130.5, 131.4, 133.8, 134.4, 151.6, 153.2, 161.3; HRMS (APCI) Calcd for
C,1H,50; [M+H]" =299.1067, Found = 299.1065.

References
1. Zhang, L.; Meng, T.; Fan, T.; Wu, J. J. Org. Chem. 2007, 72, 7279-7286.

2. Qiu, G,; Liu, T.; Ding, Q. Org. Chem. Front. 2016, 3, 510-515.
3. Sasaki, T.; Miyagi, K.; Moriyama, K.; Togo, H. Org. Lett. 2016, 18, 944-947.

S10



: BE 0.0
2 2
o
) I L,
e \’ [ Fh
7 \[ | IAa
| H\ !
| 'U
i U
=AY J L) L
i g b P rovey ooy I ERPON
=
1
E]
R . [ .
- T T T T T T T T
10.0 2.0 50 4.0 a0 20 Lo 0
EEE
SE2
seg
X : parts per Million : Proton
wy
=] 0.0
P
— L,
| I Fh
3Aa
=4
& &
i 8
o
) |
A,JLJLM)L\;L
ETRET]
s por pr e aiats
= _|
=
g_
8
g .
IR A ALRAIA] , o e
2000 170,00 160, I . 0. . 00 300 20
|
Y A AN
o= o= -
nFE  SEREREE =85
o cd Wi oot P
e N Mo e e tEE
X : parts per Million : Carbon13 R

S11



abundance

30

20

et z : £ H .0
e el el b & CLL,
1| .. |[ I gz i EE “ ||| ‘ Me O
- i I|-I-. | || !
I e ‘ ! 3Ab
U (N EEY s r|| ‘U | | l
il Iy |
1 |ULﬂ %'J Uk|h }U‘
U =g - L
o 8k Pl s o ok s e o boC o P B anr s |- potepe 8o J—
3_
- 2
S
=
- LA K g M_J'[

100 20 B0 70 60 50 a0 30 2.0 1.0 0
e e | AN
CEERnEZoHIESgAaRnE = EEE
RESHYITRRAECd S50 = SE8
[ S ol Sl ol ol o e - -] ok =T

X : parts per Million : Proton

abundance

R O ¢
of a1 0 o
| Me O
3Ab
]
(=]
MJWL»JL\-WL'LJ-stmle
O N D D

0.1

0

A AL AL at R R A L L R R a Ly R L R eI LA L AN LA R b LA ARt R ety e BT R L B ST e ALY
2000 1900 180.0 1TRG 1a0O 1500 140.0 1300 1200 1100 1000 900 BOLOG 700 600 SO0 400 300 200 100 [}

W A e N |
I {“%ﬂx&; /|

R CEANNS S . £ |
382 2HEIRgoR™AER 588 g
[ :vnaar—r—-oﬁmdﬂ - =
naon puja R i L e Ll -

X : parts per Million : Carbon13

S12



abundance

4.0

30

1.0

—— 7
T

Toa1

T

Sk

e e -
e i e [T o ek o

Frafs: parn

B
s per ke

T
b g W

am

m

103

L L

0]

@ ‘Ilir

Me
3Ac

L e e e e e B A

10.0 2.0

4.0 30

o e e e

0

2454 —

L I o e e o e

N

0.00%
0,000

0,009

abundance

017 019 021
Lovel T

0.15
Liiel

000 il 013
T T T I

0.07

0,001 001

B

—am1a

——

—_—

ML« et

1 131
Ao M i Carbei

2000 1900 1800

X : parts per Million : Carbon13

170.0

1600

157369 —-—

154830 —

150.0

152349

1400 130.0

100 1000 900

0o 70.0 600

™
e

11326
T7.000
THO84

S

400 300

WWWM

L R A R L L B L L LR e L e R R e b N LR R R

120.0

[

0o 100

214683 ——

S13



20 30 4.0 50

1.0

abundance

: B g
sl e &
] M h /
| ‘ ||‘|' ﬂ | j
. I
H |§5| \ ‘ ‘ T{g |'I ‘ Me
JAd
] U llg #jll/ | L ].l U i ‘
)V VUL i
e o S T g T Wb e L G
] 2 ls
g
] 1 _J A
BT S R A T A A

) Mo AN

0.2

0.1

abundance

REESERRUESSRREHE 2 EEE
GE A M mae e e f— o =0 = SE2
e e e e e A e e SR S o sog
X : parts per Million : Proton
||'

——zman

[

170.0 160, 0 70.0

ey e

400 30

0.0 1o

\
o
el
e
T
e
e

3

152407~
39425~
32,239
31.962
20481
28015
27689
24,633
20408
16768
12.553
71316
T7.000
THGT4

154811 —

157,446 ——

X : parts per Million : Carbon13

S14



abundance

%] s : 0.0
ERran : L
=] T Br
| i
¥
2 ’ || OMe
| JAe
'J e |
L=} 9‘1 JSJ TJS 25k
o N 7
=
-+
=]
2
=
el
Il 2
=
=]
)
= ’ | JL
100 20 50 a0 30 2.0 1.0 0
= EEE
= 2cc
™ - e

X : parts per Million : Proton

abundance

G =
Br
|
) O
OMe
Jhe
it
=
]
2]
1]
=1
=
" b " " R " " s bk R "
= iy ¥ iy L s ey o P b

R R I
1300 IZOO 110 1000 Eﬂﬂ 70.0 600 SEIU- 400 300 "0

R§'§“3 S22 ]
—F T Lk =
SEEn o i
Bnd s [ S w

X : parts per Million : Carbon13

S15



50

4.0

30

1o

abundance

1 s
EE
]I
A v L
13 T T b
g i ] AINTATITN LT T T
: peari ot Mk it Ml | Pk X - pane per MRkl : Prataa pary por Mibion: Mrews ek ey by

2.0

X : parts per Million : Proton

027

023 025

abundance

0.008 >_ 3
=

0,000

0,009

1325

1l 51z

Lm
ot

=
BT Coxbun
S p s il

003 005 007 008 011 013 015 007 008 02l

-O.EllI 0.01

A AL AL at AR A E L L R LT e AL A At AR Ry LA L AN L ARt LRI R RLa ALl
2000 1900 180.0 17RO 1a0O 1500 140.0 13000 1200 ]l{llJ 1060 0.0

W D o T

X : parts per Million = Larhnn]J ”””””

S16

17326




X : parts per Million : Carbon13

000" o &
. - IAGE_Q
. <E | |0
o~
e Ve rT: O
o~
O 5
L=
-4
L=
=
| #8092
. _ o
= CNRELL
L=
2
b —1
: E2 0wzl
m m“ I\\._“_Hm..c:
; TR £ T/ et
= ES "
m uot -
: oL0L \E.E
iz 4/ ngzeet
__“___nmﬂ.h Um. -E19RTL
. s5cL —_nsTIE
= Bl = FIFEEl
e _Hﬂmm_hm_ Joict PRCSEL
. — FIFL T
_ 2o W g :
oty N TSI
_ i _1iz -
T = Ispest
o —_— P ozl
loLs'L 2
ERS'L  —— 3]
g ne ] 3=
s £ i 2
X [ p— H
g :
E W i
. w. 2 -.N.“
= & ;
g =
Le
n'_AM. T T T [ T mw
: 07 ol 0 d _ . ]
aauvpung: co v .
aauvpung:E

S17




:

é.-.'r

Loiliniilinnl
— 18 e
547

b pam prien

E

= w

———

|

|

il

0 01020304 05060708309 1.00L1121314151.61071819202122 2|.3 24 252,

T2
[ ok e e | B

e
[+ ik e Ml o

C
“'\_.-/

0.0
IB

Cl

3Ah

2001 150.0 170.0 160, S0, i
| DL LY
A Nt
o3 o0 Omﬁlzﬁ@%ﬂﬁgg\ﬂ
88 ZOERZREREETw
[l R Rl Ll - AR -]
LeE  ANQERARAAZEC

X : parts per Million : Carbon13

; o
E &
4 =
g
EE
% L 1 | - I}
= L o e e e e e B T I B e e e e o o L e e e e B e e o L
0.0 a0 0 50 4.0 an 20 1.0 ]
,ﬁﬁﬁgﬁ%%%3%§33?u AN
Mm@ Mo Mmoo S 2‘4".“!
Dhr“\ﬂc\mwr“\ﬂhlvgﬂmmﬂ -4
Wi U N T RS T 01 Ol e] =3 ===
[l o e ol Sl S S - - FEg
X : parts per Million : Proton
o0
- e
=y gﬁ H v e Br
o] = i cl
< i 2 i
I | g
AR
:
|
o1
=1
— RO L LYW
S AL T R TR R VR T
e i ety
-
g
E]
Te-
E
=)
2

S18



abundance

ag | B 0.0
; and _ /}\a\, -
NG NERTS PP
|| . e
| i == i
./ﬂ "l ||I H% m’g
| ‘ |/|| llz ||‘ ‘ JAI
| i | = ‘J ‘
| | [| 't
A - L
S WO e e O AR

=

L]

=

. | . Iy

1680 a0 &0 7.0 6.0 30 4.0 a0 24 1.0

e N N
goEnegIngneNseRyY gsg
Wi e el e el oS o =3=2=)
[ o o ol ol ol el e =R

X : parts per Million : Proton

I Br
= (?,I/Qﬂ
© 3Ai
1TV oty AT A

abundance
0

SRR R e o e N L L L L L L L L L e L TRt e e LRI R NIRRT

2000 1900 180.0 17000 1600 1500 140.0 1300 1200 1000 1000 9040 E0O O F00 0 600 00 400 30.0 200 100 o
I A ILLL L
! /f/)/ /J | \‘\\l\t\‘“\‘wﬁ a.lk

=
e

156890 ——
152.934
152.244
657
750
202
0.276
11318
77000
V6674

X : parts per Million - Carbon 13

S19



abundance

Tasi

=

T

ENCTNELI 3 11 PP
- s M- . FRsTIT s T T
pum e : [ o Wb o]

=
i

=
2] EE IE
f

] _ -

L T B e L e e o o e e o L e e B B o o e B e o

10.0 2.0 4.0 a0 0 1.0
= AN

o

%
Z:f;

===

mwmgmwmv-—r—,~\cv=~cw gt}g
I [ R Bl = Bl — s Bl el =l =

R ER A Na oD 222
P A S e el Sl S g S g L =R

X : parts per Million : Proton

abundance

023 025 027
Lew el el

| D.IIQ‘ 0.21

ﬂ.llT

000 001 i3 015
TP T P YT TITTETIN |

0.13?

0.03 005

0,01 0.0

1300 1200 1100 1000

I ANSSS
Z3F TANRSRERER
588 ANRRRARZES

X : parts per Million : Carbon13

S20



i BEER | BRIz
SRIEN Crx
@ 3 g
ol |
wi | 5%
[ e =
=3 |
o E?H o
o b e
RE | Ph
=3 \ 3Ak
[xlE { |
2 ﬂ\ h
L]
LED] |
- L ]
LE
]
=
E
BE
=
EE
=25
E
=
e
E
(=]
29
E
=
=3
=
L]
22
=
EbE w |
E° L
= S e B e B e BB et o e e AR S S e
0.0 a0 4.0 an 20 1.0 ]
e e AN
ToanExAEEgeZocansg gee
EERELARTEIZITAALGZZ EELE
Ll o e e kol ol S ol =g
X : parts per Million : Proton
- —-’.\\\:O\ O
Lz f oy n f;I/ =
E 5 - Br
| 2
e =
el
Ph
ig 3Ak
TE
L]
s IUI‘
DAL
ETRRRTTRRTT
thﬂl—(\kpl!

abundance

S21



6000

5 0 —Zonoe

1.0

M
0

a0

4.0

frpT -
T
50

£

T

s e b ¢ P s s st e

allTL
Fel'L
TLI'L
'L

\mxm.___.
> I LREL
POF'L

30t'L

LE+'L

£erL

AUG'L

3 w, \T6S'L
h 6oL
ﬁac.n
sIgL

LOF'L

I

T

15

£

< |150%
e lEE0E

P per Mot PY  pan r Mil

o

!
|
g =
£
g

5

L T T o T T T T T T T LA T T T AL T
BEELFCLTET T 0T AT RI LI X1 ST #I ST TT T OIS0 F0 L8 FF0E0D 10 o
aauepunge

=

X : parts per Million

[ p—

(FYNP— InlfL..uJuy.

T P T PR

170.0

€0

.nd.

o 0
aauepunge

=
=

150.0

=
]

RU9L
o
CNRELL

(0891
OTLPTD
LTl
£169eL

\ \GETLTI
I._..____.a,nﬂﬁ

. < sserit

—pifs16°ce
FLTRTL

> = vECsT

- BSOTTEL

PERZEL
IFTLEL

uﬂm Gop TEL

. olrzel

—— I6EPEL
—=-Q5Ls1

X : parts per Million : Carbon13

S22



X : parts per Million : Proton

e s | a3 sgass | 3% 00
I Vi'“‘ el VI =l PN
r
[ . B A
= . S a\)
H l [ ‘ ! N 3Am
i | J( |
2 b Uu, : ‘\j JH\“JJUL
i s pr i ORI 17 PTYCTON N Y ML
= |
e i
100 90 60 so ae ae 0 Ea T

=
=
3

. 3
o EF]
= |8
=-
-

abundance

X : parts per Million : Carbon13

= 188
—1mm

e

—

—— iz

154,064 ——

157.312-—
152,340

12000

e
[t

—iinu
12

A AR a AR AR L R e Rt R R e Bt
2000 1900 180.0 17RO LeDO 1500

900 B0

%00

|/. “ B

T

S “@J
JAm

rrerpreney
300 200 100 [}

=3
=

00 600 500 400

™
e

11326
T7.000
THO84

S23




Lzgpz

EE

Te
s per w3

200.0 170,00

X : parts per Million : Carbon13

=
=i
=
=
s =
E]
%6 L l L ) —
= T T T o T T S B e S T T T T I T I I T B T T o T Tt I T B T B T S B
10.0 2.0 ] 7.0 0 4.0 a0 20 Lo 0
1
S AN
SR EECS AR EE0RA EEE
e T R R R R R A el R SE2
B e e e e e AL o el seg
X : parts per Million : Proton
o
el
z f
1L z
| '|3
) ‘
,e'ludl' o
l‘n‘vﬁ'\'l LM L \w.‘r""lf. '|k.w1”u‘ L"\nf.lrulv'|
[F (ELE] lbull
: o s Eaeat
;_
2
E]
ek
2
]

S24



abundance

R 3 : B 0.0
i e LG,
| | |J | “0

E |
c._‘l,[‘\(l‘l W,
AL
L"U\H ) L
L T4 P'L::::Ampnnnn:h 31T 1] T H'

=_]

s

=

=

3

=]

- L

X : parts per Million : Proton

abundance

03

0.2

0.1

0

X : parts per Million : Carbon13

2000 1900 1800 1700 1600

1zmanz

IS0 1308 (60 1158 1% 198 130 021
£ A por P Hicw s atml 3

43497 —

2iam
— iz
—imums

1400 1300 1200 1100 1000

JAo

S25



3.0

4.0

30

2.0

1.0

£z

gz

s

J

0.0

Br

3Ap

I

s
 parts por e Pl -

o]

%] [
+ poty iy b b k]

|
4
>_ 2]

0.2

0.1

abundance
[}
|

o
3
2
=
E
E]
E !
]
T T T T i : T T
10.0 2.0 &0 60 50 4.0 a0 Lo
RO EEI BT BEzEE $REHE FREEZEE¥RC EEE
i e et B R B B e e e e A e
B e e e e e e R e R e seg
X : parts per Million : Proton
el 0.0
gk P
le Br

JAp

=
ke Bl

T T T S T T T T ey [P TTT P r LR AR L R A R CTASIT S AT R Las
2000 1900 180.0 170G 1600 1500 140.0 1300 e 1000 %00 B0 700 600 L0 400 300 200 100 [}

157072 ——
154725
152048 7

X : parts per Million : Carbon13

S26



04

03

abundance

=

000 1900 1

170.0

X : parts per Million : Carbon13

1w
e

=

157570 — 2
154620 —
1524267
143450 — —

B £ Me 0.0
-1
= o~
i | |r Br
7 ,I Ph
! rsge
‘ | e 3Ba
I \} ‘ :
B
=
ma !
|
-
£y = ] Fy)
g e e R TR
<]
-
=]
L]
=_|
3
=
z
E . .
= T T T T T T
0.0 2.0 B 50 an 1.0 ]
Eov B i bl =
AAH = g
o e =
X : parts per Million : Proton
Me 0. .0
o ? “Br
E]
§ Ph
IBa

S27



2.0
1

[}

T4
- Tam

VL]

1ns

am

PRI AT e e
“pumap W e

T3
spunper e e

)
1 por o i | B

t-Bu 0.0

Ph
ICa

B

PR

tpuns ez Vb |

003

abundance

X : parts per Million : Proton

50

4.0 a0

0 1.0

1.341

>_c,__

0.008
0,000
0,009

— i
i

—— i

U

— izt

[T

e e MR Carkia]

1118

t-Bu

abundance

000 1900 1

170.0 160,

X : parts per Million : Carbon13

T T T

oG 700

™
e

11326
T7.000
TH.O84

S

e

400 30

e —

3504 —

S28




170.0

X : parts per Million : Carbon13

oo 700

AN
/_ =
7
~
S
==

I /',D/\I
3

FE O WS S S ez
SREOARIIgZEG =28
r o & oo of o oo o e
A R = = = [

156.680 ——
153.940——
152,493

60,

] - B cl 0._0
|4 e s
i
Er
Ph
| "
L 3Da
= | RERARR
- i
W
L
I IU ‘ {
- ]
L gl
pmpiften ;o sk Fe s vt o6
=
=
g
g J ¥
E J
= I L
go T T T : T T T T T T T T
0.0 a0 B4 7.0 60 50 4.0 an 20 1.0 L]
MJYI\\ TEeSEma A\
EEZCRNEEEZBREAR S EEZ
nARBIT AN -2 258 SE8
el e el al i ol e el ol o ses
X : parts per Million : Proton
g F Cl 0.0
-
=
| | Br
"] Ph
=]
IDa
I I
<]
=1
: LJL,LJL
ETME T T
e ] pumspe W ke : Carbonl]
=
=
;_
3
=
Eg AR s i
= T T TP FITTIT T TETTI T EIT Y

S29



g Br. | o 0.0
i ;E i
= | i Br
il Fh
/ 3Ea
=1 anegaazy
Wl
L '
il l“
b H | |m Jh
M
{
p— J .
[l IS SN AR SN
=7
-
=]
=
-
=
=] ™
=
8 =
=
E]
E= A < L
= L o e e T o o e e e L B e e e e o e L e e e e O B
0.0 a0 &0 7.0 6.0 30 4.0 a0 24 1.0
e AN
CEREUESZIEZIEZELUES EEZ
R R R B R R R - [=3=3=1
L el e e e ol ol - ) =T
X : parts per Million : Proton
i % Br |x 0.0
i
Br
Fh
3Ea
= 2 -
= 2 A
i P8
pall _MJL¢JLJLﬁhKNM
i B ET]
e e K il
==

abundance
0

1700 160, 0 8
L.
AN /N
] SEINSETIER =g
2=3 EZEANESIAR =8k
o oed = & 00 00 DS O W o S — g
ana mROooedo oo e

X : parts per Million : Carbon13

S30



e
2200 2100 200.0

16761 —

X : parts per Million : Carbon13

155654 ~_
154,150~

R A A i o A B B A o AL RO SRt IR
190.0 1800 170.0 160.0 150.0 1400 1300 120.0 1100 1

/%J\\\\Kk\m

A0 70 600 500 4000 30.0

AN

]
2
=
£

11316
TH.G6T4

20.0

10.0

0 -l00

= b 33 i g e 0.0
¥ | w i e : l/ =
f { { . H
f/ Ph
Aha
‘ ]
S ‘ |’.f.z
o [ - -
[ TR I I N 1 TAE e
i e ey :
=
&
=
: 5
=
. | | )
0.0 2.0 &0 7.0 60 4.0 an 20 1.0
I N A
L i = A= - Ll
Moed =30 = = T - =i
AnnF A dT AN M S8
[ el el e e e e k-] =R
X : parts per Million : Proton
.l"‘-a. D O
g_ . H
Ph
4Aa
e
=
;_
3
2=
£ |
= T T L B o i B e AN aREE s |

=204




aauepunge

5
=
QW - [
W £ om
Q TE
oy
=
J
JE—
L=
-3 -y
00
i I
PN |
——— i
Hi
L=
a
L=
3
L=
2
T3
e 1 [
£
: i
2
E
"1
H = =
£ o =
= ﬂﬁ,..m (S -
=
e u.m
. =
b b
=
E -
i
i
e
it £
i3
= 2
I " I JE T T T T T T T
e s or 0E 0T 0 0

000

A 0000
G000

—LLE'T

S00'L
QTO'L
aonL
FOTL
oI
OET'L
\.. LLT'L
GFTL

e
% oL
/ 0LT'L

LEEL
Lat'L
%L
I p0s'L
LLOS'L,

X : parts per Million : Proton

Tol

20

Ty
| 30.0 .

1000

1100

- e 3 mw
,_q_n_llb mw
4
A I.M mm
T T T I
0 o 0 %] 4]

aauepunge

-3 nmﬂﬂ,-vﬂ—
I\ STIRTL
il cszezt

£
E
=

QLU L
o
CNELL

FILHTL
{FEFOTT
i1 EOTETL

BEFRTI

VOOEEL

- aLrist

- BRTREL

: = iresl

X : parts per Million : Carbon13

S32



9.0

0 30

6.0

abundance

50

30

20

1.0

5("2
3 l“*\
P
OMe
E GAa
3 —"L
LA
R ramm b e
E =
=
| | Jn_h J
16.0 a0 &0 7.0 6.0 30 4.0 a0 24 1.0
m
I A N
DOREYRISEERES 5 SEE
ol Sl ol ol S Y- - = ==

X : parts per Million : Proton

abundance

P T
[ s v Bl : el

0,01 0.0

PRI T ey rrrrrTrTT rrrprre

0o 70.0 60 . 400 30

2000 1900 1 170.0 160,

%,
';%Tf'.
&
%
>

|'|\ |

B=E 8 g SRRSO RERREER 2=d &
HqRE B2 CAREReaHNEANERE R =
WS o P B g e P i
Sen o MR AaAN MRS =S =R a

X : parts per Million : Carbon13

S33



i 0.0

| L

Ph
‘ Tha

a1 T 7ar

abundance

i e e b M
pats o Vil
=_|
]
=_]
o
£
i, N
- T T T T T T T T ™ T T T
10.0 2.0 &0 7.0 60 50 4.0 a0 20 Lo 0
niw |
A PPN A | AN
AZREZEE 2R 2 gEZ
SEnd=23 59 = S22
A N R L] sgg
X : parts per Million : Proton
C._.0
=
= A
E8 Ph
E LR
2 :\\II Tha
“
=

0.l

0

)
=
.
=
=
-
n
@
=2
&3
=
=
w
=
=
=
=
=
£=J

T T T P T P T T T P T T T
1400 1300 1200 1000 1000 S04 B0

A A A R AR L A s AL et vir
2000 1900 180.0 17RO 1a0O 1500

A
>
g
.
7

—_.—,_h_‘-—;::.:h\_.__
SETesem e
mmmmmmm

3
6.75
]
077
37
11326
T7.000
THO84
21.252

150056 — B3
152.110——
149,849 —

X : parts per Million : Carbon13

S34




30

2.0

L0

74 7.437.43731 T4
Tt b

i) T
liker By puss per Ul : Preen

0.0

/4

Fh Fh
BAa

2000 150.0

X : parts per Million =

170.0 160,

159506 ——
156210
152819

Carbon13

98052 %

&
5
o
=
z. N p "
£
100 20 B0 70 60 50 a0 30 2.0 1.0 0
ﬂﬁ”m A\
pEossegepnagLon ssg
Ay iR IRy ey T ET B S R Rl ed ) =R
Ll e e L S nl ol ol o Sl sos
X : parts per Million : Proton
— 0.0
3 ==
3 2 ET e -
- H =
= | | Ph Ph
Bha
N H
: il
= byt et Y
(oA T TR TR TR
e
=
g2
g
=N
Z
£

S35



ar

£
Ta
Tahe

2000 1900 1

170.0

X : parts per Million : Carbon13

(il

161259 —

I
23
Ga

- 0._0
) ~ =
II|||ap' \Ir s @ I
s [ B ~FTF TPh
- %2'“ ﬂ | Ph
\I - 9Aa
il
Il | |
v
VSIS racigaivfins MO
= |
=
ES
%O N A " J
= L o e e e o T [ e e e A e e e 0 L e e e o B B e e B L
0.0 a0 4.0 an 20 1.0
BEEE
===
L=l = =]
X : parts per Million : Proton
° PP
S Ph
Fh
9Aa
i
|
= |
=1
H
S_
g
2

S36



