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I General

All chemicals were obtained from commercial sources and were used as received unless otherwise
noted. Diphenylacetylenes® and [CoCp*(CO)I,]* were prepared by following literature reports. All
reactions were carried out using Schlenk techniques or in an Ny-filled glovebox. NMR Spectra
were recorded on a 400 MHz NMR spectrometer in the solvent indicated. The chemical shift is
given in dimensionless & values and is frequency referenced relative to TMS in *H and **C NMR
spectroscopy. HRMS data were obtained on a Thermo Scientific LTQ Orbitrap Discovery
spectrometer (Bremen, Germany). Column chromatography was performed on silica gel (300-400

mesh) using dichloromethane (DCM)/petroleum ether (PE).

1. General procedures for the synthesis of compound 3

Benzoates (0.2 mmol), alkynes (0.24 mmol), [Cp"Co(CO)l,] (10 mol %), AgNTf, (20 mol %),
Zn(0OACc), (2.0 equiv), and HFIP (2.0 mL) were charged into the pressure tube. The reaction
mixture was stirred under N, at 120 °C for 12 h. After the solvent was removed under reduced
pressure, the residue was purified by silica gel chromatography using PE/DCM to afford the
product 3.

Ol

Ph
2,3-Diphenyl-1H-inden-1-one (3aa)
3aa was obtained according to the general procedure in 86% yield (48.5 mg). red solid;
'H NMR (400 MHz, CDCly) 6 7.58 (d, J = 6.8 Hz, 1H), 7.44 — 7.32 (m, 6H), 7.29 — 7.25 (m, 6H), 7.14
(d, J = 7.1 Hz, 1H). *C NMR (100 MHz, CDCIl;) ¢ 196.5, 155.4, 145.3, 133.5, 132.8, 132.4, 130.8,
130.7, 130.0, 129.3, 129.0, 128.8, 128.5, 128.1, 127.8, 123.0, 121.3. The NMR data agree with those in

a literature report.?

’ Ph
Me

Ph
5-Methyl-2,3-diphenyl-1H-inden-1-one (3ba)
3ba was obtained according to the general procedure in 91% yield (53.9 mg). red solid;
'H NMR (400 MHz, CDCls) 6 7.47 (d, J = 7.2 Hz, 1H), 7.30 — 7.35 (m, 5H), 7.27 — 7.23 (m, 5H), 7.06
(d, J = 7.1 Hz, 1H), 6.93 (s, 1H), 2.33 (s, 3H). *C NMR (100 MHz, CDCl;) 6 196.2, 154.9, 145.6,
144.4, 132.8, 132.7, 130.8, 129.9, 129.1, 128.9, 128.7, 128.5, 128.3, 128.0, 127.6, 123.0, 122.5, 22.1.

The NMR data agree with those in a literature report.?
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5-Methoxy-2,3-diphenyl-1H-inden-1-one (3ca)
3ca was obtained according to the general procedure in 77% yield (47.8 mg). red solid;
'H NMR (400 MHz, CDCls) 6 7.54 (d, J = 7.9 Hz, 1H), 7.40 — 7.34 (m, 5H), 7.30 — 7.20 (m, 5H), 6.73
— 6.63 (M, 2H), 3.82 (s, 3H). *C NMR (100 MHz, CDCl3) § 195.1, 164.5, 153.2, 147.9, 133.9, 132.7,
130.9, 130.0, 129.2, 128.8, 128.6, 128.1, 127.8, 124.9, 123.5, 110.5, 110.3, 55.8. The NMR data agree
with those in a literature report.®

O

()
F

Ph

5-Fluoro-2,3-diphenyl-1H-inden-1-one (3da)

3da was obtained according to the general procedure in 51% vyield (30.3 mg). red solid;

'H NMR (400 MHz, CDCl3) 6 7.57 (dd, J = 7.8, 5.2 Hz, 1H), 7.45 — 7.39 (m, 3H), 7.37 — 7.34 (m, 2H),
7.26 — 7.24 (m, 5H), 6.96 — 6.89 (m, 1H), 6.86 (dd, J = 8.5, 1.9 Hz, 1H). **C NMR (100 MHz, CDCl5)
5194.8,166.5 (d, Jo.r = 252.9 Hz), 153.2 (d, Jo.r = 2.4 Hz), 148.6 (d, Jc.r = 9.3Hz), 133.7 (d, Jc.r = 1.0
Hz), 132.2, 130.4, 120.0, 129.5, 129.0, 128.4, 128.2, 128.1, 126.5 (d, Jc.r = 3.2 Hz), 124.8 (d, Jcr = 9.7
Hz), 114.4 (d, Jc.¢ = 23.0 Hz), 110.2 (d, Jc.r = 25.7 Hz). The NMR data agree with those in a literature

report.®
O
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5-Chloro-2,3-diphenyl-1H-inden-1-one (3ea)

3ea was obtained according to the general procedure in 58% vyield (36.6 mg). red solid;

'H NMR (400 MHz, CDCls) 6 7.51 (d, J = 7.6 Hz, 1H), 7.43 — 7.41 (m, 3H), 7.38 — 7.34 (m, 2H), 7.28
—7.24 (m, 6H), 7.11 (d, J = 1.6 Hz, 1H). *C NMR (100 MHz, CDCls) ¢ 195.0, 154.0, 147.3, 139.8,
133.5, 132.2, 130.3, 130.0, 129.6, 129.0, 128.9, 128.5, 128.4, 128.2, 128.1, 123.9, 122.0. The NMR

data agree with those in a literature report.

(L)
Br

Ph
5-Bromo-2,3-diphenyl-1H-inden-1-one (3fa)
3fa was obtained according to the general procedure in 54% vyield (39.1 mg). red solid;

'H NMR (400 MHz, CDCls) & 7.47 — 7.40 (m, 5H), 7.36 — 7.34 (m, 2H), 7.27 — 7.24 (m, 6H). *C NMR
3



(100 MHz, CDCly) ¢ 195.3, 154.3, 147.4, 133.5, 132.3, 131.8, 130.4, 130.1, 129.7, 129.5, 129.1, 128.5,
128.44, 128.3, 128.2, 124.8, 124.2. The NMR data agree with those in a literature report.?
o}
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5-lodo-2,3-diphenyl-1H-inden-1-one (3ga)

3ga was obtained according to the general procedure in 55% yield (44.5 mg). red solid;

'H NMR (400 MHz, CDCl3) 6 7.69 (dd, J = 7.5, 1.1 Hz, 1H), 7.46 (d, J = 0.8 Hz, 1H), 7.43 — 7.41 (m,
3H), 7.36 — 7.33 (M, 2H), 7.30 (d, J = 7.5 Hz, 1H), 7.27 — 7.24 (m, 5H). **C NMR (100 MHz, CDCl,) &
195.6, 154.4, 146.9, 138.0, 133.1, 132.2, 130.2, 130.0, 129.6, 129.0, 128.4, 128.2, 128.1, 124.2, 100.9.

HRMS: [M + H]" calculated for C,;H14,10": 409.0084, found: 409.0084.
(0]
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(L)
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6-Methoxy-2,3-diphenyl-1H-inden-1-one (3ha), major : minor = 1.2:1
3ha was obtained according to the general procedure in 87% vyield (54.6 mg). red solid;
'H NMR (400 MHz, CDCl3) & 7.42 — 7.35 (m, 3H), 7.34 — 7.28 (m, 2H), 7.26 — 7.22 (m, 4H), 7.21 —
7.12 (m, 3H), 7.03 (d, J = 8.0 Hz, 1H), 3.83 (s, 3H). *C NMR (100 MHz, CDCls) § 196.2, 161.1, 154.0,
136.9, 131.1, 130.1, 129.9, 129.4, 128.8, 128.5, 128.1, 127.9, 127.6, 122.3, 119.7, 116.1, 110.7, 55.7.
HRMS: [M + H]" calculated for C,,H4;0,": 313.1223, found: 313.1222.

0
’ Ph
£ Ph

6-Fluoro-2,3-diphenyl-1H-inden-1-one (3ia), major : minor = 15:1
3ia was obtained according to the general procedure in 90% yield (54.0 mg). red solid;
'H NMR (400 MHz, CDCls) 6 7.44 — 7.32 (m, 6H), 7.30 — 7.15 (m, 6H), 7.06 (t, J = 9.2 Hz, 1H). **C
NMR (100 MHz, CDCls) 6 195.2, 156.1 (d, Jc.r = 255.9 Hz), 154.4 (d, Jc.r = 3.4 Hz), 133.7 (d, Jcr =
2.6 Hz), 133.5 (d, Jc.r = 3.8 Hz), 133.46, 133.4, 131.4 (d, Jc.r = 6.8 Hz), 130.3, 130.1, 129.3, 128.54 (d,
Jor = 2.7 Hz), 128.3, 128.1, 127.9, 123.4 (d, Jo.r = 23.1 Hz), 119.2 (d, Jor = 2.6 Hz). *°F NMR (376
MHz, CDCls) § -115.2. HRMS: [M + H]" calculated for C,,H1,FO™: 301.1023, found: 301.1027.

0
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6-Chloro-2,3-diphenyl-1H-inden-1-one (3ja), major : minor = 3.2:1

3ja was obtained according to the general procedure in 47% yield (30.0 mg). red solid;
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'H NMR (400 MHz, CDCls) ¢ 7.54 (d, J = 1.8 Hz, 1H), 7.44 — 7.39 (m, 3H), 7.39 — 7.34 (m, 3H), 7.27
724 (m, 5H), 7.08 (d, J = 7.8 Hz, 1H). *C NMR (100 MHz, CDCly) ¢ 195.1, 155.1, 143.3, 135.0,
132.6, 132.6, 132.4, 130.4, 129.9, 129.6, 128.9, 128.4, 128.2, 128.0, 127.9, 123.6, 122.2. HRMS: [M +
H]" calculated for C,;H1,CIO™: 317.0728, found: 317.0730.

Me (o)
(L)
Ph

7-Methyl-2,3-diphenyl-1H-inden-1-one (3ka)

3ka was obtained according to the general procedure in 85% yield (50.3 mg). red solid;

'H NMR (400 MHz, CDCly) 6 7.44 — 7.32 (m, 5H), 7.28 — 7.17 (m, 6H), 7.04 (d, J = 7.8 Hz, 1H), 6.95
(d, J = 7.2 Hz, 1H), 2.61 (s, 3H). *C NMR (100 MHz, CDCly) § 197.7, 154.3, 145.7, 138.0, 133.0,
132.6, 132.4, 132.2, 131.0, 130.1, 129.1, 128.8, 128.6, 128.0, 127.6, 127.1, 119.3, 17.4. The NMR data

agree with those in a literature report.®
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7-Fluoro-2,3-diphenyl-1H-inden-1-one (3la)

3la was obtained according to the general procedure in 29% vyield (17.4 mg). red solid;

'H NMR (400 MHz, CDCl3) d 7.36 — 7.31 (m, 3H), 7.30 — 7.24 (m, 3H), 7.20 — 7.15 (m, 5H), 6.88 (t, J
= 8.4 Hz, 2H). *C NMR (100 MHz, CDCl;) 6 192.6 (d, Jo.r = 1.4 Hz), 157.9 (d, Jc.r = 262.3 Hz),
154.5 (d, Jo.r = 4.7 Hz), 147.4 (d, Jcr = 3.5 Hz), 135.8 (d, Je.r = 8.3 Hz), 133.0 (d, Jor = 1.3 H2),
132.5, 130.2, 130.1, 129.4, 128.9, 128.5, 128.1, 128.0, 118.3 (d, Jc.r = 21.5 Hz), 117.7 (d, Jcr = 2.4
Hz), 115.6 (d, Jcr = 12.4 Hz). HRMS: [M + H] calculated for C,H.,FO™: 301.1023, found:
301.1021.

Br 0]
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7-Bromo-2,3-diphenyl-1H-inden-1-one (3ma)

3ma was obtained according to the general procedure in 42% yield (30.3 mg). red solid;

'H NMR (400 MHz, CDCl3) 6 7.45 — 7.32 (m, 6H), 7.30 — 7.18 (m, 6H), 7.09 (d, J = 7.2 Hz, 1H). °C
NMR (100 MHz, CDCls) 6 193.7, 153.4, 148.2, 134.1, 134.0, 132.9, 132.2, 130.1, 129.4, 128.9, 128.5,
128.1, 128.0, 127.6, 120.5, 119.1. HRMS: [M + H]" calculated for C,;H.,BrO": 361.0223, found:



361.0227.

0 Ph

2,3-Diphenyl-1H-cyclopenta[a]naphthalen-1-one (3na)

3na was obtained according to the general procedure in 70% yield (46.8 mg). red solid;

'H NMR (400 MHz, CDCls) 6 8.81 (d, J = 8.5 Hz, 1H), 7.86 (d, J = 8.1 Hz, 1H), 7.73 (d, J = 8.3 Hz,
1H), 7.53 (t, J = 7.4 Hz, 1H), 7.47 — 7.41 (m, 5H), 7.36 (t, J = 7.4 Hz, 1H), 7.33 — 7.23 (m, 6H) **C
NMR (100 MHz, CDCls) 6 198.6, 153.8, 146.7, 134.7, 134.2, 132.8, 131.2, 130.8, 130.1, 129.4, 129.3,
129.2, 128.9, 128.6, 128.4, 128.1, 127.7, 126.0, 123.9, 122.4, 119.3. HRMS: [M + H]+calcu|ated for
CasH,70": 333.1274, found: 333.1277.
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2,3-Di-p-tolyl-1H-inden-1-one (3ab)
3ab was obtained according to the general procedure in 38% yield (23.6 mg). red solid;
'H NMR (400 MHz, CDCls) 6 7.56 (d, J = 6.9 Hz, 1H), 7.37 — 7.33 (m, 1H), 7.30 — 7.18 (m, 6H), 7.17
—7.13 (m, 2H), 7.09 — 7.07 (m, 2H), 2.40 (s, 3H), 2.32 (s, 3H). *C NMR (100 MHz, CDCl5) & 196.8,
154.8, 145.5, 139.4, 137.5, 133.3, 132.1, 130.9, 129.9, 129.8, 129.5, 128.9, 128.7, 128.5, 128.0, 122.8,
121.1, 21.5, 21.4. The NMR data agree with those in a literature report.®

CrO)
S

2,3-Bis(4-(tert-butyl)phenyl)-1H-inden-1-one (3ac)

3ac was obtained according to the general procedure in 45% vyield (35.5 mg). red solid;

'H NMR (400 MHz, CDCls) 6 7.56 (d, J = 6.9 Hz, 1H), 7.44 — 7.41 (m, 2H), 7.36 — 7.33 (m, 3H), 7.30
— 7.22 (m, 5H), 7.16 (d, J = 7.2 Hz, 1H), 1.36 (s, 9H), 1.30 (s, 9H). *C NMR (100 MHz, CDCl;) ¢
197.0, 154.7, 152.5, 150.6, 145.6, 133.3, 131.8, 130.9, 129.9, 129.6, 128.7, 128.3, 127.9, 125.6, 125.0,
122.8, 121.3, 34.9, 34.6, 31.3. The NMR data agree with those in a literature report.®
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2,3-Bis(4-fluorophenyl)-1H-inden-1-one (3ad)

3ad was obtained according to the general procedure in 90% vyield (57.6 mg). red solid;

'H NMR (400 MHz, CDCls) 6 7.57 (d, J = 7.0 Hz, 1H), 7.40 — 7.35 (m, 3H), 7.31 — 7.27 (m, 1H), 7.25
—7.21 (m, 2H), 7.14 — 7.10 (m, 3H), 7.00 — 6.94 (m, 2H). *C NMR (100 MHz, CDCl;) 6 196.2, 163.2
(d, Jc.r = 248.7 Hz), 162.4 (d, Jc.r = 247.0 Hz), 154.2, 144.9, 133.6, 131.8 (d, Jc.r = 8.0 Hz), 131.5,
130.6, 130.5 (d, Jo.r = 8.2 Hz), 129.2, 128.5 (d, Jo.r = 3.4 Hz), 126.6 (d, Jc.r = 3.4 Hz), 123.2, 121.1,
116.2 (d, Jo.r = 21.6 Hz), 115.4 (d, Jc.r = 21.4 Hz). HRMS: [M + H]" calculated for Cp;H3F,0™:
319.0929, found: 319.0929.

(e
O

Cl
2,3-Bis(4-chlorophenyl)-1H-inden-1-one (3ae)
3ae was obtained according to the general procedure in 86% yield (60.4 mg). red solid;
'H NMR (400 MHz, CDCly) 6 7.58 (d, J = 6.9 Hz, 1H), 7.42 — 7.36 (m, 3H), 7.33 — 7.27 (m, 3H), 7.27
—7.23(m, 2H), 7.19 (d, J = 8.6 Hz, 2H), 7.10 (d, J = 7.2 Hz, 1H). *C NMR (100 MHz, CDCl;) 6 195.8,
154.3, 144.6, 135.6, 134.1, 133.7, 131.5, 131.2, 130.9, 130.5, 129.9, 129.4, 129.3, 128.9, 128.6 123.3,
121.2. The NMR data agree with those in a literature report.*

O
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2,3-Bis(4-bromophenyl)-1H-inden-1-one (3af)

3af was obtained according to the general procedure in 73% yield (64.4 mg). red solid;

'H NMR (400 MHz, CDClg) & 7.61 — 7.54 (m, 3H), 7.41 — 7.38 (m, 3H), 7.33 — 7.22 (m, 3H), 7.13 —
7.09 (m, 3H). *C NMR (100 MHz, CDCls) 6 195.7, 154.4, 144.6, 133.7, 132.3, 131.5, 131.4, 131.3,
130.5, 130.1, 129.4, 129.3, 123.9, 123.3, 122.4, 121.2. The NMR data agree with those in a literature

report.”
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2,3-Di-m-tolyl-1H-inden-1-one (3ag)

3ag was obtained according to the general procedure in 56% yield (35.0 mg). red solid;

'H NMR (400 MHz, CDCl3) 6 7.56 (d, J = 7.0 Hz, 1H), 7.36 (t, J = 7.0 Hz, 1H), 7.29 — 7.24 (m, J = 8.2,
4.3 Hz, 2H), 7.22 — 7.18 (m, 2H), 7.17 — 7.09 (m, 4H), 7.05 (d, J = 7.5 Hz, 1H), 7.00 (d, J = 7.5 Hz,
1H), 2.34 (s, 3H), 2.27 (s, 3H). **C NMR (100 MHz, CDCls) 6 196.7, 155.4, 145.4, 138.4, 137.5, 133.4,
132.8, 132.4, 130.8, 130.7, 130.6, 130.0, 128.9, 128.7, 128.5, 127.9, 127.1, 125.7, 122.9, 121.3, 21.5,

21.4. The NMR data agree with those in a literature report.?
0
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2,3-Bis(3-fluorophenyl)-1H-inden-1-one (3ah)
3ah was obtained according to the general procedure in 88% yield (56.0 mg). red solid;
'H NMR (400 MHz, CDCls) 6 7.52 (d, J = 6.8 Hz, 1H), 7.36 — 7.30 (m, 2H), 7.25 — 7.22 (m, 1H), 7.17
—7.12 (m, 1H), 7.09 — 6.97 (m, 4H), 6.97 — 6.85 (m, 3H). *C NMR (100 MHz, CDCl;) 6 195.6, 162.9
(d, Jo.r = 246.4 Hz), 162.5 (d, Je.r = 243.9 Hz), 154.7 (d, Jo.r = 1.9 Hz), 144.6, 134.5 (d, Jo.r = 8.0 Hz),
133.8,132.4 (d, Jo.r = 8.4 Hz), 131.7 (d, Jc.r = 2.1 Hz), 130.8 (d, Jo.r = 8.2 Hz), 130.4, 129.7 (d, Jc.r =
8.3 Hz), 129.5, 125.7 (d, Jo.r = 2.7 Hz), 124.2 (d, Jo.r = 2.9 Hz), 123.4, 121.4, 116.8 (d, Jo.r = 22.2 H2),

116.6 (d, Jo.r = 21.0 Hz), 115.4 (d, Jo.r = 22.3 Hz), 115.0 (d, Je.r = 20.8 Hz). The NMR data agree with

those in a literature report.®
o]
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2,3-Bis(3-chlorophenyl)-1H-inden-1-one (3ai)
3ai was obtained according to the general procedure in 84% yield (59.1 mg). red solid;
'H NMR (400 MHz, CDCls) 6 7.51 (d, J = 6.4 Hz, 1H), 7.32 — 7.22 (m, 6H), 7.18 — 7.08 (m, 3H), 7.04
—6.99 (m, 2H). B3C NMR (100 MHz, CDCl3) 6 195.5, 154.5, 144.5, 135.0, 134.1, 134.12, 133.8, 132.08,

131.6, 130.4, 130.3, 129.9, 129.7, 129.5, 129.4, 128.2, 128.19, 128.1, 126.8, 123.4, 121.4. The NMR

data agree with those in a literature report.®
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2,3-Bis(3-bromophenyl)-1H-inden-1-one (3aj)

Br

3aj was obtained according to the general procedure in 83% yield (73.0 mg). red solid;

'H NMR (400 MHz, CDCl3) & 7.63 — 7.53 (m, 3H), 7.46 (s, 1H), 7.43 — 7.37 (m, 2H), 7.34 — 7.22 (m,
3H), 7.16 — 7.08 (m, 3H). *C NMR (100 MHz, CDCls) 6 195.5, 154.4, 144.4, 134.4, 133.8, 132.7,
132.6, 132.3, 131.5, 131.1, 131.0, 130.6, 130.3, 129.7, 129.6, 128.5, 127.2, 123.4, 123.0, 122.3, 121.4.
HRMS: [M + H]" calculated for C,,H13Br,0": 438.9328, found: 438.9326.

1. Mechanistic Studies
1. KIE measurements of reaction for indenones

0 [Cp*Co(CO)l5] (10 mol %)
AgNTf, (20 mol %)
©)\0Et + Ph—==—Ph Ph
Zn(OAc), (2 equiv)
HFIP, 100 °C, 20 min Ph
0
Q [Cp*Co(CO)I,] (10 mol %)
AgNTf, (20 mol %
Dsjgj)koEt ¢ pho—=pn TR ) D4 Ph
Zn(OAc), (2 equiv)
HFIP, 100 °C, 20 min Ph

A mixture of ethyl benzoate 1a (0.2 mmol, 30.0 mg), diphenylacetylene 2a (0.24 mmol, 42.8 mg),
[Cp*Co(CO)I,] (10 mol %, 9.5 mg), AgNTT, (20 mol %, 16.0 mg), Zn(OAc), (2.0 equiv, 73.4 mg),
and HFIP (2.0 mL) were charged into a pressure tube under N,. In another tube were added a
mixture of ethyl benzoate-ds 1a’ (0.2 mmol, 31.0 mg), diphenylacetylene 2a (0.24 mmol, 42.8
mg), [Cp*Co(CO)I,] (10 mol %, 9.5 mg), AgNTf, (20 mol %, 16.0 mg), Zn(OAc), (2.0 equiv,
73.4 mg), and HFIP (2.0 mL) were charged into a pressure tube under N, These two reaction
mixtures were stirred side-by-side in the same oil bath at 100 °C for 20 min. These two mixtures
were rapidly combined and all the volatiles were rapidly removed under reduced pressure. The
residue was purified by silica gel chromatography using PE/DCM to afford the mixed product.
KIE value (ki/kp = 4.5) was estimated on the basis of "H NMR analysis. No H/D exchanged in the
reaction product was observed.? If the relative amount of D is x and 1*14 + 10*x = 16.23, then x =
0.223. KIE = 1/x = 4.5.



R e T S e e LT e B e B PR A
6.8 6.4 6.0 5.6 5.2 1.8 1.4 1.0 3.6 3.2 2.8 2.4
1 (ppm)

O (6]
[Cp*Co(CO)l5] (10 mol %)
0
T Zn(OAc); (2 equiv) Me Cl
Ph Ph

HFIP, 100 °C, 6 h
1b 1e 3ba:3ea=2.3:1

An equimolar mixture of acetanilide 1b (0.2 mmol, 32.0 mg) and le (0.2 mmol, 37.0 mg),
diphenylacetylene 2a (0.2 mmol, 36.0 mg), [Cp*Co(CO)I;] (10 mol %, 9.5 mg), AgNTf, (20
mol %, 16.0 mg), Zn(OAc), (2.0 equiv, 73.4 mg), and HFIP (2.0 mL) were charged into a pressure
tube under N,. The reaction mixture was stirred at 120 °C for 6 h. The solvent was rapidly
removed under reduced pressure and the residue was purified by silica gel chromatography using
PE/DCM to afford the mixed product. The yield ratio (3ba/3ea = 2.3:1) was determined on the
basis of ‘*H NMR analysis.

10



V. References

(1) M. J. Mio, L. C. Kopel, , J. B. Braun, T. L. Gadzikwa, K. L. Hull, R. G. Brishois, C. J.
Markworth and P. A. Grieco, Org. Lett., 2002, 4, 3199.

(2) T. Yoshino, H. Ikemoto, S. Matsunaga and M. Kanai, Angew. Chem., Int. Ed., 2013, 52, 2207.

(3) B.-J. Li, H.-Y. Wang, Q.-L. Zhu and Z.-J. Shi, Angew. Chem., Int. Ed., 2012, 51, 3948.

(4) A. A. Pletnev, Q. Tian and R. C. Larock, J. Org. Chem., 2002, 67, 9276.

(5) Z. Qi, M. Wang and X. Li, Org. Lett., 2013, 15, 5440.

(6) S. Chen, J. Yu, Y. Jiang, F. Chen and J. Cheng, Org. Lett., 2013, 15, 4754.

11



NMR Spectra

V.

3aa

z8eLL
0912
6v52'.
52671,
VIvEL £
momm.%
6£6€'L
96952
19852

Ph

Ph

80}
10'9
09
00'L

1808121

11L0°€ZL

6182°22)

€zil 8zl

< v6ES 821
0928824

- £966'8Z}

“ 82E€'6Z1
6LL0°0E}

= €2LL0EL

0082 °0E}

€1Zv'ZEL

015LZEL

LLIVEEL

099Z°St | —

£1 (ppm)

5.8

6.2

< 919€°6G1 —

% YreG 961 —

6

9.0

Ph

Ph

-10

60

190 180 170 160 150 140 130 120 110 100
f1 (ppm)

200

3ba

12



9veeT —

¥0€6'9
1250°.L
1690°L
Yove L

o%mm.n
ovomNW
8L.€°L
9.6€°L
16GY'L
VLY L

0.5 0.0 -0.5

Ph

1.0

Ph

Me
1 (ppm)

6.0 5.5

6.5

Ty
7.0

8.0

8.5

9.0

€460 ¢¢ —

pxdag
9110
€619
1686
§60¢€
SVov
0L
1888
[3al
V826
VL18
0612
G808
£94¢
6929

9298

9291

Raat
Raat
Lel
LTl
"8¢61
861
831
81
gt

671 &
0€1 -
[@3¢
o6l

T~

Sy1 -

Pe1 —

96T —

-10

Ph
Me
Ph
60 50 40 30 20 10

70

200 190 180 170 160 150 140 130 120 110 100 90 80
£1 (ppm)
13

210

3ca



L218'€—

10699
06599
8v.9'9
12899
1699
ceeT L ¢
0LvT L
2esTL
0GeeL
LyeL
106€e°L
68G€°L
828¢°L
268€°L
86€°L
G0€sL
206S°L

Ph

Ph

MeO

6T

F6')L

#60'G
k86
"00'L

£1 (ppm)

7.0

7.5

¢08L'GG —

8€2e 0L )

5E050LL
v89.°121
£850'821
195821
6228'821

wmmv.mm_‘*
mmNo.om_‘\
66l.¢cEl

09€6'LY| —
0€LL'€SL—

0997 ¥91 —

6001°G6) —

-10

Ph
20

30

Ph

10

MeO

90

100

200 190 180 170 160 150 140 130 120 110
£1 (ppm)

210

3da



0889
82589 1
2698'91
0v28'9 1
8968'9
8106'9
2616'9
68€6'9
6EV6'0 -

br——

662 L
€19z' L}
zeve L
16v€°L]
z85¢'L
859¢°/
SlivL 4
98LY'/ 1
2Ly L
9056°21
9€95/ |
20.G°27

—r—r

2.0

2.5

3.5 3.0

4.0

1 (ppm)

6.0

6.5

7.0

7.5

8.0

9.0

9v90°0L1L
9lzeollL
L6ce vl 7

gesF et
LL0V'8CL /
1686'8¢C ~:
cevsect
¥686'6¢|

ovmm.wvr V
6999'8v1
0eelL'esh 7
vmo_‘.mmv

8812991 ~
6G¥.L /9L —

eSYLv6lL —

-10

60 50 40 30 20 10

70

200 190 180 170 160 150 140 130 120 110 100 90 80
£1 (ppm)
15

210

3ea



601",
veLL'L
16vC'L
6.G¢°L
9lleL
8G/¢'L
cLyeL
YVAZWA
96€°L
vG9€L
96/€°L
260Y'L
18LY'L
Lgev'L
vvev'L
€L6Y'L
€916,

1
f1 (ppm)

¥266°LCl
8668°€Cl
8¢60'8¢C|
1651°8¢l
€cov'8cl
€€€9'8¢C1
cLe'8zh
2600621
2085°6¢)
166°6¢C)
v.2€°0¢€L
8coceel
¥625°€El
LvGL6EL
Lv8T Lyl
1620°vS1

2600561 —

Ph

Ph

-10

10

20

60

120 110 100
1 (ppm)

130

140

200 190 180

210

3fa

16



Ph

0
Ph

Br

0§6¢’.L
9L€€°L

Lyve L L

625¢€°.L

€19¢°L
LLVY'L &

VAZA A
88€Y'L

/809
=00¢

N6y

4.0 3.5 3.0 25 20

4.5

£1 (ppm)

9.0 85 80 7.5 7.0

9.5

6e€l'62k
[49445148
90LL'62)
8601°0€}
9v9€'0€L
yesLLel
9cleeel

¥8Ly €€t
Sv9e'Lyl

S692'vS)L —

osievel
ceLgvel
ovieech
8G/¢'8¢l
L9e¥'82L
8l6v'8cl

L0€€°56) —

Ph

Br

Ph

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

210

3ga

17



06v¢'L
98¢°L
160€°L
26eeL
vGee L
evveL
Lege’.L
829¢°L
080¥'L
9MLyL
Sgecy'L
9zey’L
0€9Y'L

LSO’ =
80892
9€89°L
G669°L
2e0L'L

Ph

Ph

0.0

6168°00) —

< vivi'vel
¥060°'8¢C1
0991°8¢21
§g9.¢€'8¢h
£9e0°6¢h
6885°6¢)
1 ceecooel 7
ocveoel
98ceeel
8e0l'eel

G598-65t ~

L16€°¥S)L —

f1 (ppm)

B £€965°661 —

-10

10

20

60

120 110 100
f1 (ppm)

130

140

190 180

200

3ha

18



£€2€8'¢ —

96102
88&/
aleLL

p0G 1L
161 E\
v9gz'L

m:mg\
vI8eL

Ph

MeO

Ph

=ve
rooe

=60
6'0
0’}
€6
09
0y
16y

-0. £

0.0

1.5

2.0

3.0

3.5

4.0

7.5 7.0

8.0

£1 (ppm)

8669

ys9
620"
G299 *
Y¥63 "
9009
8688
€420
[aasig
¥89L
£€25¢
€298 "
8011
€680
1966

86€0
20L0 "

8022 *

66—

01T

911
611
[4qs

LTl
LTl
"8¢1
851
8¢1
61

621
0€T
Tel
9el

er—

191 —

961 —

Ph

MeO

Ph

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

210

3ia

19



1€€0°L
2950,
96102
649171
€eLLL
12817,
61617,
6022,
92T,
09€2'L
veve'L
8¥9C'L
§G9C'L
§G.TL
€982,
009€°L
8207,
c0zyL

Ph

Ph

0.5

5 1.0

2.0

8.5

10.0

1 (ppm)

101611
1€0Z°6LL
GE08°€T)
SPESET)
£2v6 L2l
986082}
595282}
591582}
LEVG'8ZL
8897621
£160°05
961£05
2088151
S8y LE)
8ZIrEs)
STrres)
6L97°EEl
9087°€E
£002°€5 1
0922°€5 1
9cSE VSl |
L18EVSL

vomm.vmé
860" /S|

09G1°66) —

Ph

Ph

-10

10

20

60

120 110 100
1 (ppm)

130

140

200 190 180

210

20



668L°GLL-—

SOPVLLL-—

Ph

Ph

=06'v}

=00’}

-123.5 -125.0 ~126.5

-122.0

-116.0 -117.5 -119.0
1 (ppm)

-114.5

113.0

-110.0 -111.5

~108.5

-107.0

3ja

2040°2
8680°/ 1
125214
BYYE L
60"
255€° 2+
009€°2
§99¢°L
1802
1oLy 2]
Lvey L

oﬁ,mi
586G/

Ph
Jon

0O
Ph

Cl

6°C
1€°0
0’}

:

10°)L
6'0
4]
180
0¢

-1.0

0.0

0.5

1.0

1.5

6.0

9.0 85 80 7.5 7.0

9.5

£1 (ppm)

21



sv8l'ech
oL8gect
19€6°LCL
¥866'LCl
9691'8¢L
y0ev'8cl
68¢6'8¢l
£€665'62)
€9¢6'6¢)
CLSE0EL =
€.6€cel
lelezel
cevoeel
cee0’sel
66lLeeYL
8.01°9G) —

€eYL'S6L —

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

210

3ka

Ph

O
Ph

Me

- _
2509'C —

Zer6e9
1096'9
0620°L
¥8Y0°L
SI8LLN
S907°L 7
06€z 2 f
S9VE'L
9YSE'L
8ELEL

H6c

S0l
0L
09
oo

0.0

0.5

1.0

2.5 2.0

3.0

5.0 4.5 4.0

5.5

6.0

6.5

7.5 7.0

8.0

£1 (ppm)

22



896€'LL —

989¢°611L
v€80°L¢Cl
080922}
6G10'8¢)
86€9'821
yov.L'8cl
¢s80'6¢)
18.0°0¢)
¥696°0€}
geeeeel
€olyeel
6€lL9'zel
mommANm_‘\
onmm.nmr\
896961}
€2eevsl —

SG¥9°L61 —

Me

Ph

Ph

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

210

3la

G1689
v..89
6689 —

€921 L—
6SC'L
€042,
clLie L
[A4:TA
9l62'L
L.62°L
860€'L
86L€°L
§82€'L
€9€€°L
LyvEL

Ph

Ph

1 (ppm)

23



098G°GLL
v0LL'GLL
Lel L1l
LyvLLL)
€eCT8ll i

Basr gl
Gleg8zL
6288821 x
0680°0¢}

wmmm.tl. V
68¢v'Lyl
LOSY'vSL )
0L6¥'¥S1 7
G619'9G1 \
ONvN.mmv

wmow.mor )
¢ve9'eel

Ph

Ph

-10

10

20

60

120 110 100
1 (ppm)

130

140

200 190 180

210

3ma

6.0,
V.60,
ov8lLL
9€02'L
vNNNNM
€662,
10G€°L
€98€°L
0L0%'L

Br

Ph

Ph

H00°}
1829
F90'9

1.5

-1.0

-0.5

f1 (ppm)

24



GoEL'6LL
6€S¥°0CL
Yevo' el
1600°8¢C)
9990'8¢|
LG€5°8¢l
1,06'8¢)
Lgevect
€vLL0oel =
€LLzeeL F
8€€6CEl
G666€E L
G9E0'¥EL
62,08V —

8YEY'ES) —

£199°€61 —

-10

10

20

Ph

Ph

Br

60

120 110 100
f1 (ppm)

130

140

200 190 180

3na

6652,
€157,
8697,
0682'L
2967,
110E°2
191E'L
ZovE'L
1Y9E'L
0v8E'L
Lozy'L
¥S16°2
ZresL
G285'L
89LLL~
22.&

LLY8L
0898°L

81088~
162887

Ph
Ph

25

f1 (ppm)

I
S

10.5

11.0




Ph
Ph

GGee6llL
Sv.ecel
¥858°€¢Cl
L€86°'G¢l
§€59°'/¢l
G5.0°'8¢l
yivv'8cl
£€855°8¢1
6€£98°'8¢C1
L10z°621
£€89¢°6¢C1
068¢°6¢C1
cloL'oel
c¢lz80el
88¢€C’LEL
£ge8cel
96.1°v€EL

6877851 -

€89.°€5) —

G909'861 —

-10

60 5 40

70

120 110 100
1 (ppm)

130

140

190 180

200

3ab

Me

€91€CT~
€86€'C

5990/ ¢
5980°/ {
A AWE
6751 L
229l L
¥281°L
€1L0T°L
€1L2T LA
0LYT L~
6152
1652°LIF
96.2° L
€562°2
02€€°L
10G€. 1
689€°L {
Y6%5°L
899G°24

Me

~56'C
96T

¥0'C
4 x4
¥'9
=€l
=00'}

0.0

55 50 45 40 3.5 3.0 25 20 1.5
£1 (ppm)

6.0

7.0

7.5

8.0

8.5

9.0

o

26



Me

_‘mmm.vw
mwmm.rmv

Me

i
O

4343743
v0l8'¢ch
L116'L2)
0961821
89€.'821

¥2S8'8¢h AJ

YrLY'6ZL
G¥S8'6ZL —
S006'621

GTY6'0EL ~E =
8%50°ZE) w -
zLIEEEL =
ZLvS el

£65€°6EL -
LSOY'SPL 3
€16175L — —

8108'961 — 3

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

210

3ac

186C°) ~.
86G€'L

92512 1
NAYE
18221
6Y€C'L 1
96YZ'L
28521+
180T 1A

_‘mmm.n/ﬁ

0LegL]
11¥€ 1
A
1v9¢°2
vl L]
28ev' L
G6YG L
8995/

|

/906
2206

0
Lot
Mﬂwo.m

0’}

0.0 -0.5 -1.0 -1.5 -2.0

0.5

1.0

3.0 2.5 2.0
£1 (ppm)

4.0

4.5

5.5

6.0

8.0 7.5 1.0

8.5

27



<
r
| -]
|- = -
<o
IR
108T° 1€~ 4 =
9129'vE -
clogvs 2 I )
=
o
2 <
o [T
F <
7
o
=
o
oo
o
o
1682121 g
986/°221 L S&
2910°5Z1 T
6919621 s“
1906'.2) F=
910€'8Z) -
£€19'92) S
6115621 =
v168°6Z1 z - °
EpY6 0EL - \Fm =
1608°LEL -
098z°€cl F=
0ZEIGY L~ ]
61557051~ _ L2 £5v6'9
967251 — — - 1196'9
18LL¥SL o 98886°9
L © .
— 0coL’L
9LeL’L
L= LEvLL
- 1212,
- 19221 e
Fe 6EET'L —
V8YT L
| g ovLT L
— G262,
. S0LEL
—_ ——4
1€00°261 L m 0SYe L
: 009¢'L
o 66.€°L
ra 286¢°L
T 16952
(e8] .
& oessL

0.0

0.8 0.1

1.2

28

£1 (ppm)

SHB DD
eeoecoe
o -aN©N




LvGT'GLL
G89Y'GLL
2860911
6€LE9LL
geel'lel
6L9l°€cl
€165°9¢1
¢989'9¢l
0lL6v'8cl
£€4929'8¢l
€88l'6cl
6861°0€1
18¥G°0€1
608501
oves'Lel
08LLLEL 7
186L°LEL

9609°€€l

€€06'vY | —

£SYL¥SL
9291191

£926'191
[259°€0L ~
9eLrvaL

8061961 —

-10

40

5

60

120 110 100
1 (ppm)

130

140

200 190 180

210

C

9v60°L
9Ll
evLLL
1G61°L
99€T'L
9282,
0892'L
8612,
962,
€8L€L
129¢€°L
108€°L
996€°L
SLIv'L
G995,
8€8G°L

3ae

3350:9
MO~ -

LU=

0
f1 (ppm)

10.0

10.5

1.0

29



6212121
690£°€2}
2elS8el
026882}
198621
0118621
1688621
vE6v 0EL
15808}
0LET LEL
18LG LEL
1869°€E )~
9L50'vEL
0055'SE
219 vhL—

LSLEPSL —

2¢eC8's6l —

Cl

-10

10

20

60

120 110 100
1 (ppm)

130

140

200 190 180

210

3af

G€60°L
6LLL°L
ogel’L
SeeTs
crsTL
98¢,
110€L
061€L—
6€9€°L
128¢€°L
1€6€°L
JAZS A
2685 L
8G/G°L
v¥8G°L

Br

200°€
WT'e
L
500°€

o
o

o
<

10.0

f1 (ppm)

30



cseciel
L9lv'eel
Lyeeeet
€.v8°eCl
coee6el
900621
€080°0€
6.y 0€L
€L0€°LEL
9e6Y'LEL
ormm.rm_‘\
geveeel
cslleel
199G vvl —

919€¥G1 —

G9¢/°S61 —

Br

-10

10

20

120 110 100 80 60
1 (ppm)

130

140

200 190 180

210

3ag

GE€LTT~
42244

60669
16002
9€0°L
2GS0°L
9160,
L1
18¢l°L
98€L°L
esvlL
G60C°L
8YveL
JATAVE
€992,
0§.2°L
L¥82°L
962,
¥8€€°L
£€96€°L
9€L€°L
¢G9S,
121G,

Me

Me

<0'€
967

0L
Ll
A4
20T
C'C
=80')
=00’}

10.0 9.5

10.5

f1 (ppm)

31



omww. va
l66v'LC

Li8c’iel
celeeel
Lv69°GCl
6v50°LCl
cll8lel
96€5°8¢)
£€69'8¢l
08¥8'8¢l
c¢leo0el
¥619°0€L
LeLoel
S6€8°0¢€L

€eovecel ¢
c09.L¢cel
€ceeeet
681G°L€1
128¢e'8¢El
3224141
692Y'SS ) —

8€1L'96) —

O

Me

Me’

T

-10

10

20

60

120 110 100
1 (ppm)

130

140

200 190 180

210

3ah

€198'9
11889
G206'9
€.26'9
8G16'9
8766'9
S6L0°L
¥5€0°L
62502
€102
9zel’L
vivlL
9/G1°L
GELLL
€8lcL
99€¢'L
evseL
LL0eL
881€L
99€€°L
€66¢€°L
¥805°L
€625,

L

32

f1 (ppm)

<

7.5




0cve'viL
€0GL°GLL
09G6C'GLL
68.1'GLL
6Ly 9LL
G9Y9'9L1L
1889911
8898911
6v8¢€°L¢Cl
y§.e°€cl
Llegvel
9§52’ vel
¢559°'6¢el
9¢89°'6¢l
89.v°6¢C1
6659621
6¢v. 62l
285e0¢El
65G.°0€1
28€8°0¢€1
0099°LEL
§G089°LEL
L0Lg¢cel
crsyeel
€69.°€€l ~
L0EV'VEL

801G vEL

904G ¥¥L —

€9Y9vS1
9599'¥S|
11927191 \
29027191 ~
120L°€9L \
Not‘.vmr

€929'661 —

ad

i

-10

40

5

60

120 110 100
1 (ppm)

130

140

200 190 180

210

al

916691
8800°Z {
£€20°L |
PLv0'L |
v£80°L |
820LL |
06112
L8€LL A
99912
6122
25T LA
€ELT'LA
sLEL—=
€105,
virgs/

Cl

Cl

02
Wmo.m
o

00’}

1.5 1.0 0.0 -0.5 ~I.1

2.0

3.0

3.5

4.0

4.5

5.0

6.0

6.5

7.0

7.5

8.0

9.0

£1 (ppm)

33



188€°121
89L1'€Z1
615,921
9950°8Z1 |
5e61821 |
1202'8z) §
85621 1
ZYES 6L 1
0€2L'621 1
5998621 |
621 0€E1 |
65L7°0E1 |
2085°LEL o
£280°2€ 1
6908'€E 1
8611 VL
oLeLveL
68.6'vEL
VLY L —

W

L2ySvSlL —

2€09'661 —

Cl

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

210

3aj

0v0LL
8€ezlL L
(2 cAW]
29eT'L
G9€TL
zvT L
8€5TL
6€GTL
SL1ZL
02LTL
2Lz L
0€6Z°L {
2662
GE62.
8c1e L
6€1LEL
9ze€°L
128€°L 1
G18ELA
618€°L
GG8E/ 4
988€°/ |
106€"L 1
v16€L
266€°L -
€66¢°L
69172 4
€LLY L
229 L 4
G155,
96624
12162
V24621

G565°L
55657, ]

Br

r

B

0.0 -0.5 -1.0

0.5

3.5 3.0 25 20 5 1.0

4.5 4.0
£1 (ppm)

85 80 7.5 7.0 65 6.0 55 50

9.0

34



606€°L2)
vi8z'zel
1866°22)
2LZY'ET
v52T LT
200582} 1
£255'621
8512621
1162°0€1
LLEYOEL |
vELO'LEL o
YSLLLEL o
SL91LEL o W
LYEEZEL o
2059°2€l )W
98€.°2€ 1
6818°€cl
L8YEVEL
62y vyl —

SYeEV'val —

9GG¥'S61 —

Br

Br

-10

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

210

35



