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1. General Information

All catalytic reactions were carried out in Schlenk tubes (10 mL) under an atmosphere of
nitrogen with magnetic stirring. The synthesis of the Ru catalysts A-Rul-7 has been
reported in our previous studies.>? Solvents were distilled under nitrogen from calcium
hydride (CHsCN, CH2Cl2), sodium/benzophenone (THF), sodium (toluene).
1,2-dichlorobenzene was bought from Acros Organics and used without further purification.
All other reagents were commercially available and used without further purification. Flash
column chromatography was performed with silica gel 60 M from Macherey-Nagel (irregular
shaped, 230-400 mesh, pH 6.8, pore volume: 0.81 mL x g1, mean pore size: 66 A, specific
surface: 492 m? x g1, particle size distribution: 0.5% < 25 pm and 1.7% > 71 pum, water
content: 1.6%). 'H NMR and proton decoupled *C NMR spectra were recorded on Bruker
Avance 300 (300 MHz), or Bruker AM (500 MHz) spectrometers at ambient temperature.
NMR standards were used as follows: 'H NMR spectroscopy: & = 7.26 ppm (CDCls), 7.16
ppm (CeDs), 5.32 ppm (CD2Cl2). 13C NMR spectroscopy: & = 128.06 ppm (CeDs), 77.16 ppm
(CDCls), 53.84 ppm (CD2Cl2). IR spectra were recorded on a Bruker Alpha FT-IR
spectrophotometer. High-resolution mass spectra were recorded on a Bruker En Apex Ultra
7.0 TFT-MS instrument using ESI/EI/FD techniques. Chiral HPLC chromatography was
performed on Agilent 1200, Agilent 1260, or Shimadzu Lc-2030c HPLC systems with Daicel
columns (Chiralpak 1G, OD-H and IC, all with particle size of 5 um and column size of 4.6 x
250 mm). Optical rotations were measured on a Kriiss P8000-T polarimeter with [a]p??

values reported in degrees with concentrations reported in g/100 mL.
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2. Synthesis of Substrates

CAUTION: Organic azides are known to be potentially explosive compounds. All

azidation reactions and subsequent workups should be performed carefully. Once isolated,

organic azides were stored in a -20°C freezer.
Synthesis of organic azides 1a, 1e, 1r and 5 are reported.3#°

Procedure A:

LiAIH,, THF PBrs, Et,O NaNj
_—

R
\/\/\Br
DMF, 80°C

R_~_-COOH Ra~"0H R\/\/\N3
To a solution of the desired alkyl carboxylic acid (10 mmol, 1 equiv) in THF (0.5 M) was
added LiAlH4 (1.5 g, 40 mmol, 4 equiv) portionwise at 0°C under N2 atmosphere. Then the
solution was stirred at 25°C for 24 h. After that, to the reaction was added H20 (0.2 mL),
NaOH aqueous (1 M, 0.2 mL), and H20 (0.5 mL) consecutively at 0°C to quench the
reaction, and then filtered. The aqueous phase was extracted three times with diethyl ether,
the combined organic phases were dried over Na2SO4, and concentrated in vacuo to get

the alcohol compound which was directly used for the next step without further purification.

To the above alcohol compound (1 equiv) in diethyl ether (0.9 M) was added PBr3 (0.5
equiv) dropwise at 0°C under N2 atmosphere. The solution was stirred at 25°C for 20 h.
After the alcohol compound was totally consumed, the reaction was quenched by slowly by
adding H20 at 0°C. The aqueous phase was extracted three times with diethyl ether, the
combined organic phases were washed with saturated aqueous solution of NaHCO3s and
brine, dried over Na2SO4 and concentrated in vacuo to get the alkyl bromide compound

which was directly used for next step without further purification.

To a solution of the above alkyl bromide (1 equiv) in DMF (0.5 M) was added sodium azide
(1.2 equiv), and the solution was stirred for 24 h at 80°C. A 1:1 mixture of H20/diethyl ether

was added to the reaction mixture, and the aqueous phase was extracted three times with
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diethyl ether. The combined organic phases were washed several times with H20 to
remove DMF, then brine, and dried over Na2SOas. After removal of the solvent under
reduced pressure, the crude mixture was purified by flash column chromatography on a

silica gel column resulted in the analytically pure azides.
Procedure B:

AR nBuLi A~ NaN3 A
rBr —_— r
1,4-Dibromobutane Br DMF, 80°C W\N3

To a solution of the desired aryl bromide (10 mmol, 1 equiv) in diethyl ether (0.5 M) was
added nBuLi (12 mmol, 1.2 equiv) dropwise at 0°C, followed by 1,4-dibromobutane. The
mixture was then refluxed for 4 h. After cooling to room temperature, the reaction was
guenched by slowly adding H20 at 0°C. The aqueous phase was extracted three times with
diethyl ether. The combined organic phases were dried over Na2SOa4. After removal of the
solvent under reduced pressure, the crude mixture was purified by flash column

chromatography on silica gel column resulted in the desired alkyl bromide.

To a solution of the above alkyl bromide (1 equiv) in DMF (0.5 M) was added sodium azide
(1.2 equiv), and the solution was stirred for 24 h at 80°C. A 1:1 mixture of H2O/diethyl ether
was added to the reaction mixture, and the agqueous phase was extracted three times with
diethyl ether. The combined organic phases were washed several times with H20 to
remove DMF, then brine, and dried over Na2SOa. After removal of the solvent under
reduced pressure, the crude mixture was purified by flash column chromatography on a

silica gel column which resulted in the analytically pure azides.

1-(4-azidobutyl)-4-methylbenzene (1b)

T,

1b was synthesized according to the above Procedure A and obtained as a colorless oil.

3
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Yield: 49%. *H NMR (300 MHz, CDCls) & 7.17-6.99 (m, 4H), 3.28 (t, J = 6.5 Hz, 2H), 2.62 (,
J =7.2 Hz, 2H), 2.33 (s, 3H), 1.80-1.55 (m, 4H). 13C NMR (75 MHz, CDCls) & 138.9, 135.5,
129.2,128.4, 51.5, 35.1, 28.7, 28.6, 21.1. IR (film): v (cmt) 3014, 2932, 2861, 2089, 1514,
1452, 1349, 1256, 1112, 1033, 886, 805, 639, 548, 488.

1-(4-azidobutyl)-3-methylbenzene (1c)

L,

1c was synthesized according to the above Procedure A and obtained as a colorless oil.

3

Yield: 51%. 'H NMR (300 MHz, CDCls) & 7.22-7.14 (m, 1H), 7.05-6.94 (m, 3H), 3.29 (t, J =
6.5 Hz, 2H), 2.62 (t, J = 7.2 Hz, 2H), 2.34 (s, 3H), 1.78-1.57 (m, 4H). 13C NMR (75 MHz,
CDCls) & 141.9, 138.1, 129.3, 128.4, 126.8, 125.5, 51.5, 35.4, 28.6, 28.6, 21.5. IR (film): v
(cm-1) 3019, 2933, 2861, 2089, 1607, 1487, 1454, 1349, 1257, 1165, 1095, 1039, 884, 778,
696, 556, 437.

1-(4-azidobutyl)-2-methylbenzene (1d)

S GUN

1d was synthesized according to the above Procedure A and obtained as a colorless oil.

3

Yield: 45%. H NMR (300 MHz, CDCls) & 7.22-7.07 (m, 4H), 3.32 (t, J = 6.3 Hz, 2H), 2.65
(dd, J = 8.7, 5.8 Hz, 2H), 2.33 (s, 3H), 1.79-1.59 (m, 4H). 3C NMR (75 MHz, CDCl3) &
140.1, 135.9, 130.4, 128.9, 126.2, 126.1, 51.5, 32.9, 28.9, 27.4, 19.4. IR (film): v (cm™)
3018, 2937, 2865, 2089, 1490, 1457, 1349, 1255, 1117, 1057, 887, 742, 666, 554, 447.

1-(4-azidobutyl)-4-methoxybenzene (1f)

OMe

Me0\©\/\/\
N

3
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1f was synthesized according to the above Procedure A and obtained as a pale yellow oil.
Yield: 55%. 'H NMR (300 MHz, CDCls) 5 6.80 (d, J = 8.7 Hz, 1H), 6.74-6.68 (m, 2H), 3.88
(s, 3H), 3.86 (s, 3H), 3.29 (t, J = 6.5 Hz, 2H), 2.60 (t, J = 7.2 Hz, 2H), 1.77-1.57 (m, 4H). 13C
NMR (75 MHz, CDCIl3) 6 149.1, 147.5, 134.6, 120.3, 111.9, 111.5, 56.1, 56.0, 51.5, 35.1,
28.8, 28.6. HRMS (ESI, m/z) calcd. for C12H17N3O2Na [M+Na]*: 258.1213, found: 258.1222.
IR (film): v (cm™1) 2999, 2935, 2861, 2090, 1590, 1512, 1457, 1417, 1257, 1234, 1145,
1026, 931, 853, 804, 760, 632, 597, 556.

4-(4-azidobutyl)-1,1'-biphenyl (1g)

Ph\@\/\/\
N

1g was synthesized according to the above Procedure B and obtained as a colorless oil.

3

Yield: 76%. *H NMR (300 MHz, CDCl3) & 7.64-7.48 (m, 4H), 7.44 (dd, J = 10.2, 4.8 Hz, 2H),
7.37-7.29 (m, 1H), 7.27 (s, 1H), 7.24 (s, 1H), 3.31 (t, J = 6.6 Hz, 2H), 2.70 (t, J = 7.3 Hz, 2H),
1.83-1.60 (m, 4H). 13C NMR (75 MHz, CDCls) & 141.2, 141.1, 139.1, 128.9, 128.9, 127.3,
127.2,127.1, 51.5, 35.1, 28.6, 28.6. IR (film): v (cm1) 3027, 2934, 2860, 2089, 1602, 1486,
1453, 1407, 1349, 1257, 1115, 1073, 1004, 832, 757, 695, 590, 552, 503.

(4-(4-azidobutyl)phenyl)(methyl)sulfane (1h)

N

1h was synthesized according to the above Procedure B and obtained as a colorless oil.

3

Yield: 13%. *H NMR (300 MHz, CDCls) & 7.24-7.17 (m, 2H), 7.14-7.06 (m, 2H), 3.28 (t, J =
6.5 Hz, 2H), 2.61 (t, J = 7.2 Hz, 2H), 2.47 (s, 3H), 1.75-1.56 (m, 4H). 3C NMR (75 MHz,
CDCls) & 139.1, 135.6, 129.0, 127.4, 51.5, 34.9, 28.5, 16.5. IR (film): v (cm™1) 2924, 2857,
2091, 1492, 1442, 1349, 1259, 1094, 1016, 962, 885, 806, 738, 658, 627, 527, 489.

4-(4-azidobutyl)-N,N-dimethylaniline (1i)
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N

1i was synthesized according to the above Procedure B and obtained as a colorless oil.

3

Yield: 15%. *H NMR (300 MHz, CDCl3s) & 7.06 (d, J = 8.5 Hz, 2H), 6.72 (d, J = 8.5 Hz, 2H),
3.28 (t, J = 6.4 Hz, 2H), 2.92 (s, 6H), 2.56 (t, J = 7.0 Hz, 2H), 1.75-1.55 (m, 4H). 13C NMR
(75 MHz, CDCl3) & 149.2, 129.1, 113.3, 51.6, 41.1, 34.5, 28.8, 28.6. IR (film): v (cm™2) 2930,
2857, 2798, 2089, 1614, 1519, 1449, 1342, 1259, 1161, 1130, 1062, 946, 887, 808, 743,
673, 554, 516.

4-(4-azidobutyl)phenyl diethyl phosphate (1))

1j was synthesized according to the method below.

0]

1} 0
HO Cl—P-OFt - .0
OEt alNg -\
> » EtO OE:@\/\/\N

Br Et;N, CH,Cl, DMF, 80°C

3

To the above 4-(4-bromobutyl)phenol (1 equiv) in dry CH2Cl2 (0.5 M) was added NEts (2
equiv), followed by diethyl phosphorochloridate dropwise at 0°C under N2 atmosphere. The
solution was stirred at 25°C overnight. The reaction was quenched by slowly adding HCI
aqueous (1 M). The aqueous phase was extracted with CH2Cl2, the combined organic
phases were washed with saturated aqueous solution of NaHCO3s and brine, dried over
Na2SOas. The crude mixture was purified by flash column chromatography on a silica gel

column resulting in the analytically pure alkyl bromide.

To a solution of the above alkyl bromide (1 equiv) in DMF (0.5 M) was added sodium azide
(1.2 equiv), and the solution was stirred for 24 h at 80°C. A 1:1 mixture of H2O/ethyl acetate
was added to the reaction mixture, and the aqueous phase was extracted five times with
ethyl acetate. The combined organic phases were washed several times with H20 to
remove DMF, then brine, and dried over Na2SOas. After removal of the solvent under

reduced pressure, the crude mixture was purified by flash column chromatography on a
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silica gel column resulted in the analytically pure alkyl azides 1j as a colorless oil. Yield:
12% for two steps. 'H NMR (300 MHz, CDCls) & 7.12 (s, 4H), 4.20 (p, J = 7.3 Hz, 4H), 3.27
(t, J = 6.4 Hz, 2H), 2.61 (t, J = 7.2 Hz, 2H), 1.71-1.54 (m, 4H), 1.34 (t, J = 7.1 Hz, 6H). 13C
NMR (75 MHz, CDCls) 6 149.2, 149.1, 138.6, 129.6, 120.0, 120.0, 64. 7, 64.6, 51.4, 34.7,
28.6, 28.5, 16.3, 16.2. IR (film): v (cm™) 2985, 2935, 2864, 2093, 1606, 1506, 1451, 1365,
1274, 1215, 1165, 1101, 1024, 955, 933, 812, 765, 689, 637, 545, 511.

1-(4-azidobutyl)-4-(benzyloxy)benzene (1k)

1k was synthesized according to the method below.

HO
Ph” B NaN, Ph©
? o '
Br K2CO3 N

DMF, 80°C
acetone 3

A mixture of 4-(4-bromobutyl)phenol (1 equiv), K2COs and benzyl bromide in acetone (0.1
M) was stirred at 50°C overnight. After the reaction was finished, acetone was removed
under reduced pressure. A 1:1 mixture of H2O/CH2Cl2 was added to the residue, and the
organic phase washed with water for several times, then brine, dried over NazSOa4. The
crude mixture was purified by flash column chromatography on a silica gel column resulting

in the analytically pure alkyl bromide.

To a solution of the above alkyl bromide (1 equiv) in DMF (0.5 M) was added sodium azide
(1.2 equiv), and the solution was stirred for 24 h at 80°C. A 1:1 mixture of H2O/ethyl acetate
was added to the reaction mixture, and the aqueous phase was extracted five times with
ethyl acetate. The combined organic phases were washed several times with H20 to
remove DMF, then brine, and dried over Na2SOas. After removal of the solvent under
reduced pressure, the crude mixture was purified by flash column chromatography on a
silica gel column resulting in the analytically pure alkyl azides 1k as a colorless oil. Yield:
62% for two steps. *H NMR (300 MHz, CDCl3) 8 7.12 (s, 4H), 4.20 (p, J = 7.3 Hz, 4H), 3.27
(t, J = 6.4 Hz, 2H), 2.61 (t, J = 7.2 Hz, 2H), 1.71-1.54 (m, 4H), 1.34 (t, J = 7.1 Hz, 6H). 13C
NMR (75 MHz, CDCls) 6 149.2, 149.1, 138.6, 129.6, 120.0, 120.0, 64. 7, 64.6, 51.4, 34.7,
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28.6, 28.5, 16.3, 16.2. IR (film): v (cm™?1) 3032, 2933, 2861, 2090, 1610, 1583, 1508, 1456,
1378, 1350, 1293, 1233, 1175, 1112, 1077, 1018, 912, 859, 824, 735, 695, 642, 611, 552,
510, 455.

1-(4-azidobutyl)-4-fluorobenzene (1l)

T,

11 was synthesized according to the above Procedure A and obtained as a colorless oil.

3

Yield: 60%. *H NMR (300 MHz, CDCls) & 7.18-7.06 (m, 2H), 7.04-6.91 (m, 2H), 3.29 (t, J =
6.5 Hz, 2H), 2.62 (t, J = 7.2 Hz, 2H), 1.75-1.55 (m, 4H). 13C NMR (75 MHz, CDCl3) & 163.1,
159.9, 137.6, 137.5, 129.9, 129.8, 115.4, 115.1, 51.5, 34.7, 28.7, 28.5. 9F NMR (282 MHz,
CDCls) & -117.64. IR (film): v (cm™Y) 2937, 2863, 2090, 1602, 1507, 1456, 1350, 1221,
1156, 1100, 1013, 826, 759, 703, 637, 547, 500, 422.

1-(4-azidobutyl)-4-chlorobenzene (1m)

1m was synthesized according to the above Procedure A and obtained as a colorless oil.

3

Yield: 56%. *H NMR (300 MHz, CDCls) & 7.25 (dd, J = 6.5, 1.9 Hz, 2H), 7.10 (d, J = 8.3 Hz,
2H), 3.28 (t, J = 6.5 Hz, 2H), 2.62 (t, J = 7.3 Hz, 2H), 1.79-1.55 (m, 4H). 13C NMR (75 MHz,
CDCls) & 140.4, 131.8, 129.8, 128.6, 51.4, 34.9, 28.51, 28.49. IR (film): v (cmt) 2936,
2862, 2090, 1490, 1457, 1407, 1349, 1255, 1091, 1014, 887, 811, 711, 661, 630, 525, 485.

2-(4-azidobutyl)naphthalene (1n)

e,

1n was synthesized according to the above Procedure B and obtained as a colorless oil.

3
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Yield: 60%. *H NMR (300 MHz, CDCls) & 7.87 (dd, J = 10.1, 7.9 Hz, 3H), 7.68 (s, 1H),
7.58-7.47 (m, 2H), 7.39 (dd, J = 8.4, 1.5 Hz, 1H), 3.33 (t, J = 6.7 Hz, 2H), 2.86 (t, J = 7.4 Hz,
2H), 1.92-1.79 (m, 2H), 1.78-1.64 (m, 2H). 3C NMR (75 MHz, CDCls) & 139.4, 133.7, 132.1,
128.0, 127.7, 127.5, 127.2, 126.5, 126.0, 125.3, 51.4, 35.5, 28.5, 28.3. IR (film): v (cm)
3052, 2935, 2860, 2088, 1632, 1599, 1507, 1455, 1353, 1261, 1151, 1075, 1015, 954, 891,
853, 814, 744, 643, 555, 473, 403.

2-(4-azidobutyl)dibenzo[b,d]thiophene (10)

S

1o was synthesized according to the above Procedure B and obtained as a colorless oil.
Yield: 35%. 'H NMR (300 MHz, CDCls) & 8.20-8.11 (m, 1H), 7.96 (d, J = 0.9 Hz, 1H),
7.89-7.82 (m, 1H), 7.77 (d, J = 8.2 Hz, 1H), 7.51-7.41 (m, 2H), 7.29 (dd, J = 8.2, 1.6 Hz,
1H), 3.32 (t, J = 6.7 Hz, 2H), 2.83 (t, J = 7.5 Hz, 2H), 1.82 (tt, J = 8.1, 7.0 Hz, 2H), 1.75-1.63
(m, 2H). 3C NMR (75 MHz, CDCIs) & 140.0, 138.4, 137.2, 135.9, 135.6, 127.6, 126.8,
124.4, 123.0, 122.8, 121.7, 121.3, 51.5, 35.6, 29.0, 28.6. IR (film): v (cm) 2932, 2859,
2088, 1464, 1428, 1349, 1262, 1156, 1069, 1022, 933, 884, 810, 762, 729, 674, 610, 556,
505, 417.

2-(4-azidobutyl)dibenzo[b,d]furan (1p)

B,

1p was synthesized according to the above Procedure B and obtained as a colorless oil.
Yield: 21%. *H NMR (300 MHz, CDClz) 8 7.94 (dd, J = 7.6, 0.7 Hz, 1H), 7.75 (d, J = 1.3 Hz,
1H), 7.56 (d, J = 8.2 Hz, 1H), 7.45 (dt, J = 8.3, 5.0 Hz, 2H), 7.37-7.25 (m, 2H), 3.32 (t, J =
6.7 Hz, 2H), 2.81 (t, J = 7.4 Hz, 2H), 1.89-1.60 (m, 4H). 3C NMR (75 MHz, CDCl3) & 156.7,
155.0, 136.5, 127.7,127.2, 124.5, 124.4, 122.7, 120.7, 120.2, 111.8, 111.5, 51.5, 35.5, 29.2,
28.6. IR (film): v (cm™) 3050, 2934, 2861, 2089, 1594, 1478, 1445, 1347, 1270, 1248,
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1191, 1114, 1074, 1018, 930, 884, 841, 810, 746, 649, 617, 559, 421.

2-(4-azidobutyl)thiophene (1q)
</j\/\/\
S N

19 was synthesized according to the above Procedure A and obtained as a colorless oil.
Yield: 48%. *H NMR (300 MHz, CDClz) & 7.13 (dd, J = 5.1, 1.2 Hz, 1H), 6.92 (dd, J = 5.1,
3.4 Hz, 1H), 6.82-6.76 (m, 1H), 3.30 (t, J = 6.6 Hz, 2H), 2.87 (t, J = 7.1 Hz, 2H), 1.84-1.60
(m, 4H). 13C NMR (75 MHz, CDCls) &6 144.7, 126.9, 124.4, 123.3, 51.4, 29.5, 29.0, 28.4. IR
(film): v (cm™1) 2936, 2861, 2089, 1446, 1350, 1249, 1135, 1076, 1035, 890, 848, 824, 692,

3

557, 475.
3-(4-azidobutyl)-9-methyl-9H-carbazole (1s)

I,

1s was synthesized according to the above Procedure B and obtained as a colorless oil.
Yield: 46%. *H NMR (300 MHz, CDCls) & 8.09 (d, J = 7.7 Hz, 1H), 7.90 (s, 1H), 7.48 (t, J =
7.6 Hz, 1H), 7.42-7.27 (m, 3H), 7.23 (t, J = 7.4 Hz, 1H), 3.84 (s, 3H), 3.31 (t, J = 6.8 Hz, 2H),
2.85 (t, J = 7.4 Hz, 2H), 1.89-1.62 (m, 4H). 13C NMR (75 MHz, CDCls) d 141.5, 139.8, 132.5,
126.5, 125.7, 123.1, 122.8, 120.4, 119.9, 118.8, 108.5, 108.4, 51.6, 35.6, 29.4, 29.2, 28.6.
IR (film): v (cm™!) 3051, 3021, 2930, 2858, 2089, 1602, 1483, 1355, 1326, 1244, 1148,
1122, 1058, 1015, 924, 883, 847, 800, 773, 741, 681, 623, 589, 559, 423.

1-(azidomethyl)-2-benzylbenzene (1t)
Ph
N3
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1t was synthesized according to the above Procedure B and obtained as a pale yellow oil.
Yield: 47%. *H NMR (300 MHz, CDCl3) & 7.36-7.26 (m, 5H), 7.24-7.17 (m, 2H), 7.12 (d, J =
7.0 Hz, 2H), 4.30 (s, 2H), 4.09 (s, 2H). 3C NMR (75 MHz, CDCls) & 140.0, 139.3, 133.8,
131.1, 129.9, 128.9, 128.8, 128.7, 127.1, 126.4, 52.9, 38.8. IR (film): v (cm™) 3063, 3026,
2923, 2091, 1600, 1491, 1449, 1343, 1249, 1099, 1073, 1028, 878, 793, 728, 695, 616,
589, 555, 500, 459.

2-(azidomethyl)-3-benzylnaphthalene (1u)

1u was synthesized according to the above Procedure B and obtained as a white solid.
Yield: 35%. H NMR (300 MHz, CDCls) 57.74-7.58 (m, 3H), 7.49 (s, 1H), 7.38-7.27 (m, 2H),
7.21-6.98 (m, 5H), 4.23 (s, 2H), 4.08 (s, 2H). 3C NMR (75 MHz, CDCls) §139.9, 136.7,
133.5, 132.3, 129.8, 129.0, 128.9, 128.7, 127.8, 127.4, 126.6, 126.5, 126.1, 53.3, 39.1. IR
(film): v (cm™) 3052, 3024, 2929, 2885, 2855, 2101, 2074, 1595, 1493, 1443, 1336, 1227,
1186, 1147, 1077, 1025, 951, 900, 855, 807, 746, 727, 698, 647, 619, 586, 553, 477, 455.
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3. General Procedure for Catalytic Asymmetric C-H Amination

3.1 Initial optimization of the C-H amination reaction

: | (PFe)2
i | N
|
[} 7
H Fé“ C"E‘)t- Bocy,, E (/:'1\1 h N,’C,Me
oc ! n,, 4
ANy 2220 Q os N o
1a Ph EMeS\N“( | \N‘\\C
2a PN Ny  Me
*H E I Z
P NN R
3 R = 3,5-DitBuPh
Ru1

A dried 10 mL Schlenk tube was charged with azide 1a and rac-Rul under an atmosphere
of nitrogen. The indicated solvent and additives were then added followed by Boc20. The
reaction mixture was stirred at the indicated temperature for 40 h under an atmosphere of
nitrogen. The crude mixture was cooled down to room temperature and transferred to a 25
mL flask. All volatiles were removed from the solution via rotary evaporation. The residue
was then analyzed by *H NMR spectroscopy using Cl2CHCHCIz as internal standard to

determine the conversion, yield of 2a and 3.

Table S1. Survey of solvents?

Entry Solvent Conversion Yield of 2a (%)  Yield of 3 (%)P
(%)°

1 DMF 0 0 0

2 1,4-Dioxane 49 18 8

3 Toluene 52 22 9

4 CICH2CH:CI 48 15 12

5 iPrOH 43 0 20

6 3-Pentanone 48 9 24

aReaction conditions: 1a (0.1 mmol), rac-Rul catalyst (0.002 mmol, 2 mol%) and Boc20
(0.1 mmol, 1 equiv) in indicated solvent (0.25 mL, 0.4 M) were stirred at 85°C for 40 h
under an atmosphere of nitrogen. PDetermined by 'H NMR of the crude products using
Cl2CHCHCI: as internal standard.
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Table S2. Survey of temperature?

Entry Temperature Conversion Yield of 2a (%) Yield of 3 (%)
) (%)°

1 60 0 0 0

2 75 17 5 5

3 85 52 22 9

4 95 57 26 14

5 105 59 25 15

aReaction conditions: 1a (0.1 mmol), rac-Rul catalyst (0.002 mmol, 2 mol%) and Boc20
(0.1 mmol, 1 equiv) in toluene (0.25 mL, 0.4 M) were stirred at indicated temperature for 40
h under an atmosphere of nitrogen. ?PDetermined by *H NMR of the crude products using
Cl2CHCHCI: as internal standard.

Table S3. Survey of amount of Boc202

Entry Boc20 (equiv) Conversion Yield of 2a (%)  Yield of 3 (%)P
(%)°

1 1.0 57 26 14

2 1.2 58 25 15

3 2.0 57 20 18

4 4.0 65 16 21

aReaction conditions: 1a (0.1 mmol), rac-Rul catalyst (0.002 mmol, 2 mol%) and Boc20 in
toluene (0.25 mL, 0.4 M) were stirred at 95°C for 40 h under an atmosphere of nitrogen.
bDetermined by *H NMR of the crude products using CI2CHCHCI2 as internal standard.

Table S4. Survey of concentration?

Entry Concentration Conversion Yield of 2a (%) Yield of 3 (%)
(M) (%)°

1 0.25 22 10 6

2 0.4 57 26 14

3 1.0 65 27 18

aReaction conditions: 1a (0.1 mmol), rac-Rul catalyst (0.002 mmol, 2 mol%) and Boc20
(0.1 mmol, 1 equiv) in toluene were stirred at 95°C for 40 h under an atmosphere of
nitrogen. °Determined by 'H NMR of the crude products using CI2CHCHCI2 as internal
standard.
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Table S5. Survey of additives?

Entry Additive Conversion Yield of 2a Yield of 3 (%)
(%)° (%)°

1 Pyridine 39 8 5

2 P(OPh)s 65 15 10

3 P(cy)s 58 20 11

4 P(Ph)s 79 44 17

5 P(4-MeO-Ph)s 64 18 15

6 P(4-F-Ph)s 81 46 18

7 P(Pentafluoropheny)s 77 31 16

8 P(2-Me-Ph)s 60 20 15

aReaction conditions: la (0.1 mmol), rac-Rul catalyst (0.002 mmol, 2 mol%), indicated
additive (0.002 mmol, 2 mol%) and Boc20 (0.1 mmol, 1 equiv) in toluene (0.25 mL, 0.4 M)
were stirred for 40 h at 95°C under an atmosphere of nitrogen. PDetermined by *H NMR of
the crude products using Cl2CHCHCI: as internal standard.

Table S6. Survey of amount of P(4-F-Ph)s and catalyst loading?

Entry rac-Rul P(4-F-Ph)s Conversion Yield of 2a Yield of 3
(mol %) (mol %) (%)P (%)P (%)°P
1 2 0.5 75 40 16
2 2 1 80 47 17
3 2 2 81 46 18
4 2 5 89 40 17
5 1 1 81 46 18
6 4 1 75 40 19
7° 1 1 79 46 15
ged 2 1 83 48 17
gce 1 2 84 43 16
10¢f 2 2 82 48 17

aReaction conditions: 1a (0.1 mmol), rac-Rul catalyst, P(4-F-Ph)s and Boc20 (0.1 mmol, 1
equiv) in toluene (0.25 mL, 0.4 M) were stirred at 95°C for 40 h under an atmosphere of
nitrogen. PDetermined by 'H NMR of the crude products using CI.CHCHCI. as internal
standard. ¢1,2-dichlorobenzene as the solvent. 91 mol% Ru catalyst was added initially,
and another 1 mol% catalyst was added after 30 h of the reaction. The new mixture was
stirred for another 20 h. 1 mol% P(4-F-Ph)s was added initially, and another 1 mol%
P(4-F-Ph)s was added after 30 h of the reaction. The new mixture was stirred for another
20 h. 11 mol% Ru catalyst and P(4-F-Ph)s were added initially, and another 1 mol% Ru
catalyst and P(4-F-Ph)s were added after 30 h of the reaction. The new mixture was stirred
for another 20 h.
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Table S7. Survey of different ruthenium catalysts?

Entry Cat. P(4-F-Ph)s Conversion Yield of
(2 mol%) (2 mol%) (%)P 2a (%)°
no 87 0
1 RuClz(PPhs)s
yes 80 0
Ru( \Chal no 80 0
u(p-cymene
2 ey ok yes 85 0
no 0 0
3 [RuCp*(CH3CN)s]PFs
yes 0 0
4 Cp*RuCl(cod) no < 0
P yes <5 0
. . no 0 0
5 CpRuCl[bis(diphenylphosphino)methane]
yes 0 0

aReaction conditions: 1a (0.1 mmol), 2 mol% Ru catalyst, 2 mol% P(4-F-Ph)s and Boc20
(0.1 mmol, 1 equiv) in 1,2-dichlorobenzene (0.25 mL, 0.4 M) were stirred at 95°C for 20 h
under an atmosphere of nitrogen. PDetermined by H NMR of the crude products using
ClI2CHCHCI: as internal standard.

Note: 1,2-dichlorobenzene was finally used as solvent for this reaction because of solubility
problem of the Ru catalyst. We later found that some of the Ru catalysts (e.g. Ru2, Ru3 and
Ru7) were soluble in 1,2-dichlorobenzene but not in toluene, and the reactivity was similar
in both solvents. We therefore screened different chiral catalysts for the enantioselective

reactions using 1,2-dichlorobenzene as the solvent.

3.2 Standard procedure for the substrate scope

A dried 10 mL Schlenk tube was charged with organic azides 1a-u (0.2 mmol) and A-Ru7
(2.6 mg, 0.002 mmol, 1 mol%) under an atmosphere of nitrogen. A solution of 0.5 mL
P(4-F-Ph)s (0.5 mL, 4 mM in 1,2-dichlorobenzene) was added via syringe, followed by
Boc20 (45.8 pL, 0.2 mmol, 1 equiv). The reaction mixture was stirred at 95°C for 60 h under
an atmosphere of nitrogen. Afterwards, the mixture was concentrated under reduced
pressure, and the residue was purified by flash chromatography on silica gel

(n-hexane/EtOAc = 60:1 to 15:1) to afford the analytically pure products 2a-u. Enantiomeric
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excess was determined by HPLC analysis on chiral stationary phase. The absolute
configuration of the product was determined by comparing the optical rotation with the

reported literature.®

tert-butyl (R)-2-phenylpyrrolidine-1-carboxylate (2a)®

Boc.

: j w

Starting from 1a (35.0 mg, 0.20 mmol) according to the general procedure to provide 2a as
a white solid (25.0 mg, 51% yield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 95% (HPLC: 220 nm, n-hexane/isopropanol =
97: 3, flow rate 1.0 mL/min, 25°C, t: (major) = 9.6 min, t: (minor) = 10.4 min). [a]p?? = +82.9°
(c = 1.0, CH2Cl2). 'H NMR (300 MHz, CDCls) & 7.34-7.26 (m, 2H), 7.24-7.14 (m, 3H),
5.05-4.65 (br, m, 1H), 3.74-3.45 (br, m, 2H), 2.41-2.19 (br, m, 1H), 1.99-1.78 (m, 3H),
1.55-1.11 (br, m, 9H). 13C NMR (75 MHz, CDCls) & 154.7, 145.3, 128.3, 126.6, 125.6, 79.3,
61.5, 60.9, 47.3, 36.1, 34.9, 28.3, 23.4. HRMS (ESI, m/z) calcd. for C1sH21NO2Na [M+Na]*:
270.1465, found: 270.1463.

tert-butyl (R)-2-(p-tolyl)pyrrolidine-1-carboxylate (2b)®

Starting from 1b (37.9 mg, 0.20 mmol) according to the general procedure to give 2b as a
white solid (27.1 mg, 52% vyield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 93% (HPLC: 220 nm, n-hexane/isopropanol =
99: 1, flow rate 1.0 mL/min, 25°C, t; (major) = 13.0 min, tr (minor) = 15.9 min). [a]p?? =
+91.6° (¢ = 1.0, CH2Cl2). IH NMR (300 MHz, CDCl3) & 7.13-7.01 (m, 4H), 5.04-4.64 (br, m,
1H), 3.70-3.42 (br, m, 2H), 2.38-2.20 (m, 4H), 1.97-1.75 (m, 3H), 1.53-1.12 (br, m, 9H). 13C

NMR (75 MHz, CDCls) 6 154.7, 142.2, 136.1, 128.9, 125.5, 79.2, 61.2, 47.2, 36.1, 28.4,
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23.3, 21.1. HRMS (ESI, m/z) calcd. for C16H2sNO2Na [M+Na]*: 284.1621, found: 284.1621.

tert-butyl (R)-2-(m-tolyl)pyrrolidine-1-carboxylate (2¢)®

Starting from 1c (37.9 mg, 0.2 mmol) according to the general procedure to give 2c as a
white solid (26.1 mg, 50% yield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 91% (HPLC: 220 nm, n-hexane/isopropanol =
99: 1, flow rate 1.0 mL/min, 25°C, t; (major) = 14.6 min, tr (minor) = 16.6 min). [a]p?? =
+83.5° (¢ = 1.0, CH2Cl2). IH NMR (300 MHz, CDCls) & 7.22-7.12 (m, 1H), 7.05-6.92 (m, 3H),
5.04-4.59 (br, m, 1H), 3.75-3.37 (br, m, 2H), 2.38-2.22 (m, 4H), 1.98-1.74 (m, 3H), 1.53-1.09
(br, m, 9H). 3C NMR (75 MHz, CDCls) & 154.8, 145.2, 137.8, 128.2, 127.3, 126.4, 122.8,
79.3,61.5, 47.3, 36.1, 28.3, 23.4, 21.6. HRMS (ESI, m/z) calcd. for C16H23NO2Na [M+Na]*:
284.1621, found: 284.1622.

tert-butyl (R)-2-(o-tolyl)pyrrolidine-1-carboxylate (2d)’

Boc
O

Starting from 1d (37.9 mg, 0.2 mmol) according to the general procedure to give 2d as a
white solid (7.8 mg, 15% yield). Enantiomeric excess was established by HPLC analysis by
using a Daicel Chiralpak IG column, ee = 90% (HPLC: 220 nm, n-hexane/isopropanol = 99:
1, flow rate 1.0 mL/min, 25°C, t: (major) = 13.9 min, t: (minor) = 15.4 min). [a]p%2 = +89.1° (c
= 1.0, CH2Cl2). *H NMR (300 MHz, CDCls) 6 7.18-7.02 (m, 4H), 5.20-4.89 (br, m, 1H),
3.75-3.39 (br, m, 2H), 2.40-2.21(m, 4H), 2.00-1.65 (m, 3H), 1.50-1.10 (br, m, 9H). 3C NMR
(75 MHz, CDCls) 6154.6, 143.5, 134.0, 130.1, 126.4, 126.0, 124.6, 79.2, 58.2, 47.3, 34.3,
33.0, 28.6, 28.2, 23.3, 19.4. HRMS (ESI, m/z) calcd. for CisH23NO2Na [M+Na]*: 284.1621,

found: 284.1620.
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tert-butyl (R)-2-(4-methoxyphenyl)pyrrolidine-1-carboxylate (2e)®

Starting from le (41.1 mg, 0.2 mmol) according to the general procedure to give 2e as a
white solid (29.3 mg, 53% yield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 99% (HPLC: 220 nm, n-hexane/isopropanol =
99: 1, flow rate 1.0 mL/min, 25°C, t: (minor) = 26.3 min, tr (major) = 28.2 min). [a]p?? =
+108.6° (¢ = 1.0, CH2Cl2). *H NMR (300 MHz, CDCl3) & 7.15-7.03 (m, 2H), 6.90-6.76 (m,
2H), 5.05-4.57 (br, m, 1H), 3.79 (s, 3H), 3.69-3.40 (br, m, 2H), 2.37-2.16 (m, 1H), 1.99-1.73
(m, 3H), 1.48-1.13 (br, m, 9H). 3C NMR (75 MHz, CDCls) & 158.4, 154.8, 129.4, 126.7,
113.7, 79.2, 60.8, 55.4, 47.2, 36.2, 28.4, 23.4. HRMS (ESI, m/z) calcd. for Ci16H23NO3sNa
[M+Na]*: 300.1570, found: 300.1571.

tert-butyl (R)-2-([1,1'-biphenyl]-4-yl)pyrrolidine-1-carboxylate (2f)2

Starting from 1f (50.3 mg, 0.2 mmol) according to the general procedure to give 2f as a
white solid (32.2 mg, 50% yield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 94% (HPLC: 254 nm, n-hexane/isopropanol =
99: 1, flow rate 1.0 mL/min, 25°C, t: (major) = 21.2 min, tr (minor) = 27.2 min). [a]p? =
+69.7° (c = 1.0, CH2Cl2). *H NMR (300 MHz, CDCl3) & 7.64-7.51 (m, 4H), 7.48-7.40 (m, 2H),
7.37-7.30 (M, 1H), 7.28-7.22 (m, 2H), 5.11-4.71 (br, m, 1H), 3.77-3.45 (br, m, 2H), 2.46-2.21
(m, 1H), 2.05-1.79 (m, 3H), 1.48 (br, s, 3H), 1.22 (br, s, 6H). 3C NMR (75 MHz, CDCl3) &
154.7, 144.4, 141.1, 139.6, 128.8, 127.2, 127.1, 127.0, 126.1, 79.4, 61.2, 47.3, 36.1, 28.4,
23.4. HRMS (ESI, m/z) calcd. for C21H2sNO2Na [M+Na]*: 346.1778, found: 346.1776.

tert-butyl (R)-2-(3,4-dimethoxyphenyl)pyrrolidine-1-carboxylate (2g)®
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Starting from 1g (47 mg, 0.2 mmol) according to the general procedure to give 2g as a
white solid (31.3 mg, 51% yield). Enantiomeric excess was established by HPLC analysis
by using a Chiralpak IC column, ee = 94% (HPLC: 220 nm, n-hexane/isopropanol = 80: 20,
flow rate 1.0 mL/min, 25°C, t- (major) = 17.1 min, t: (minor) = 20.6 min). [a]p?? = +75.6°](c =
1.0, CH2Cl2). *H NMR (300 MHz, CDCls) 4 6.85-6.76 (m, 1H), 6.75-6.62 (m, 2H), 5.05-4.60
(br, m, 1H), 3.85 (s, 6H), 3.68-3.43 (br, m, 2H), 2.40-2.15 (m, 1H), 1.98-1.75 (m, 3H),
1.50-1.13 (br, m, 9H). 3C NMR (75 MHz, CDCIs) & 154.8, 149.0, 147.8, 138.0, 117.7, 111.2,
109.1, 79.3, 61.1, 56.1, 56.0, 47.3, 36.1, 28.4, 23.4. HRMS (ESI, m/z) calcd. for
Ci17H2sNOsNa [M+Na]*: 330.1676, found: 330.1673.

tert-butyl (R)-2-(4-(methylthio)phenyl)pyrrolidine-1-carboxylate (2h)

Starting from 1h (44.3 mg, 0.2 mmol) according to the general procedure to give 2h as a
colourless oil (29.9 mg, 51% vyield). (Note: The isolated target product contains the side
product tert-butyl (4-(4-(methylthio)phenyl)butyl)carbamate which cannot be totally
removed.) Enantiomeric excess was established by HPLC analysis by using a Daicel
Chiralpak IG column, ee = 94% (HPLC: 220 nm, n-hexane/isopropanol = 99: 1, flow rate 1.0
mL/min, 25°C, t: (major) = 24.7 min, t- (minor) = 30.1 min). [a]o?? = +28.2° (c = 1.0, CH2Cl).
IH NMR (300 MHz, CDClz) § 7.23-7.17 (m, 2H), 7.12-7.06 (m, 2H), 5.04-4.65 (br, m, 1H),
3.72-3.39 (br, m, 2H), 2.47 (s, 3H), 2.33-2.21 (m, 1H), 1.94-1.73 (m, 3H), 1.44 (br, s, 3H),
1.21 (br, s, 6H). 13C NMR (75 MHz, CDCls) 6 154.7, 136.3, 129.1, 127.4, 126.2, 79.4, 60.9,
47.3, 35.6, 28.5, 23.4, 16.4. IR (film): v (cm™) 2972, 2926, 2874, 1689, 1490, 1445, 1390,
1251, 1161, 1112, 1016, 967, 901, 871, 818, 774, 569, 521. HRMS (ESI, m/z) calcd. for
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Ci6H2sNSO2Na[M+Na]*: 316.1342, found: 316.1342.

tert-butyl (R)-2-(4-(dimethylamino)phenyl)pyrrolidine-1-carboxylate (2i)

Starting from 1i (43.6 mg, 0.2 mmol) according to the general procedure to give 2i as a
white solid (32.0 mg, 55% yield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 77% (HPLC: 254 nm, n-hexane/isopropanol =
95: 5, flow rate 1.0 mL/min, 25°C, tr (major) = 12.1 min, tr (minor) = 15.2 min). [a]p?? =
+86.2° (c = 1.0, CH2Cl2). H NMR (300 MHz, CDClI3s) 6 7.03 (d, J = 8.5 Hz, 2H), 6.68 (d, J =
8.7 Hz, 2H), 5.05-4.51 (br, m, 1H), 3.70-3.40 (br, m, 2H), 2.92 (s, 6H), 2.35-2.11 (m, 1H),
1.98-1.74 (m, 3H), 1.44 (br, s, 3H), 1.23 (br, s, 6H). 13C NMR (75 MHz, CDCls) & 154.8,
149.7, 133.3, 126.5, 112.7, 79.1, 60.8, 47.1, 41.0, 36.0, 28.5, 23.3. IR (film): v (cm™) 2964,
2924, 2862, 2803, 2095, 1678, 1614, 1565, 1520, 1480, 1450, 1394, 1353, 1226, 1159,
1106, 1026, 946, 895, 865, 816, 769, 696, 611, 571, 529, 469, 432. HRMS (ESI, m/z) calcd.
for C17H27N202 [M+H]*: 291.2067, found: 291.2065.

tert-butyl (R)-2-(4-((diethoxyphosphoryl)oxy)phenyl)pyrrolidine-1-carboxylate (2))

Starting from 1j (65.3 mg, 0.2 mmol) according to the general procedure to give 2j as a
colourless oil (25.6 mg, 32% vyield). Enantiomeric excess was established by HPLC
analysis by using a Daicel Chiralpak 1G column, ee = 92% (HPLC: 220 nm,
n-hexane/isopropanol = 80: 20, flow rate 1.0 mL/min, 25°C, tr (minor) = 19.0 min, t- (major)
= 20.8 min). [a]p?? = +54.7° (c = 1.0, CH2Cl2). *H NMR (300 MHz, CDClz) & 7.17-7.09 (m,
4H), 5.05-4.60 (br, m, 1H), 4.27-4.13 (m, 4H), 3.72-3.40 (br, m, 2H), 2.39-2.18 (m, 1H),

1.95-1.72 (m, 3H), 1.45-1.10 (m, 15H). 13C NMR (75 MHz, CDCl3) & 154.7, 149.5, 149.5,
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129.7, 126.9, 119.9, 119.8, 79.5, 64.7, 64.6, 60.6, 47.3, 36.1, 28.4, 23.4, 16.3, 16.2. IR
(film): v (cm™) 2977, 2932, 1691, 1506, 1451, 1391, 1274, 1216, 1162, 1109, 1025, 958,
872, 833, 803, 767, 697, 632, 538. HRMS (ESI, m/z) calcd. for C19H3o0NPOesNa [M+Na]*:
422.1703, found: 422.1698.

tert-butyl (R)-2-(4-(benzyloxy)phenyl)pyrrolidine-1-carboxylate (2k)

Starting from 1k (56.3 mg, 0.2 mmol) according to the general procedure to give 2k as a

white solid (29.5 mg, 42% yield). Enantiomeric excess was established by HPLC analysis

by using a Daicel Chiralpak IG column, ee = 92% (HPLC: 220 nm, n-hexane/isopropanol
98: 2, flow rate 1.0 mL/min, 25°C, tr (major) = 16.5 min, t- (minor) = 17.6 min). [a]p?? =
+66.7° (C = 1.0, CH2Cl2). *H NMR (300 MHz, CDCl3) & 7.47—7.28 (m, 5H), 7.08 (d, J = 8.5
Hz, 2H), 6.95-6.86 (m, 2H), 5.05 (s, 2H), 4.98-4.65 (br, m, 1H), 3.70-3.40 (br, m, 2H),
2.37-2.17 (m, 1H), 1.99-1.74 (m, 3H), 1.44 (br, s, 3H), 1.20 (br, s, 6H). 3C NMR (75 MHz,
CDCl3) 6 157.6, 154.8, 137.3, 128.7, 128.0, 127.6, 126.7, 114.8, 79.3, 70.2, 60.9, 47.2,
36.2, 28.4, 23.4. IR (film): v (cm™) 2968, 2925, 2880, 1689, 1609, 1508, 1453, 1390, 1246,
1159, 1098, 1039, 969, 877, 821, 768, 734, 695, 636, 552, 506, 462, 436. HRMS (ESI, m/z)
calcd. for C22H27NOsNa [M+Na]*: 376.1883, found: 376.1878.

tert-butyl (R)-2-(4-fluorophenyl)pyrrolidine-1-carboxylate (2I)®

Starting from 1l (38.6 mg, 0.2 mmol) according to the general procedure to give 2| as a
white solid (21.1 mg, 40% vyield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 94% (HPLC: 220 nm, n-hexane/isopropanol =

99: 1, flow rate 1.0 mL/min, 25°C, tr (major) = 14.5 min, tr (minor) = 16.1 min). [a]p? =
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+76.3° (c = 1.0, CH2Cl2). *H NMR (300 MHz, CDCl3) & 7.17-7.05 (m, 2H), 7.02-6.92 (m, 2H),
5.03-4.63 (br, m, 1H), 3.69-3.42 (br, m, 2H), 2.39-2.18 (m, 1H), 1.96-1.71 (m, 3H),
1.45-1.08 (br, m, 9H). 13C NMR (126 MHz, CDCls) & 162.7, 160.7, 154.6, 141.0, 127.1,
127.1, 115.1, 114.9, 79.5, 60.9, 60.3, 47. 5, 47.2, 36.2, 35.0, 28.7, 28.3, 23.6, 23.3. HRMS
(ESI, m/z) calcd. for CisH20FNO2Na [M+Na]*: 288.1370, found: 288.1369.

tert-butyl (R)-2-(4-chlorophenyl)pyrrolidine-1-carboxylate (2m)®

Starting from 1m (41.9 mg, 0.2 mmol) according to the general procedure to give 2m as a
white solid (25.3 mg, 45% vyield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 95% (HPLC: 220 nm, n-hexane/isopropanol =
99: 1, flow rate 1.0 mL/min, 25°C, tr (major) = 13.8 min, tr (minor) = 17.1 min). [a]p?? =
+72.0° (c = 1.0, CH2Cl2). *H NMR (300 MHz, CDCls) & 7.29-7.24 (m, 2H), 7.13-7.07 (m, 2H),
4.98-4.63 (br, m, 1H), 3.70-3.42 (br, m, 2H), 2.39-2.18 (m, 1H), 1.96-1.71 (m, 3H), 1.43 (br,
m, 3H), 1.20 (br, m, 6H). 13C NMR (75 MHz, CDCls) 6 154.6, 143.9, 132.3, 128. 5, 127.0,
79.6, 60.9, 47.3, 36.1, 28.4, 23.3. HRMS (ESI, m/z) calcd. for CisH20NO2CINa [M+Na]*:
304.1075, found: 304.1087.

tert-butyl (R)-2-(naphthalen-2-yl)pyrrolidine-1-carboxylate (2n)®

Starting from 1n (45.0 mg, 0.2 mmol) according to the general procedure to give 2n as a
white solid (34.0 mg, 57% vyield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 96% (HPLC: 220 nm, n-hexane/isopropanol =

99: 1, flow rate 1.0 mL/min, 25°C, tr (major) = 19.4 min, t- (minor) = 25.3 min). [a]p?? =
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+103.2° (¢ = 1.0, CH2Cl2). 'H NMR (300 MHz, CDCls) & 7.88-7.74 (m, 3H), 7.59 (s, 1H),
7.51-7.39 (m, 2H), 7.36-7.28 (m, 1H), 5.23-4.83 (br, m, 1H), 3.84-3.52 (br, m, 2H),
2.47-2.26 (m, 1H), 2.04-1.82 (m, 3H), 1.48 (br, s, 3H), 1.16 (br, s, 6H). 3C NMR (75 MHz,
CDCls) 6 154.8, 142.6, 133.5, 132.6, 128.2, 127.8, 127.7, 126.1, 125.5, 124.3, 124.0, 79.4,
61.5, 47.3, 36.0, 28.3, 23.3. HRMS (ESI, m/z) calcd. for C1sH23NO2Na [M+Na]*: 320.1621,
found: 320.1622.

tert-butyl (R)-2-(dibenzo[b,d]thiophen-2-yl)pyrrolidine-1-carboxylate (20)

Starting from 10 (56.3 mg, 0.2 mmol) according to the general procedure to give 20 as a
pale yellow oil (34.5 mg, 49% vyield). Enantiomeric excess was established by HPLC
analysis by using a Daicel Chiralpak 1G column, ee = 95% (HPLC: 220 nm,
n-hexane/isopropanol = 99: 1, flow rate 1.0 mL/min, 25°C, tr (major) = 11.7 min, tr (minor) =
19.3 min). [a]p?? = +62.0° (¢ = 1.0, CH2Cl2). *H NMR (300 MHz, CDCl3) & 8.22-8.07 (m, 1H),
7.94 (s, 1H), 7.87-7.73 (m, 2H), 7.44 (dd, J = 5.7, 2.9 Hz, 2H), 7.29 (d, J = 7.8 Hz, 1H),
5.25-4.85 (br, m, 1H), 3.83-3.53 (br, m, 2H), 2.50-2.30 (m, 1H), 2.07-1.85 (m, 3H), 1.49 (br,
s, 3H), 1.17 (br, s, 6H). 13C NMR (75 MHz, CDCls) & 154.7, 141.8, 139.8, 137.5, 135.6,
126.6, 124.6, 124.4,122.9, 122.6, 121.5, 118.4, 79.4, 61.3, 47.3, 36.4, 28.3, 23.4. IR (film):
v (cm™) 2971, 2928, 2874, 1686, 1469, 1390, 1256, 1160, 1111, 1078, 1022, 911, 876, 810,
764, 731, 624, 523, 421. HRMS (ESI, m/z) calcd. for C21H23sNO2SNa [M+Na]*: 376.1342,
found: 376.1341.

tert-butyl (R)-2-(dibenzo[b,d]furan-2-yl)pyrrolidine-1-carboxylate (2p)
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Starting from 1p (53.1 mg, 0.2 mmol) according to the general procedure to give 2p as a
pale yellow oil (34.3 mg, 51% vyield). Enantiomeric excess was established by HPLC
analysis by using a Daicel Chiralpak 1G column, ee = 80% (HPLC: 220 nm,
n-hexane/isopropanol = 95: 5, flow rate 1.0 mL/min, 25°C, tr (major) = 10.7 min, tr (minor) =
16.5 min). [a]p?? = +22.4° (c = 1.0, CH2Cl2). *H NMR (300 MHz, CDCl3) 6 7.93 (d, J = 7.3
Hz, 1H), 7.74 (d, J = 1.0 Hz, 1H), 7.60-7.40 (m, 3H), 7.38-7.26 (m, 2H), 5.24-4.83 (br, m,
1H), 3.87-3.43 (br, m, 1H), 2.53-2.22 (m, 1H), 2.05-1.84 (m, 3H), 1.47 (br, s, 3H), 1.17 (br, s,
6H). 13C NMR (75 MHz, CDCIs) 6 156.7, 155.3, 154.8, 139.9, 127.2, 125.0, 124.4, 124.2,
122.7,120.7,117.5, 111.8, 111.4, 79.4,61.4, 47.4, 36.4, 28.4, 23.4. IR (film): v (cm™) 2971,
2928, 2874, 1687, 1478, 1447, 1390, 1250, 1192, 1161, 1110, 1021, 972, 912, 871, 844,
811, 748, 659, 626, 545, 424. HRMS (ESI, m/z) calcd. for C21H2sNOsNa [M+Na]*: 360.1570,
found: 360.1570.

tert-butyl (R)-2-(thiophen-2-yl)pyrrolidine-1-carboxylate (2q)®

Starting from 1q (36.3 mg, 0.2 mmol) according to the general procedure to give 2g as a
yellow oil (25.3 mg, 50% yield). Enantiomeric excess was established by HPLC analysis by
using a Daicel Chiralpak IG column, ee = 90% (HPLC: 220 nm, n-hexane/isopropanol = 99:
1, flow rate 1.0 mL/min, 25°C, t- (major) = 16.7 min, tr (minor) = 19.3 min). [a]p?? = +69.6° (C
= 1.0, CH2Cl2). 'H NMR (300 MHz, CDCls) & 7.20-7.06 (m, 1H), 6.97-6.75 (m, 2H),
5.29-4.96 (br, m, 1H), 3.64-3.35 (br, m, 2H), 2.35-2.16 (m, 1H), 2.10-1.85 (m, 3H),
1.52-1.25 (br, m, 9H). 13C NMR (75 MHz, CDCI3) § 154. 6, 149.0, 126.5, 123.4, 123.2, 79.7,

56.9, 46.4, 35.7, 28.5, 23.3. HRMS (ESI, m/z) calcd. for C13H19SNO2Na [M+Na]*: 276.1029,
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found: 276.1028.

tert-butyl (R)-2-(furan-2-yl)pyrrolidine-1-carboxylate (2r)°

Starting from 1r (33.0 mg, 0.2 mmol) according to the general procedure to give 2r as a
pale yellow oil (17.0 mg, 36% vyield). Enantiomeric excess was established by HPLC
analysis by using a Chiralpak I1G column, ee = 76% (HPLC: 220 nm, n-hexane/isopropanol
= 99: 1, flow rate 1.0 mL/min, 25°C, t: (major) = 12.4 min, tr (minor) = 13.4 min). [a]p?? =
+31.0° (c = 1.0, CH2Cl2). *H NMR (300 MHz, CDCl3) 6 7.29 (dd, J = 1.8, 0.8 Hz, 1H), 6.27
(dd, J = 3.1, 1.8 Hz, 1H), 6.07 (s, 1H), 5.10-4.70 (br, m, 1H), 3.62-3.28 (m, 2H), 2.21-1.79
(m, 4H), 1.51-1.26 (br, m, 9H). 3C NMR (75 MHz, CDCls) & 154.5, 141.2, 110.2, 105.5,
79.5, 54.8, 46.3, 32.3, 28.5, 23.6. HRMS (ESI, m/z) calcd. for CisH190O3NNa [M+Na]*:
260.1257, found: 260.1258.

tert-butyl (R)-2-(9-methyl-9H-carbazol-3-yl)pyrrolidine-1-carboxylate (2s)

Boc

O
—N

O

Starting from 1s (55.7 mg, 0.2 mmol) according to the general procedure to give 2s as a
pale yellow solid (36.4 mg, 52% yield). Enantiomeric excess was established by HPLC
analysis by using a Daicel Chiralpak 1G column, ee = 93% (HPLC: 254 nm,
n-hexane/isopropanol = 90: 10, flow rate 1.0 mL/min, 25°C, tr (major) = 12.1 min, tr (minor)
= 24.7 min). [a]p?? = +76.5° (¢ = 1.0, CH2Cl2). *H NMR (300 MHz, CDCl3) 6 8.09 (d, J = 7.7
Hz, 1H), 7.89 (s, 1H), 7.48 (t, J = 7.5 Hz, 1H), 7.42-7.28 (m, 3H), 7.22 (d, J = 7.3 Hz, 1H),
5.26-4.85 (br, m, 1H), 3.90-3.60 (m, 5H), 2.50-2.28 (m, 1H), 2.08-1.82 (m, 3H), 1.59-1.08
(br, m, 9H). 13C NMR (75 MHz, CDClzs) 6 155.0, 141.5, 140.2, 135.9, 125.7, 123.7, 122.9,
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122.7,120.3, 118.8, 117.2, 108.5, 108.2, 79.2, 61.7, 47.4, 36.6, 29.2, 28.4, 23.4. IR (film): v
(cmt) 3045, 2965, 2925, 2857, 1679, 1600, 1478, 1397, 1357, 1330, 1248, 1153, 1115,
1022, 971, 915, 875, 826, 770, 743, 706, 631, 598, 563, 545, 456, 427. HRMS (ESI, m/z)
calcd. for C22H2602N2Na [M+Na]*: 373.1886, found: 373.1899.

tert-butyl (S)-1-phenylisoindoline-2-carboxylate (2t)

Starting from 1t (44.7 mg, 0.2 mmol) according to the general procedure to give 2t as a pale
yellow solid (27.7 mg, 47% yield). Enantiomeric excess was established by HPLC analysis
by using a Daicel Chiralpak IG column, ee = 80% (HPLC: 254 nm, n-hexane/isopropanol =
95: 5, flow rate 1.0 mL/min, 25°C, tr (minor) = 9.4 min, tr (major) = 13.0 min). [a]p?? =
+142.3° (¢ = 1.0, CH2Cl2). *H NMR (300 MHz, CDCls) §7.36-7.18 (m, 8H), 7.02 (dd, J =
17.1, 7.3 Hz, 1H), 6.06-5.81 (br, m, 1H), 4.99-4.84 (m, 2H), 1.48 (s, 3H), 1.25 (s, 6H). 13C
NMR (75 MHz, CDCls) 6 154.6, 144.3, 142.0, 135.8, 128.7, 128.4, 127.8, 127.3, 126.8,
123.7, 122.9, 80.0, 67.7, 67.4, 53.1, 52.7, 28.7, 28.3. IR (film): v (cm™1) 2977, 2925, 2883,
1680, 1598, 1468, 1394, 1310, 1261, 1176, 1121, 1028, 894, 870, 829, 786, 740, 704, 628,
597, 559, 459, 418. HRMS (ESI, m/z) calcd. for C1sH2102N1Na [M+Na]*: 318.1465, found:
318.1472.

tert-butyl (S)-1-phenyl-1,3-dihydro-2H-benzo[flisoindole-2-carboxylate (2u)

Boc
N

Starting from 1u (54.7 mg, 0.2 mmol) according to the general procedure with slight
modifications (85°C and 0.2 mL 1,2-dichlorobenzene (1 M) were used) to give 2u as a white
solid (31.0 mg, 45% yield). Enantiomeric excess was established by HPLC analysis by

using a Daicel Chiralpak IG column, ee = 94% (HPLC: 254 nm, n-hexane/isopropanol = 95:
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5, flow rate 1.0 mL/min, 25°C, tr (minor) = 13.4 min, t- (major) = 20.3 min). [a]p?? = +35.4° (c
= 1.0, CH2Cl2). H NMR (300 MHz, CDCls) & 7.77 (dd, J = 35.3, 7.8 Hz, 3H), 7.53-7.37 (m,
3H), 7.35-7.21 (m, 5H), 6.26-5.92 (br, m, 1H), 5.19-4.95 (m, 2H), 1.51 (s, 3H), 1.28 (s, 6H).
13C NMR (75 MHz, CDCIs) 6 154.6, 144.7, 141.1, 134.7, 133.4, 128.5, 128.1, 127.9, 127.4,
126.8, 126.0, 125.8, 122.5, 121.4, 80.1, 67.1, 52.2, 28.4. IR (film): v (cm1) 2975, 2924,
1681, 1606, 1476, 1379, 1312, 1255, 1175, 1121, 1079, 1025, 959, 889, 862, 818, 772, 741,
700, 633, 601, 554, 519, 478, 431, 399. HRMS (ESI, m/z) calcd. for C23H2302N1Na [M+Na]*:
368.1621, found: 368.1630.
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3.3 Other substrates tested

Table S8. Other substrates?

Entry Substrate Product Yield? ee’
;300
1 Ph\/\/\/\N EN)_/_Ph 0% n.a.‘
3
1v 2v
!300
Ph N
Y _ < 5% n.a.?
2 \/\/\N3 | )>———Ph
1w 2w
;300
N / Ph O% n.a_d
e PhW\/\N3
1x 2x
!30c
4f Ph N _ph 22% 46%
\l/\/\N3 E){
1,
5 6

aReaction conditions: Organic azide substrate (0.2 mmol), A-Ru7 (0.002 mmol, 1 mol%),
P(4-F-Ph)s (0.002 mmol, 1 mol%) and Boc20 (0.2 mmol, 1 equiv) in 1,2-dichlorobenzene
(0.5 mL, 0.4 M) were stirred at 95°C for 60 h under an atmosphere of nitrogen. °PNMR yield
with CI2.CHCHCI2 as internal standard. °Determined by HPLC of crude main product on a
chiral stationary phase. 9n.a. = not applicable. €Organic azide 1x is not stable at 95°C,

which is decomposed under the reaction conditions. fReaction time was 35 h.
3.5 Synthesis of (R)-(+)-crispine from pyrrolidine 2g

MeO.
4 steps ©

(R)-2g N

ref. 10 MeO '( 7

(R)-(+)-crispine A

Figure S1. Synthesis of (R)-(+)-crispine from pyrrolidine 2g.
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4. Mechanism Study

a) Preparation of iminophosphorane

Toluene
pi~~Ns + P@-F-Ph); ———3 ppr™NNop iy Epp),

1a 4

A mixture of organic azide la (35 mg, 0.2 mmol) and P(4-F-Ph)s (63 mg, 0.2 mmol) in
toluene (0.2 mL, 1 M) were stirred at 95°C for 2 h under an atmosphere of nitrogen.
Afterwards, the mixture was concentrated under reduced pressure to remove the solvent.
The analytically pure iminophosphorane 4 was obtained in quantitative yield. *H NMR (300
MHz, CeDe) & 7.61-7.48 (m, 6H), 7.24 (dd, J = 9.6, 6.4 Hz, 5H), 6.88-6.79 (m, 6H), 3.41 (dt,
J=16.2, 6.2 Hz, 2H), 2.74 (t, J = 7.3 Hz, 2H), 2.09-1.90 (m, 4H). 3C NMR (75 MHz, CeDs)
5 166.6, 166.5, 163.3, 163.2, 143.4, 135.1, 135.0, 134.9, 134.8, 129.7, 129.6, 128.8, 128.6,
125.9, 116.0, 115.8, 115.8, 115.7, 115.5, 45.2, 45.2, 36.4, 35.9, 35.6, 29.8. °F NMR (282
MHz, CeDs) & -109.14. IR (film): v (cm™?) 3062, 3029, 2927, 2852, 2809, 2127, 1674, 1588,
1495, 1457, 1395, 1358, 1296, 1225, 1157, 1103, 1014, 826, 745, 701, 659, 573, 528, 473.
HRMS (ESI, m/z) calcd. for C2sHz6FsNP [M+H]*: 464.1749, found: 464.1763.

b) Catalytic asymmetric C-H amination using iminophosphorane as the co-catalyst

A-Ru7 (1 mol%)

4(1mol%) By
ph/\/\/NS > .
Boc,0 (1 equiv) PR

1a 95°C, 30 h 2a

40% NMR yield, 94% ee

A dried 10 mL Schlenk tube was charged with organic azide 1a (0.2 mmol) and A-Ru7 (2.6
mg, 0.002 mmol, 1 mol%) under an atmosphere of nitrogen. A solution of
iminophosphorane 4 (0.5 mL, 4 mM in 1,2-dichlorobenzene) was added via syringe,
followed by Boc20 (45.8 pL, 0.2 mmol). The reaction mixture was stirred at 95°C for 30 h

under an atmosphere of nitrogen. Afterwards, the mixture was concentrated under reduced
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pressure, and the residue was analized by 'H NMR to determine the vyield using
Cl2CHCHCIz as internal standard. Analytically pure product was obtained by preparative

TLC for chiral HPLC analysis to determine the enantiomeric excess.

c) Comparison of 1,2-hydride shift of benzyl azide and substrate 1a

rac-Ru1 (15 mol%)
prr~Na PEA-F-Ph) 2 molth) N
1a 50°C, DCM

0,
(sealed Schlenk) 0% conv.
rac-Ru1 (15 mol%)
Ph _-N3 P(4-F-Ph); (2 mollo) Ph\éNH
50°C, DCM
(sealed Schlenk) 15% conv.

A dried 10 mL Schlenk tube was charged with benzyl azide or 1a (0.05 mmol) and rac-Rul
(10.3 mg, 0.0075 mmol, 15 mol%) under an atmosphere of nitrogen. A solution of
P(4-F-Ph)s (0.15 mL, 6.7 mM in CH2Cl2) was added via syringe. The reaction mixture was
stirred at 50°C for 20 h under an atmosphere of nitrogen. Afterwards, the mixture was
concentrated under reduced pressure, and the residue was analized by *H NMR to
determine the formation of imine. 15% of phenylmethanimine!! was formed for benzyl azide

(see the TH NMR spectrum below).

I u\«lumk ULJ-U

Figure S2. 'H NMR spectrum of the above reaction mixture in CDCls.
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d) Reaction rate of electronically distinct substrates

Boc.
N 1 mol% Ru cat. o¢ N
/©/\/\/ 3 _1mol% P@A-F-Ph)
MeO Boc,O (1 equiv), 95°C
1e 1,2-diclorobenzen (0.4 M) MeO
2e
Vs Kqe/kqy = 5.901/3.384 = 1.7
N 1 mol% Ru cat. BOC\N
/©/\/\/ ® _1mol% P(-F-Ph)y
F 11 Boc,O (1 equiv), 95°C
1,2-diclorobenzen (0.4 M)
F 2]

A dried 10 mL Schlenk tube was charged with azide 1e or 1l (0.2 mmol) and rac-Rul (2.8
mg, 0.002 mmol, 1 mol%) under an atmosphere of nitrogen. A solution of P(4-F-Ph)z (0.5
mL, 4 mM in 1,2-dichlorobenzene) was added via syringe, followed by Boc20 (45.8 uL, 0.2
mmol). Then 10uL CI2CHCHCI2 was added as the internal standard. The reaction mixture
was stirred at 95°C under an atmosphere of nitrogen. Aliquots were taken at time intervals
as indicated in the figure below. The aliquot was analyzed by 'H NMR spectroscopy for the

formation of product (red square for 1e, blue square for 1l).

65

60 y=5.9013x+ 0.0127/-
55
50 /l/1e

45 -
40

35 -
30
25

20 |
15 4

l/y =3.384x- 2.256

11

10 4

Concentration of the product (pmol/mL)

Time (h)

Figure S3. Initial rates of 1e and 1l under the above reaction conditions.

S32



e) KIE experiments

The synthesis of both monodeuterated substrate 1a' and bis-deuterated substrate 1a" are

reported in the literature.'?

Intramolecular KIE

D Boc Boc
rac-Ru7 (1 mol% S N
Ph)\/\/N?’ . p KIE=1.3
1a’ P(4-F-Ph); (1 mol% Phv Ph“‘
Boc,0 (1 equiv)

95°C, 40 h 2a(D)

A dried 10 mL Schlenk tube was charged with azide 1a' (0.2 mmol) and rac-Ru7 (2.6 mg, 1
mol%) under an atmosphere of nitrogen. A solution of P(4-F-Ph)s (0.5 mL, 4 mM in
1,2-dichlorobenzene) was added via syringe, followed by Boc20 (45.8 pL, 0.2 mmol). The
reaction mixture was stirred at 95°C for 40 h under an atmosphere of nitrogen. Afterwards,
the mixture was concentrated under reduced pressure, and the residue was purified by a
short silica gel column. The ratio of ko/kn was determined by 'H NMR by integration of the
methine proton against the methylene protons at the 2- and 4-positions, respectively. A

intramolecular KIE value of 1.3 was obtained. See the *H NMR spectrum below.

Figure S4. 'H NMR spectrum of the above reaction mixture in CDCls.
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Intermolecular KIE

1 mol% Ru cat.

Boc
HH 1 mol% P(4-F-Ph)s N
N -
P> SN Boc,O (1 equiv), 95°C ph\\\‘p
1,2-diclorobenzen (0.4 M) H
1a 2a
Vs KIE = ky/kp = 6.6766/2.1409 = 3.1
- 1 mol% Ru cat. BOC‘N
1 mol% P(4-F-Ph); "
N »  Phv
pr” AN Boc,O (1 equiv), 95°C 5
1a" 1,2-diclorobenzen (0.4 M) 2a(D)

The intermolecular noncompetitive KIE was obtained by measuring the initial reaction
rates with 1a and 1a" following the procedure below.

A dried 10 mL Schlenk tube was charged with azide 1a (35.0 mg, 0.2 mmol) or 1a" (35.4
mg, 0.2 mmol), and rac-Ru7 (2.6 mg, 0.002 mmol, 1 mol%) under an atmosphere of
nitrogen. A solution of P(4-F-Ph)s (0.5 mL, 4 mM in 1,2-dichlorobenzene) was added via
syringe, followed by Boc20 (45.8 uL, 0.2 mmol). Then 10uL Cl2.CHCHCI2 was added as the
internal standard. The reaction mixture was stirred at 95°C under an atmosphere of
nitrogen. Aliguots were taken at time intervals as indicated in the figure below. The aliquot
was analyzed by 'H NMR spectroscopy for the formation of product (blue square for 1a, red

square for 1a").

65

60 be
- /
£ 55 /
= y=6.6766x-55873 / 43
5 50 /

»
S 40 /
§ 35 /
5 A
e /
5 25 S
c 2 / y=2.1400x- 85737 _— ™
R / 7
T 15 'Y B
= 7
g ~
g ° -
o
0o 2 4 6 8 10 12 14 16 18
Time (h)

Figure S5. Initial rates of 1a and 1a" under the above reaction conditions.
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H H
phMN3 (13)  rac-Ru7 (1 mol% Boc. Boc.
+
D_ D w w
P(4-F-Ph); (1 mol® Ph“:> Ph‘p
PP~ (1a7) 5 1 ot

Boc,O (1 equiv)
1a:1a" = 1:1 95°C 2a(D)

The intermolecular competitive KIE was obtained by taking a 1:1 mixture of the non- and
bis-deuterated substrate and determining the ratio of products.

A dried 10 mL Schlenk tube was charged with azides l1a (17.5, 0.1 mmol), 1a" (17.7, 0.1
mmol), and rac-Ru7 (2.6 mg, 0.002 mmol, 1 mol%) under an atmosphere of nitrogen. A
solution of P(4-F-Ph)s (0.5 mL, 4 mM in 1,2-dichlorobenzene) was added via syringe,
followed by Boc20 (45.8 pL, 0.2 mmol). The reaction mixture was stirred at 95 °C for 30 h
under an atmosphere of nitrogen. Afterwards, the mixture was concentrated under reduced
pressure, and the residue was purified by a short silica gel column. The ratio of ku/kp was
determined by *H NMR by integration of the methine proton against the methylene protons
at the 2- and 4-positions, respectively. A KIE value of 3.9 was obtained. See the 'H NMR

below.

Figure S6. *H NMR spectrum of the above crude products in CDCls.

S35



f) Stereospecificity of the intramolecular C-H amination

The synthesis of chiral compound (R)-5 (with 94% ee) and (S)-5 (with 97% ee) were

reported in the literature.®

A dried 10 mL Schlenk tube was charged with azide (R)-5 or (S)-5 (0.2 mmol) and rac-Ru7
or A-Ru7 (2.6 mg, 1 mol%) under an atmosphere of nitrogen. A solution of P(4-F-Ph)s3 (0.5
mL, 4 mM in 1,2-dichlorobenzene) was added via syringe, followed by Boc20 (45.8 L, 0.2
mmol). The reaction mixture was stirred at 95°C for 35 h under an atmosphere of nitrogen.
Afterwards, the mixture was concentrated under reduced pressure, and the residue was
analized by 'H NMR to determine the yield using CI2.CHCHCI2 as internal standard.
Analytically pure product was obtained by preparative TLC. Enantiomeric excess was
established by HPLC analysis using a Daicel Chiralpak OD-H column (HPLC: 220 nm,
n-hexane/isopropanol = 99: 1, flow rate 0.7 mL/min, 25°C). See the chromatographys of

(R)-6 or (S)-6'2 on chiral stationary phase below.
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H A-Ru7 (1 mol%) BOC‘N
N
Ph/\/\/ 3 y N
R)-5 P(4-F-Ph)3 (1 mol%) Phv
(R)- Boc,0 (1 equiv)
94% ee 95°C,35h (R)-6
96% ee
22% yield
VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj1064-rac.D)
mAU
600
500
400 rfb
R
g}?ﬁ‘z";? - ,.sh?,’\
300 R g‘,@é?
200 - ! I f \I
100 ‘I
(I — — — \\\"— B —— —
8 o ‘ &‘9 ‘ 10 ‘ ‘ 1‘1 ] 1‘2 ‘ L 13 ' min‘
VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj1064-25.D)
mAU
800
600 | o
5 @*’b@
o g
5.?@
400 f\
200 |
0";?
ié;’ﬂsar.!-\ _
0 - - |
7 8 9 10 11 12 13 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
el et | === === | —————————- | === [-——————- |
1 9.343 MM 0.2734 112.23387 6.84132 1.7542

2 10.231 MM 0.2394 6285.66357 437.60370 98.2458

Figure S7. HPLC traces of rac-6 and (R)-6 (96% ee).
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/l\/\/ A-RU7 (1 mol%) Bocwy
Ph Na
P(4-F-Ph)s (1 mol%) Ph

(8)-5 Boc,0 (1 equiv)
97% ee 95°C, 35 h (S)-6
94% ee
<5% yield

VWD1 A, Wavelength=220 nm (E:\Data\zz)\Z-S-Azide-2 D)

mAU

o
200
g &
ol
0 : .
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e | ====]======= | === | === | ======-~ |
513.56226 97.4176

0.2075 6393.33447
2.5824

0.2292 169.48105 12.32413

1 9.612 MM
2 10.584 MM

Figure S8. HPLC trace of (S)-6 (94% ee).
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rac-Ru7 (1 mol%) Boc.

ph/\/\/N3 > N
P(4-F-Ph); (1 mol%) Ph""

(R)-S Boc,0 (1 equiv)
94% ee 95°C, 35 h (R)-6
94% ee
15% vyield
VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj1064-21.D)
mAU
400
300 . ,\‘b‘—a
200 f
100 |
@‘J
o : : e — — —
7 8 9 10 11 12 13 mlnl
Peak RetTime Type Width Area Height Area
i [min] [min] [mAU*s] [mAU] %
e e R | ===mmemee |--------
1 9.728 MM 0.2774 101.88550 6.12222 2.6984

2 10.626 MM 0.2629 3673.89673 232.93057 97.3016

Figure S9. HPLC trace of (R)-6 (94% ee).
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5. Chromatography on Chiral Stationary Phase

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj928-3-chi2.D)

200
150 . ‘@b‘@
100
\ e
g ¥
o N - _g‘vgz@-— 77777
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %

1 9.618 MM 0.1972 1364.09302 115.28564 97.6958
2 10.352 FM 0.2169 32.17296 2.47202 2.3042

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj829-rac-IG.D)

600
500

400

.
300 — %aé@@ 8 ‘qg,‘ﬁ?}
2
200 A
100
0 le __’ A L ,/“ \ [ - N B
8.5 9 9!5 10 10.5 1‘1 11.5 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 9.416 MM 0.1817 2887.63867 264.92700 495.8989
2 10.136 MM 0.2017 2899.34351 239.57364 50.1011

Figure S10. HPLC traces of (R)-2a (95% ee) and rac-2a.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj877-chi-3.D)
mAU
800
g
600 ﬁ
400
200
5 @”99
. \ o
0 - T — T — T
1 12 13 14 15 16 17 miny
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s ] [mAU] %

1 12.968 BB 0.2609 1.02045e4  601.63641 96.6569
2 15.901 MM 0.4217 352.94107 13.94751 3.3431

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj877-rac.D)

20
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 13.457 BB 0.2676 796.96674  46.11806 49.3249
2 16.552 BB ©0.3413 818.78143 37.26893 50.6751

Figure S11. HPLC traces of (R)-2b (93% ee) and rac-2b.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj886-chi-3.D)
mAU |

1750 -

1500

1250 q:\qp\
1000 -
750 -
500

1 | 9
| \ ©
250 - / \ - o2
] / . S &
° &
S

0 . — — — =

—
13 13.5 14 14.5 15 15.5 16 16.5 17

——T
17.5 mi

Peak RetTime Type Width Area Height
# [min] [min] [mAU*s ] [mAU]

Area

1 14.639 MM 0.3546 2.19013e4 1029.29187 95.6503

2 16.607 MM 0.3819 995.96216 43.47071  4.3497
VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj886-rac.D)
100
80 @,'-"4’: &
5 ,z;.'\'\ ) \@D‘ ’
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 14.577 MM 0.3115 1142.35010 61.11277 49.0908
2 16.353 MM 0.3498 1184.66309 56.44348 50.9092

Figure S12. HPLC traces of (R)-2c (91% ee) and rac-2c.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj885-chi2.D)
mAU |
140—:
120
100 ]
80
: o cgo"?\
60 ?:“;_v@,é."
4 .‘.'/\-‘.‘
a0 [
20; Vv
] ,\‘b
0] J . &
12 12.5 o 13 13|.5I 14 o 14.5 I 1|5 o 15|.5I o 1|6 o I15|,5I I min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 13.875 MM 0.3072 1069.90588 58.04494 94,8007
2 15.406 MM 0.2997 58.67817 3.26290 5.1993

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj885-rac2.D)
mAU |
200;
150 |
2 - h"’@b
@ g v
«"r\*. ‘LE‘?‘@
; ! ""\‘1
100 — [ l""‘.
50
S/ \\\ - e S
12 I I12|‘5 I1|3 13|.5I I1!4I I 14|‘5I 15 o 15.5I o I16 o 16.5 mm‘
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 13.758 BB 0.2782 2136.78296 118.58102 49.6992
2 15.201 MM 0.3281 2162.65063 109.86678 50.3008
Figure S13. HPLC traces of (R)-2d (90% ee) and rac-2d.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj904-chi.D)

20
& ‘béb‘\\
0_, - (?&S@‘bl _—
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 26.327 MM 0.3133 6.67411 2.56401e-1 0.2064
2 28.191 BB 0.6138 3226.77783 81.34184 99.7936

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj904-rac.D)

60
20
0- N - N
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s ] [mAU] %

1 26.462 BB 0.5455 1518.40918 43.15740 49.8762
2 28.230 BB 0.5905 1525.94580 40.32146 50.1238

Figure S14. HPLC traces of (R)-2e (99% ee) and rac-2e.
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VWD1 A, Wavelength=254 nm (E:\Data\Jie\qj938-chi.D)

o]
600;_
500_,
400 %
300 ] :
200 —
100 — ." \ o
] - 3
0l SN _R'?*Q{D -
18 I 2|0 I I 2|2 I I I 2|4 I I I 2|8 I I 2|8 I I rninI
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s ] [mAU] %

1 21.165 BB 0.4997 1.20178e4  371.21060 97.1985
2 27.184 MM 0.7162 346.38278 8.06077  2.8015

VWD1 A, Wavelength=254 nm (E:\Data\Jie\qj938-rac.D)

mAU |

400 |

300 ) o 4\%‘,‘@%

200 | [ ." g ‘."@

I %@"’
100
0 T T T T T : T T T
18 20 22 24 2 28 il
Peak RetTime Type Width Area Height Area

#  [min] [min] [mAU*s] [mAU] %

1 21.178 MM 0.5254 7734.62256 245.34273 50.2842
2 27.114 MM 0.7214 7647.19482 176.68472 49.7158

Figure S15. HPLC traces of (R)-2f (94% ee) and rac-2f.
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VWD1 A, Wavelength=220 nm (JIE QIN\QJ932-CHI.D)
Norm. |

1400

1200 |

1000

AT

800

600

400

200 -

120,616

0 ~+—— — ——— ————————r — —

14 15 16 17 18 19 20 21 22 23 min

Peak RetTime Type Width Area Height Area
i [min] [min] mAU *3s [mAU ] %
St EEEE R R | —mmmmmmm | ==mmmmmm s | —=mmm - |
1 17.111 BB 0.5648 3.67111e4 977.45776 96.7770
2 20.616 BB 0.7294 1222.60083 25.38135 3.2230

VWD1 A, Wavelength=220 nm (JIE QIN\QJ932-RAC D)

Norm. -

160 -
120

120 -
1 &V

397
%
A
38,
%

100 -]

z

ao—f A e
60 o |
40

20

o

T —— T — e L B e I A s e e B e e o B 1
14 15 16 17 18 19 20 21 22 23 min

Peak RetTime Type Width Area Height Area
# [min] [min] mAU *3 [mAU ] %
e R | === |===mmmmm - | == |
1 17.397 MM 0.5738 2843.51611 82.59043 49.7200
2 20.581 MM 0.6873 2875.54321 ©9.72562 50.2800

Figure S16. HPLC traces of (R)-2g (94% ee) and rac-2g.
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VWD1 A, Wavelength=220 nm (E:\Data\zzj\ZZJ-QJ-4-MeS NR.D)
mAU |

80 +

60

40

24659

20

e oF
0 ./ S Eigp
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s ] [mAU] %

1 24.659 BB 0.5484 1100.83630  31.13904 97.0412
2 30.119 MM 0.7357 33.56524 7.60398e-1 2.9588

VWD1 A, Wavelength=220 nm (E:\Data\zz)\ZZJ-QJ-4-MeS RAC.D)

20 n 24 % ‘ 28 ' 0 mn
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 24.397 BB ©0.5555 507.35306 14.07712 50.0605
2 29.399 BB 0.6648 506.12677 11.53792 49.9395

Figure S17. HPLC traces of (R)-2h (94% ee) and rac-2h.
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VWD1 A, Wavelength=254 nm (E:\Data\Jie\qj946-chi.D)
mAU
600 —
500
%”‘&
400 2 @
5:3&59'
300 ‘.l ‘I
200 | "
o]
100 o @@5’
5 @"‘5‘
Py
0 i . o __I, : : — _— - ‘ ) N : ) :
10 11 12 1|3 1I4 15 1‘6 1‘7 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 12.115 MM 0.2867 6134.92188 356.67624 88.4571
2 15.170 MM 0.3683 800.55774  36.23181 11.5429

VWD1 A, Wavelength=254 nm (E:\Data\Jie\qj946-rac-4.D)

60 - g‘?&@
0 7 N B
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 12.076 MM 0.2906 1080.30493 61.96456 49.6443
2 15.116 BV R ©0.2985 1095.78503 47.79735 50.3557

Figure S18. HPLC traces of (R)-2i (77% ee) and rac-2i.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj1136-chi.D)
mAU |

350
300
250

200

118.987

20777

. T — —
15 16 17 18 19 20

Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %
el EOREERE <= m ] -m e <= mmeme e s [<-me |
1 18.987 BB 0.5443 343.52750 9.76914 4.1771

2 20.777 BB 0.6124 7880.53027 199.24559 95.8229

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj1136-rac-adh-2.D)
mAU

250 —

150 : ;?9,\/_\ )
B &
50
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 18.791 MM 0.6067 3807.77417 104.60165 49.6930
94.57472 50.3070

2 20.660 BB 0.6235 3854.82568

Figure S19. HPLC traces of (R)-2] (92% ee) and rac-2|.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\QJ 1135-chi2.D)

mAU ]
350
300
&
- g o
&
200 FA
150
100 —
7 3 .{99\\
=
0
14 I ‘14‘.5 - 15I ‘ 15|.5 I 16 ‘ I16‘5‘ ] 17 II 17‘.5I I ‘ 18 rnin‘
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s ] [mAU] %

1 16.5600 MF 0.4235 5705.02832 224.51117 96.1245
2 17.644 FM 0.4562 230.01082 8.40332 3.8755

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj1135-rac.D)
mAU |

140 —
120 —

100 —

807 ,'E Eﬁe{&
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 16.246 VW R 0.3818 2083.41479  84.45715 49.6388
2 17.344 MM 0.4392 2113.73535 80.20770 50.3612

Figure S20. HPLC traces of (R)-2k (92% ee) and rac-2k.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj918-chi.D)

120
80- &
40—
0 ‘  \ o o .é‘f&@ﬁ
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 14.502 BB 0.2786 1208.03149 67.56878 97.3410
2 16.083 MM 0.3531 32.998%4 1.55759 2.6590

VWD A, Wavelength=220 nm (E\Dalaieq815-1ac.0)

AU ]

175-

o]

o] A ;

75 -

5]

ol _ B . -

2.5

) ' w15 ‘ 16 - 7 ' 18 i
Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s ] [mAU] %

1 14.557 BB 0.2822 206.53418 11.30165 50.5179
2 16.115 BB ©0.3170 202.29922 9.91856 49.4821
Figure S21. HPLC traces of (R)-2| (94% ee) and rac-2I.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj924-chi-3.D)
mAU |

600 -
500 -

400 —

—=13.767

300 —

200 {

100 —

|17.080

10 " 12 13 14 15 16 1

~
-
[o+]
—
[{=]

mi

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %
S RS R P |==mmmmeee === mmme e |==mmmee- |
1 13.767 BB 0.2743 6613.68018 372.13562 97.6261
2 17.080 BB 0.3414 160.81754 7.37404 2.3739

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj924-rac-2-2.D)
mAU
200
175
150
g @q’@\
125 <+ g
Enjééb &
] N
100 I g N
] A =8
75 ‘ [\
50
25
o _ _ . S S S/
N T S
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 13.473 FM 0.2962 1968.90845 110.79773 50.1894
2 16.652 MF 0.3845 1954.05029  84.69544 49.8166

Figure S22. HPLC traces of (R)-2m (95% ee) and rac-2m.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj876-chi.D)

mAU
1200

1000

800 g

600 I"

400

200

- A . il
18 20 22 24 26 mi
Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s ] [mAU] %

1 19.416 BB 0.4075 1.89535e4  721.33209 97.8572
2 25.308 BB 0.5448 415.03195 11.90378 2.1428

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj876-rac-2.D)

mAU
2250

2000
1750
1500

1250

19633

] . &
Fo @
1000 - [ RS
{1
750
500

250

/_.“I‘ '\\\-7- B /; \\-

0 — — T T T T = T —

T
18 20 22 24 26 mi

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 19.633 BB 0.4426 3.63884e4 1224.80042 49.6638
2 25.899 MM 0.6536 3.68811e4 940.40747 50.3362
Figure S23. HPLC traces of (R)-2n (96% ee) and rac-2n.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj-zj-S-chi.D)

400
.1\:0
S
300 . :"&a
200 .
100
. e
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 11.729 MM 0.2824 5007.25049 295.54510 97.7925
2 19.258 BB 0.4965 113.02968 3.44784  2.2075

VWD1 A, Wavelength=220 nm (E\Data\huang\ZZJ-QJ-S RAC.D)
mAU

800

400 §
200
L e . S ——————— 1
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

N R PR | +mmmmme e | +mmmmmee- | +mmmnees |
1 11.515 BB 0.2780 9667.61914 539.56299 50.2106

2 18.844 VB 0.5107 9586.52051 293.02689 49.7894
Figure S24. HPLC traces of (R)-20 (95% ee) and rac-20.
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VWD1 A, Wavelength=220 nm (E:\Data\zz}\Z-QJ-O-Chiral.D)
mAU

1000

800

~——10.740

600 M

|
400 — |

200

0 ‘ B - ‘ ‘ ‘ I : I . N o I V‘
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %

R R LR P | +mmmmmee e [=ommmmmees | ==mmnees |
1 10.740 BB 0.2447 1.26154e4 801.02917 89.9780

2 16.477 BB 0.4504 1405.13440 45.87313 10.0220

VWD1 A, Wavelength=220 nm (E:\Data\huang\ZZJ-QJ-O RAC.D)

600

500 ] '@9’\’-»\

300 . &@1@

200 ‘| \ ! "-‘.‘I

100

0 — = — _ —
8 I 1|0 12 1‘4 16 1IB min

Peak RetTime Type Width Area Height Area

#  [min] [min] [mAU*s] [mAU] %

1 10.741 MM 0.2630 6297.20996 399.904593 49.2740
2 16.792 MM 0.4880 6482.78760 221.40756 50.7260

Figure S25. HPLC traces of (R)-2p (80% ee) and rac-2p.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj914chi-2.D)
mAU -

800
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T 16689

400
300
200 -

100 / - ®

0 _/ — e

15 16 17 18 19 20 21 min

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 16.689 BB 0.3106 1.00031e4  484.07761 95.2736
2 19.271 MM 0.4314 496.24261 19.17272 4.7264

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj914rac-2.D)
mAU |

800 —
700 —
600 —

500 -

T -17.000

19564

400

300

200 —

100+

01— ~ — N —

15 16 17 18 19 20 21 mi

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 17.090 BB 0.3093 1.03377e4  506.11337 49.8696
2 19.564 BV R 0.3608 1.03918e4  436.44617 50.1304

Figure S26. HPLC traces of (R)-2q (90% ee) and rac-2q.
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mAU
2250

2000
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1250

1000
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500

250

0

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj926-chi.D)

12412

113.397

N
/ \

e T
11 11.5 12

T T T . o . "
12.5 13 13.5 14 14.5 15 15.5 min

Peak RetTime Type
# [min]

1 12.412 W R

Width Area Height Area
[min] [mAU*s ] [mAU] %

0.2307 2.08463e4 1408.37366 88.2370

2 13.397 VB 0.2443 2779.04565 176.86533 11.7630
VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj-926-rac.D) |
500; gé@é. §
300—2
0—7‘ —T‘ ,,,,, o — — - —————————— I
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %
e EEREE P EEREE |- mmmee [-mmmmeee |- mmeee |
1 12.29 MM ©0.2347 7217.50146 512.54224 49.7257
2 13.247 BB 0.2408 7297.13525 473.59531 50.2743

Figure S27. HPLC traces of (R)-2r (76% ee) and rac-2r.
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VWD1 A, Wavelength=254 nm (E:\Data\Jie\QJ979-CHI.D)
mAU
800
700
o
< \Q’b
600 ““-2}*?‘6'
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] -|
400 “.
l\
300 | "
200 ‘ I\
| I‘I A
100 | .| ‘L 2 rg:‘b«
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Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s ] [mAU] %

1 12.134 MM 0.3137 1.03161e4  548.12122 96.6396
2 24.689 MM ©.7442 358.71725 8.03370 3.3604

VWD1 A, Wavelength=254 nm (E:\Data\Jie\qj979-rac.D)

-

20- g

0 [ %
Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s ] [mAU] %

1 11.796 BB 0.2921 328.03656 17.30936 50.3076
2 24.330 BB 0.7260 324.02560 6.84878 49.6924

Figure S28. HPLC traces of (R)-2s (93% ee) and rac-2s.
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VWD1 A, Wavelength=254 nm (E:\Data\J\e\quEB:chi—E‘D)
100
60 | 2
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] 7%
] EESRES R [<-mmmemee |- mmeee e R |
1 9.417 BB ©.1911 105.57629 8.60605 10.3254
2 12.950 BB 0.2884 916.91394  48.98840 89.6746
VWD1 A, Wavelength=254 nm (E:\Data\Jie\qj868-rac-4.D)
80 &
60 ;?9?5@@
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s ] [mAU] %
el EECREES [--m ] ome e <= mmemee |-mm e R |
1 9.310 MM 0.2051 749.58496 60.90788 49.3562
2 12.878 BB 0.2867 769.14081 41.60713 50.6438

Figure S29. HPLC traces of (S)-2t (80% ee) and rac-2t.
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VWD1 A, Wavelength=254 nm (E:\Data\Jie\qj1023rac.D)

3 @;{,‘3’
R . . o
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 13.399 MM 0.3360 46.22596 2.29278 3.2322
2 20.314 MM 0.5221 1383.92383 44.18117 96.7678

VWD1 A, Wavelength=254 nm (E:\Data\Jie\qj1023chi.D)
mAU
40;
30;
:
20 ;ivse’@-
10| } A
O S —_~ S - — S . — [
8 1ID I - ‘ 1-2 - ‘ ‘ 1-4 I - 1‘6 I I - 1-8 ‘ - ‘ 2‘0 22 2|4 m
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 13.212 MM 0.3706 410.02771  18.43762 50.3430
2 20.313 BB 0.4996 404.44016  12.52828 49.6570

Figure S30. HPLC traces of (S)-2u (94% ee) and rac-2u.
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VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj1058-chi.D)
mAU
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Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

—mm | | === | = |- | == |- |
1 9.425 MM 0.2016 1029.40930 85.08244 26.8611

2 10.339 MM 0.2241 2802.93433 208.50403 73.1389

VWD1 A, Wavelength=220 nm (E:\Data\Jie\qj1064-rac.D)
mAU
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Figure S57. 'H NMR and **C NMR spectrum of 2h in CDCls.
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Figure S58. 'H NMR and *3C NMR spectrum of 2i in CDCls.
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Figure S59. 'H NMR and *3C NMR spectrum of 2j in CDCls.
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Figure S60. 'H NMR and *3C NMR spectrum of 2k in CDCls.
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Figure S61. 'H NMR and *3C NMR spectrum of 2| in CDCls.
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Figure S62. 'H NMR and **C NMR spectrum of 2m in CDCls.
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Figure S64. 'H NMR and **C NMR spectrum of 20 in CDCls.
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Figure S65. 'H NMR and **C NMR spectrum of 2p in CDCls.
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Figure S66. 'H NMR and **C NMR spectrum of 2q in CDCls.
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Figure S67. 'H NMR and *3C NMR spectrum of 2r in CDCls.
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Figure S68. 'H NMR and 3C NMR spectrum of 2s in CDCls.
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Figure S69. 'H NMR and *3C NMR spectrum of 2t in CDCla.
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Figure S70. 'H NMR and **C NMR spectrum of 2u in CDCls.
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