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I. General remarks

All reactions were performed in the nitrogen-filled glovebox or under nitrogen using standard
Schlenk techniques unless otherwise noted. Column chromatography was performed using
Sorbent silica gel 60 (230 — 450 mesh). 'H NMR, and ?C NMR spectral data were obtaineded
from Bruker 400 MHz spectrometers. Chemical shifts are reported in ppm. Enantiomeric excess
values were determined by chiral HPLC on an Agilent 1200 Series instrument. All new products
were further characterized by HRMS. A positive ion mass spectrum of sample was acquired on a
Micromass 70-VSE mass spectrometer with an electron ionization source..

II. General Procedure for Asymmetric Hydrogenation.

Typical reductive amination procedure: In a nitrogen-filled glovebox, ketone (0.22 mmol), 4A
molecular sieves (0.2 g), p-toluenesulfonic acid (0.02 mmol) and phenylhydrazide (0.20 mmol)
were stirred in anhydrous CH,Cl, (0.5 mL) and MeOH (0.5 mL) for 10 min in a vial. Then
[Ir(COD)f-Binaphane]CI (0.002 mmol) in situ generated (from [Ir(COD)CIl], and f-Binaphane
stirred in CH,Cl, for 15 min) was added to this vial, followed by I, (5.1 mg, 0.02 mmol). The total
solution was made to 2.0 mL at a MeOH / CH,Cl, ratio of 1:1. The resulting vial was transferred
to an autoclave, which was charged with 50 atm of H,, and stirred at room temperature for 24 h.
The hydrogen gas was released slowly and the solution was concentrated and passed through a
short column of silica gel to remove the metal complex and molecular sieve. The product was then
analyzed by chiral HPLC to determine the enantiomeric excesses.

(R)- N'-(1-phenylethyl)benzohydrazide (3a): " white solid (95% yield, 94 % ee). [a]*%
+167.2 (¢ = 1 in CHCI3); '"H NMR (400 MHz, CDCl3) & 7.22-7.76 (m, 11H), 4.22 (q, J=6.6

Hz, 1H), 1.41 (d, J=6.6 Hz, 2H). *C NMR (100 MHz, CDCl5) & 167.3, 143.1, 133.0, 131.8,

128.6, 127.6, 127.3, 126.8, 60.1, 22.7. Enantiomeric excess was determined by HPLCusing
Chiralcel OJ-H column, Hex/IPA=90:10, 1 mL/min.
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(+)- N'-(1-(p-tolyl)ethyl)benzohydrazide (3b): white solid (94% yield, 96 % ee). [a]*%

+164.6 (c = 0.25 in CHCI3); "H NMR (400 MHz, CDCl3) & 7.61 (d, J=7.2 Hz, 2H),
7.38-7.53 (m, 4H), 7.28 (d, J=8 Hz, 2H), 7.10 (d, J=7.2 Hz, 2H), 4.18 (q, J=6.6 Hz, 1H),
2.33 (s, 3H), 1.41 (d, J=6.6 Hz, 2H). *C NMR (100 MHz, CDCls) & 167.2, 140.1, 137.2,

133.0, 131.7, 129.3,128.6, 127.1, 126.8, 59.8, 21.2, 21.1. EI-HRMS: 255.1499
(Calculated for C1gH1gNoO"([M+H]"): 255.1497). Enantiomer ratio was determine by HPLC



using

a Chiralcel OJ-H column, Hex/IPA=90:10, 1 mL/min.
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(R)- N'-(1-(4-methoxyphenyl)ethyl)benzohydrazide (3¢c): " light yellow oil (92% vield, 98 %
ee). [a]*°%, +148.3 (c = 1 in CHCI3); "H NMR (400 MHz, CDCl3)d 7.61 (d, J=7.2 Hz, 2H),
7.40 (m, 1H), 7.32 (m, 2H), 7.28 (d, J=7.2 Hz, 2H), 6.82 (d, J=7.2 Hz, 2H), 4.18 (q, J=6.6
Hz, 1H), 3.79 (s, 3H), 1.40 (d, J=6.6 Hz, 2H). *C NMR (100 MHz, CDCls) 5 166.2, 158.1,

134.0, 132.0, 130.7, 128.0, 127.8, 125.8, 113.0, 58.4, 54.3, 20.2. Enantiomer ratio was
determine by HPLC using a Chiralcel OJ-H column, Hex/IPA=90:10, 1 mL/min.
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(+)-N'-(1-(4-fluorophenyl)ethyl)benzohydrazide (3d): white solid (86% yield, 96 % ee).

[a]?°, +177.6 (c = 0.5 in CHCI3); "H NMR (400 MHz, CDCl3)3 7.72 (m, 2H), 7.54 (m, 2H),
7.32 (m, 4H), 6.98 (m, 2H), 5.02 (s, br,1H), 4.24 (q, J=6.6 Hz,1H), 1.30 (d, J=6.6 Hz, 3H).
®C NMR (100 MHz, CDCl3) 5167.4, 163.5, 161.0, 138.9, 132.8, 131.9, 128.8, 128.7,

126.8, 115.5, 115.3, 59.3, 29.7, 21.3. EI-HRMS: 259.1253 (Calculated for

C15H16N2OF*([M+H]"): 259.1247). Enantiomer ratio was determine by HPLC using a Chiralcel
OJ-H column, Hex/IPA=94:6, 1 mL/min.
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(E)l-N'-(l-(4-chlorophenyl)ethyl)benzohydrazide (3e): white solid (92% yield, 97 % ee).
[a]?°, +159.3 (c = 0.5 in CHCI3); '"H NMR (400 MHz, CDCI3)d 7.62 (d, J=7.2 Hz, 2H),
7.48 (m, 1H), 7.28-7.44 (m, 7H), 4.24 (q, J=6.6 Hz, 1H), 1.42 (d, J=6.6 Hz, 1H). *C NMR
(100 MHz, CDCls) 5167.4, 141.8, 133.3, 132.7, 131.9, 128.8, 128.7, 128.6, 126.8, 59.4,

21.3. EI-HRMS: 275.0946 (Calculated for C15H1gN,OCI*([M+H]"): 275.0951). Enantiomer
ratio was determine by HPLC using a Chiralcel OJ-H column, Hex/IPA=94:6, 1 mL/min.
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(R)-N'-(1-(4-bromophenyl)ethyl)benzohydrazide 30:"" white solid (95% vyield, 97 % ee).
[a®p +144.3 (c = 1 in CHCl3); '"H NMR (400 MHz, CDCl;)d 7.68 (d, J=7.2 Hz, 2H),
7.20-7.50 (m, 8H), 4.24 (q, J=6.6 Hz, 1H), 1.42 (d, J=6.6 Hz, 1H). "*C NMR (100 MHz,
CDCl;) 0167.4, 142.3, 132.7, 131.9, 131.7, 129.0, 128.7, 126.8, 121.4, 59.5, 21.3. Enantiomer

ratio was determine by HPLC using a Chiralcel OJ-H column, Hex/IPA=94:6, 1 mL/min.
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(+)-N'-(1-(3,4-dimethoxyphenyl)ethyl)benzohydrazide (3g): white solid (90% yield, >99 %
ee). [a]*°s  +143.9 (c =1 in CHCIl3); "H NMR (400 MHz, CDCl3)d 7.64 (d, J=7.2 Hz, 2H),
7.50 (m, 1H), 7.40 (m, 2H), 7.04 (m, 1H), 6.88-7.00 (m, 2H), 6.84 (d, J=7.2 Hz,1H), 4.26 (q,
J=6.6 Hz, 1H), 3.90 (m, 2H), 1.46 (d, J=6.6 Hz, 1H). *C NMR (100 MHz, CDCl;) 5167.2,

149.2, 148.6, 135.0, 132.7, 131.9, 128.7, 126.9, 119.6, 111.2, 110.2, 60.0, 55.9, 20.9. EI-HRMS:
301.1560 (Calculated for C17H21N2O3"([M+H]"): 301.1552). Enantiomer ratio was determine
by HPLC using a Chiralcel OJ-H column, Hex/IPA=90:10, 1 mL/min.
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(+)-N'-(1-(3-methoxyphenyl)ethyl)benzohydrazide (3h): white solid (92% yield, 94 % ee).
[a]?°, +176.5 (c = 0.25 in CHCI3); "H NMR (400 MHz, CDCl3)d 7.62 (d, J=7.2 Hz, 2H),
7.24-7.52 (m, 5H), 7.00 (m, 2H), 6.82 (m, 1H), 6.76 (d, J=6.6 Hz, 1H), 4.24 (q, J=6.6 Hz,
1H), 3.80 (s, 3H), 1.42 (d, J=6.6 Hz, 2H). "*C NMR (100 MHz, CDCls) 5167.3, 159.9, 144.9,

132.9, 131.8, 129.6, 128.7, 126.8, 119.6, 113.0, 112.6, 60.1, 55.2, 21 .4. EI-HRMS: 271.1457
(Calculated for C1gH1gN2O, ([M+H]"): 271.1447). Enantiomeric excess was determined by
HPLC using Chiralcel OJ-H column, Hex/IPA=90:10, 1 mL/min.
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(+)-N"-(1-(m-tolyl)ethyl)benzohydrazide (3i): colorless liquid (93% vyield, 97 % ee). [a]*%

+156.6 (c = 1 in CHCI5); '"H NMR (400 MHz, CDCl3)5 7.60 (m, 3H), 7.40 (m, 1H), 7.30 (m,
2H), 7.16 (m, 3H), 7.00 (d, J=7.2 Hz,1H), 4.12 (q, J=6.6 Hz, 1H), 1.32 (q, J=6.6 Hz, 3H).

3C NMR (100 MHz, CDCl3) & 167.3, 143.0, 138.2, 133.0, 131.7, 131.5, 128.6, 128.5, 128.4,



128.0, 126.9, 124.3. EI-HRMS: 255.1503 (Calculated for C4gH1gN,O"([M+H]"): 255.1497).
Enantiomeric excess was determined by HPLC using Chiralpak AD-H column, Hex/IPA=96:4, 1
mL/min.

WO A Wit 20 im [CMI0 SECH DATE TIME e LOE D

mkll

] |
] i
2]
e ]
]
Fong

5
-

]
3 I
] |
v d ||
E |
|
:cf | |
1 |I |
=] S| g5
= 1 ge
o] e e :
i & T A X &
Pank RetTies Typa Widel i Baigh )
L] [=min} [min] AL (R 1
== e | el [ e e = [ e
1 18.70s.-BB f.5110 Z.555424 Teg, 40363 SE.4143
i Z0O.701 B8 k. 5731 4 EETZ 3.5852
I 2. E514Bad THI. IR
\O HN'N

(+)- N'-(1-(2-methoxyphenyl)ethyl)benzohydrazide (3j): white solid (86% yield, 89 % ee).

[0]°% +87.2 (c = 1in CHCI5); "H NMR (400 MHz, CDCl3)5 7.62 (m, 2H), 7.32-7.48 (m,



5H), 7.22 (m, 1H), 6.94 (m, 1H), 6.82 (d, J=7.2 Hz,1H), 4.58 (q, J=6.6 Hz, 1H), 3.73 (s,
3H),1.36 (q, J=6.6 Hz, 3H). *C NMR (100 MHz, CDCl;) & 166.9, 157.4, 133.2, 131.6, 131.1,

128.6, 128.3, 126.9, 126.8, 120.7, 110.7, 55.4, 53.9, 19.6. EI-HRMS: 269.1292 (Calculated for
C16H17N20, ([M+H]): 269.1290). Enantiomeric excess was determined by HPLC using
Chiralpak AS-H column, Hex/IPA=75:25, 1 mL/min.
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(R)- N'<(1-(naphthalen-2-yl)ethyl)benzohydrazide (3k):!"! white solid (91% yield, 90 % ee).
[a]?°, +195.9 (c = 1 in CHCI3); "H NMR (400 MHz, CDCI3)3 7.76 (m, 4H), 7.54 (m, 4H),
7.40 (m, 3H), 7.30 (m, 2H), 6.70-6.78 (m, 3H), 4.40 (q, J=6.6 Hz, 1H), 1.42 (q, J=6.6 Hz,



3H). *C NMR (100 MHz, CDCls) & 167.4,140.6, 133.5, 133.1, 132.9, 131.8, 128.6, 128.4,

127.9, 127.7, 127.2, 126.9, 126.1, 126.1, 125.8, 125.2, 60.2, 21.3. Enantiomeric excess was
determined by HPLC using Chiralcel OJ-H column, Hex/IPA=85:15, 1 mL/min.
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(+)-N'-(1-(furan-2-yl)ethyl)benzohydrazide (31): yellow oil (91% vyield, 89 % ee). [a]*%

+105.1 (¢ = 0.25 in CHCl5); "H NMR (400 MHz, CDCl5)5 7.70 (m, 2H), 7.62 (s, 1H), 7.50



(m, 1H), 7.42 (m, 3H), 6.32 (m, 1H), 6.20 (m, 1H), 4.32 (q, J=6.6 Hz, 1H), 1.48 (q, J=6.6
Hz, 3H).. ®*C NMR (100 MHz, CDCl3) & 167.3, 155.5, 142.1, 132.9, 131.9, 128.7, 126.9, 110.1,

106.7, 53.6, 17.6. EI-HRMS: 231.1138 (Calculated for C43HsN,O, ([M+H]"): 231.1134).
Enantiomeric excess was determined by HPLC using Chiralcel OJ-H column, Hex/IPA=85:15, 1
mL/min.
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V.NMR & HRMS Spectra
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HRMS for (+)- N'-(1-(p-tolyl)ethyl)benzohydrazide (3b):
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Single Mass Analysis
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HRMS for (+)-V'-(1-(4-fluorophenyl)ethyl)benzohydrazide (3d):



Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 10.0 PPM { DBE: min=-1.5 max = 6000
Element prediction: Off

Mumber of isatope peaks used for i-FIT =3

Moneisotopic Mass, Even Eleciron lons

66 formulale) evaluated with 1 results within limits {all results (up to 1000) for each mass)
Elements Used:

C:0-130 H:0-250 MN:D4 O:D0-3 F 141

Mingxin ChangCM<-RA-2-4F University of linois, SCS, Mass Spectromeiry Lab Q-fof UES21
Qtof_47463 23 (1.723) AM (Cen,3, 80.00, Ar,15000.0,558 36,0 70,LS 3); Sm (3G, 2x3.00); Cm {22:23) 1: TOF MS ES+
1.682-003
250,1253
1[35% 257.1081 =
01 2521730 2531363 2541208 540 256053 2581125 2601284 511309 oRa 1116 263.4207 2533688
B N S i i N
2520 253, 2540 2550 2850 2570 2580 2610 2620 283, 2640
-1.t
5.0 10.0 £00.0
Mass Calc. Mass mla FEM DBE
255,1253  285.1247 1.6 2.3 8.5 2.0 Cls Elé N2 O F
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HRMS for (+)-N'-(1-(4-chlorophenyl)ethyl)benzohydrazide (3e):

Elemental Composition Report

Single Mass Analysis

Tolerance = 10.0 PPM /[ DBE: min =-1.5, max =600.0
Element prediction: Off

MNumber of isotope peaks used for i-FIT = 3

Maonoisotopic Mass, Even Electron lons

141 formulale) evaluated with 2 results within limits (all results {up to 1000} for each mass)
Elements Used:

C:0-130 H:0-250 N:04 O:0-3 Cl0-1

Mingin ChangCMX-RA-3-4C University of linois, SCS, Mass Specirometry Lab
Qtof_47464 24 (1.738) AM (Cen,3, 80.00, Ar,15000.0,716.46,0.70,LS 3); Sm (SG, 2x3.00); Cm (22:24)

275.0948
273.0806

2711522 2721955 274.0823 2760065 2770940

2750983 279.0933
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Q-tof UES21
1: TOF MS ES+
§.97e+002

2811075 o2g2 G
I28[.':.!'_‘19_;3 = 484.114(12'_%:"__'41?'%

5.0 19.0
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HRMS for (+)-N'-(1-(3,4-dimethoxyphenyl)ethyl)benzohydrazide (3g):

Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 10.0 PPM / DBE: min =-1.5 max = 6000
Element prediction: Off
Mumber of isotope peaks used fori-FIT=3
Monoisotopic Mass, Even Eleciron lons
154 formulale) evaluated with 2 results within limits {all results (up to 1000) for each mass)
Elements Used:
C:0-130 H:0-250 M:04 0O:0-3 CI0-1
Mingxin ChangCMX-RA-4-340Me University of llnois, SCS, Mass Spectrometry Lab Q-tof UES2
Qof_47465 22 (1.648) AM (Cen,3, 80.00, Ar,15000.0,716.46,0.70,LS 3); Sm (SG, 2x3.00); Cm {20:22) 1: TOF MS ES+
6.20e=002
10 301.1560
B 295.1404
o 2970841  207.9272 N 300.1431 3021583 3p31599  3p4q308 3051392 061591
e - L s RS B e
258 300.0 a 2 03.0 304.0 305.0 305.0
5.0
mba PEM DBE i-FIT Formula
2.7 B.5 1.4 Cl7 H21 N2 03
-3.3 335 218.0 Cle Hze 03 Cl
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HRMS for (+)-N'-(1-(3-methoxyphenyl)ethyl)benzohydrazide (3h):

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 10.0 PPM / DBE: min =-1.5, max = 600.0
Element prediction: Off

MNumber of isotope peaks used for i-FIT =3

Moneoisotopic Mass, Even Electron lons

75 formulale) evaluated with 1 results within imits (all results (up to 1000) for each mass)
Elements Used:

C:0-130 H:0-250 M:0-4 O:0-3

Mingxin ChangChX-RA-5-30Me University of llinoiz, SCS, Mass Spectrometry Lab Q-fof UES21
Qtof_47486 37 (2.767) AM (Cen,3, B0.00, Ar,15000.0,716.46,0.70,LS 3); Sm (SG, 2x3.00);, Cm (37:40) 1: TOF MS ES+
3.52e+003
271.1457
267 15762001497 48 0731517 274 164
L e L LB L o e e e miz
267.0 268.0 2720 2730 274.0
Calc, Mass mha FEM DBE i-FIT Formula
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HRMS for (+)-N'-(1-(m-tolyl)ethyl)benzohydrazide (3i):

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 10.0 PPM / DBE: min =-1.5, max = 6000
Element prediction: Off

Mumber of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

73 formulaie) evaluated with 1 results within limits {all resulis (up to 1000) for each mass)
Elements Used:

C:0-130 H:0-250 MN:0-4 0O:0-3

Mingan ChangChMX-RA-5-3Me University of llinois, SCS, Mass Spectrometry Lab C-tof UESZ21
Qfof_47457 22 (1.649) AM (Cen,3, 80.00; Ar,15000.0,716.46,0 TO.LS 3); Sm (SG, 2x3.00); Cm (21:22) 1 TOF MS ES+
2.43e+003
10 2551503
323 253.1352 5551542
2511238 2521775 | 254.1389 b 2571591 2581527 250.1535
L A L A IR B IS B I L UL B B L L e miz

51.0 252 253.0 2540 255 2570 258.0 259.0
-1.5
5.0 1G.0 800. ¢
Calc. Mass mha FEM LBE
255.14597 0.6 Z.4 BE.5 .3 Clé H1% Nz ©
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HRMS for (+)- N'-(1-(2-methoxyphenyl)ethyl)benzohydrazide (3j):

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 10.0 PPM / DBE: min=-1.5 max =6000
Element prediction: Off

Number of isofope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

76 formula{e) evaluated with 1 results within limits (all results {up to 1000) for each mass)
Elements Used:

C:0-130 H:0-250 N:04 O:0-3

Mingxin ChangChX-RA-T-20Ms University of lllnois, SCS, Mass Spectrometry Lab Q-tof UES21
Qtof_47468 21 (1.574) AM (Cen,3, 80.00, Ar,15000.0,716.46,0.70,LS 3); Sm (SG, 2x3.00); Cm (15:21) 1: TOF MS ES+
1.99e+003
10 2691292
92%266 0873 FLASST 5721500 2781541
o - 267.1439 | | 7 T 2731512 275.1305 2771540 - 279.1624 282.2086 .,
e e e L o e o L I o B e L U L B o e T B
266.0 265.0 2700 2720 2740 2760 278.0 280.0 2820
=1.5
5.0 1.0 600.0
Mass Calc. Mass mla FEM DBE Formula
269.1282 269.1290 1.2 0.7 9.5 Clé H17 Hz 02
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HRMS for (+)-N'-(1-(furan-2-yl)ethyl)benzohydrazide (31):

Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 10.L0 PPM / DBE: min =-1.5 max = 800.0
Elzment prediction: Off
tumber of isctope peaks used for i-FIT =23
Miongizotopic Mass, Even Elzctron lons
24 formulaie) evaluated with 1 resufis within Bmits (27 resuts (up fo 1000} for each mass)
Eements Used:
C:0-130 H:0-250 N:04 O:0-3
Mg ChangChx-RA-3-Fur University of #nals, 355, Mass Spectromelry Lab C=tof LESZ1
Crof_47463 27 (20229 AM (Can 3, 5000, Ar, 1500000, 716 46,0 TOLS 3); Sm (32, 2x3.00) Cm (2T 1: TOF M5 ES+
2.32e+003
2311136
i 2200077
AR A 34 & 233 197 . -
I Sl A 1 | 209.13e5230 1005 2310854 12 2321213 2341288 ZIEA0TE 2ETE
T T T T T T T T T T T T T T T T T T T "
237,00 2200 229.00 230.00 23100 232.00 23300 234.00 235.00 235.00

M3 nimwim: -1.%
Maazwiom: 5.0 13.40 600 .0
- FEE Calc. Mass =Dz EEM OFE £=FIT Formulz
Z3l.113E 231.1334 a.¢ LS = 0.6 Cl2  HLT HZ 42
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