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1. General information 

Unless otherwise noted, all experiments were carried out under an atmosphere of nitrogen 

using standard Schlenk techniques or in a nitrogen-filled glovebox. 1H NMR and 13C NMR 

spectra were recorded on Bruker Model Avance DMX 300 Spectrometer (1H 300 MHz and 

13C 75 MHz, respectively), Bruker Model Avance DMX 400 Spectrometer (1H 400 MHz and 

13C 100 MHz, respectively), Bruker Model Avance DMX 500 Spectrometer (1H 500 MHz and 

13C 125 MHz, respectively) and Bruker Model Avance DMX 600 Spectrometer (1H 600 MHz 

and 13C 150 MHz, respectively). Chemical shifts (δ) were given in ppm and were referenced 

to residual solvent or TMS peaks. Optical rotations were measured with Rudolph Autopl VI 

polarimeter. High resolution ESI mass spectra (P-ESI HRMS) were obtained on Thermo 

Fisher Q Exactive Mass Spectrometer. HPLC analyses were performed on a Varian Prostar 

210 liquid chromatography. All organic solvents were dried using standard, published 

methods and were distilled before use. All other chemicals were used as received from 

Aldrich or Acros without further purification. The catalysts[1] and substrates[2] were 

synthesized according to the modified literature methods. 

 

2. Optimization of conditions for asymmetric hydrogenation reactions 

For this study, we chose the chiral diamines DPEN and CYDN as the ligand skeletons and 

prepared a series of Ru-complexes bearing chloride as anion according to the previous 

method.[1] Then, the anion Cl- was exchanged to the weakly coordinating counteranions, 

giving the corresponding cationic ruthenium catalysts in quantitative yields, which did not 

require further purification. Their structures are shown in Scheme S1. 

 
Scheme S1. Chiral ruthenium diamine catalysts used in this study 
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Optimization of conditions for asymmetric hydrogenation reactions are shown in Table 

S1-S5. 

 

Table S1. Screening of the solvents[a] 

 

Entry Solvent Conv. (%)[b] 2a:2a'[b] ee of 2a  dl/meso[c] 

1 MeOH < 5 - - - 
2 IPA 20 >20:1 >99 88:12 
3 TFE 36 >20:1 >99 86:14 
4 HFIP >99 >20:1 >99 88:12 
5 THF 54 1:2 95 79:21 
6 1,4-dioxane 97 12:1 92 75:25 
7 DCM >99 >20:1 96 82:18 
8 toluene 99 11:1 84 69:31 
9 ethyl acetate 50 4:1 95 77:23 

[a] Reaction conditions: substrate 1a (0.05 mmol) in solvent (0.5 mL), (R,R)-C1 (5.0 mol%), H2 (50 
atm), stirred at 25 oC for 6 h. [b] Determined by 1H NMR analysis of crude product. [c] Determined by 
HPLC analysis with chiral AS-H column. IPA = isopropanol, TFE = 2,2,2-trifluoroethanol, HFIP = 
1,1,1,3,3,3-hexafluoro-2-propanol, THF = tetrahydrofuran, DCM = dichloromethane. 
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Table S2. Optimization of other reaction conditions[a] 

 

Entry S/C Temp. 
(oC) 

H2 
(atm) 

Time 
(h) 

Conv. 
(%)[b] 2a:2a'[b] ee of 2a' 

(%)[c] dl/meso[c]

1 20 0 50 6 98 3:1 >99 92:8 

2 20 0 50 12 >99 14:1 >99 92:8 

3 20 0 50 24 >99 >20:1 >99 92:8 

4 10 0 50 24 >99 >20:1 >99 94:6 

5 20 25 50 6 >99 >20:1 >99 89:11 

6 20 50 50 6 >99 >20:1 >99 84:16 

7 20 25 70 6 >99 >20:1 >99 89:11 

8 20 25 30 6 >99 >20:1 >99 87:13 

9 50 25 50 24 >99 >20:1 >99 87:13 

10 100 25 50 24 88 1:1 >99 86:14 

[a] Reaction conditions: 1a (0.05 mmol) in 0.5 mL HFIP. [b] Determined by 1H NMR analysis of 
crude product. [c] Determined by HPLC analysis with chiral column.  
 
  



 

3. Dete

3.1 X-R

    A 
evapora
absolute
analysis
These d

Figure 
drawn a
 
3.2 X-R

A c
dichloro
1995242
obtained

Figure 
ellipsoid

erminatio

Ray crystal 

crystal of 
ation from t
e configura
s. CCDC 1
data can be o

S1. Single c
at 50% prob

Ray crystal 

crystal suita
omethane s
2 contain th
d free of ch

S2. Single c
ds drawn at

on of abso

structure o

2c (> 99%
the saturated
ation of 2c 
1995240 co
obtained fre

crystal struc
bably level. 

structure o

able for X-r
solution of 
he supplem
arge from T

crystal struc
t 50% proba

olute conf

of 2c  

% ee) suit
d solution o
was determ

ontain the s
ee of charge

cture of (S,S
Hydrogen a

of (S,S)-2a-

ray diffracti
(S,S)-2a-C

mentary crys
The Cambrid

cture of (S,S
ably level. H

S5 

figuration

table for X
of chlorofor
mined to be
supplement
e from The C

S)-2c. The O
atoms have 

-Cu(OTf)2

ion was obt
Cu(OTf)2 at 

stallographi
dge Crystal

S)-2a-Cu(O
Hydrogen at

 

n  

X-ray diffra
rme/acetoni
e (S,S) base
ary crystall
Cambridge 

ORTEP view
been omitte

 

tained by d
room tem

ic data for 
llographic D

OTf)2. The O
toms have b

action was 
itrile at room
ed on the s
lographic d
Crystallogr

w with disp
ed for clarit

iffusion of 
mperature in

this paper. 
Data Centre.

ORTEP view
been omitted

obtained b
m temperat
single-crysta
data for thi
raphic Data 

 
placement e
ty. 

diethyl eth
n glovebox

These data
. 

  
w with displ
d for clarity

by slow 
ure. The 
al X-ray 
is paper. 
Centre. 

llipsoids 

er into a 
. CCDC 
a can be 

lacement 
y. 



S6 

 

 

Table S3. Crystal data and structure refinement for 2c. 

-------------------------------------------------------------------------------------------------------------------------- 

Identification code                  2c 
Empirical formula               C29H35N3 
Formula weight                  425.60 
Temperature/K                  170.00(14) 
Crystal system                  monoclinic 
Space group                      C2 
a/Å                             17.66374(8) 
b/Å                             8.92292(5) 
c/Å                             15.18432(6) 
α/°                             90 
β/°                             99.5320(4) 
γ/°                             90 
Volume/Å3                      2360.191(19) 
Z                             4 
ρ calc g/cm3                      1.198 
μ/mm 1                      0.534 
F(000)                          920.0 
Crystal size/mm3                   0.23 × 0.15 × 0.03 
Radiation                      CuKα (λ = 1.54184) 
2Θ range for data collection/°        5.902 to 150.996 
Index ranges                      -21≤h≤21, -10≤k≤10, -18≤l≤18 
Reflections collected               22028 
Independent reflections  534 [Rint = 0.0173, Rsigma = 0.0105] 
Data/restraints/parameters            4534/1/293 
Goodness-of-fit on F2               1.080 
Final R indexes [I>=2σ (I)]        R1 = 0.0288, wR2 = 0.0752 
Final R indexes [all data]            R1 = 0.0289, wR2 = 0.0753 
Largest diff. peak/hole / e Å-3        0.15/-0.17 
Flack parameter                  0.10(7) 

----------------------------------------------------------------------------------------------------------------- 
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Table S4. Crystal data and structure refinement for (S,S)-2a-Cu(OTf)2. 

-------------------------------------------------------------------------------------------------------------------------- 

Identification code  (S,S)-2a-Cu(OTf)2 
Empirical formula  C27H27CuF6N3O6S2 
Formula weight  731.17 
Temperature  170.00(10) K 
Crystal system trigonal 
Space group P32 
a/Å 17.3237(2) 
b/Å 17.3237(2) 
c/Å 8.4613(2) 
α/° 90 
β/° 90 
γ/° 120 
Volume/Å3 2199.12(7) 
Z 3 
ρ calc g/cm3 1.656  
μ/mm‑1 0.973 
F(000) 1119.0 
Crystal size/mm3 0.525 × 0.112 × 0.086 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 7.186 to 61.38 
Index ranges -24≤h≤20, -24≤k≤24, -11≤l≤12 
Reflections collected 37133 
Independent reflections 8014 [Rint = 0.0246, Rsigma = 0.0241] 
Data/restraints/parameters 8014/1/408 
Goodness-of-fit on F2 1.020 
Final R indexes [I>=2σ (I)] R1 = 0.0524, wR2 = 0.1387 
Final R indexes [all data] R1 = 0.0587, wR2 = 0.1432 
Largest diff. peak/hole / e Å-3 1.62/-0.61 
Flack parameter 0.000(5) 

-------------------------------------------------------------------------------------------------------------------------- 

 



S8 

 

4．General procedure for the synthesis of substrates 

4.1 Synthesis of terpyridine-type substrate PyBQs (1) 

The corresponding 2,6-di(quinolin-2-yl)pyridine derivatives 1 were synthesized 

according to the previously reported procedures.[2a,2b] The corresponding 

2-aminobenzaldehydes (8)[2c] and 2,6-diacetylpyridine derivatives (9)[2d-2g] were synthesized 

according to the previously reported procedures. 

Method A:  

 
Typical procedure: In a 250 mL flask, 2-amino-3-methylbenzaldehyde 6 (270 mg, 

2.000 mmol) was dissolved in ethyl alcohol (100 mL). Then, 2,6-diacetylpyridine 7 (163 mg, 

1.000 mmol), potassium hydroxide (22 mg, 0.400 mmol) were added, and the reaction 

mixture was stirred at 95 oC oil bath for 16 h under nitrogen atmosphere. The reaction mixture 

was cooled to room temperature, and the solvent was removed under reduced pressure. The 

crude product was purified by column chromatography on silica gel (eluent: 

dichloromethane/petroleum ether) to afford 2,6-bis(8-methylquinolin-2-yl)pyridine (1a) as 

white solid. The analytical data of the products are summarized below. 

 

Method B: 

 

Typical procedure: In a 250 mL flask, o-aminobenzaldehyde (121 mg, 1.0 mmol) was 

dissolved in ethyl alcohol (100 mL). Then, 2,6-diacetylpyridine 7a (163 mg, 1.0 mmol), 
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potassium hydroxide (11 mg, 0.2 mmol) were added, and the reaction mixture was stirred at 

95 oC for 16 h. The reaction mixture was cooled to room temperature and the solvent was 

removed under reduce pressure, and the crude product was purified by flash column 

chromatography on silica gel (eluent: dichloromethane/ petroleum ether) to afford 

1-(6-(quinolin-2-yl)pyridin-2-yl)ethan-1-one 8. Then, 8 (248 mg, 1.000 mmol), 

2-amino-3-isopropylbenzaldehyde (163 mg, 1.0 mmol), potassium hydroxide (11 mg, 0.2 

mmol) and 100 mL ethanol were added in 250 mL flask, and the reaction mixture was stirred 

at 95 oC oil bath for 16 h. The reaction mixture was cooled to room temperature and the 

solvent was removed under reduce pressure. The residue was purified by column 

chromatography on silica gel (eluent: dichloromethane/petroleum ether) to yield the desired 

8-isopropyl-2-(6-(naphthalen-2-yl)pyridin-2-yl) quinoline (1o). The analytical data of the 

products are summarized below. 
 

2,6-bis(8-methylquinolin-2-yl)pyridine (1a): (Following the method 

A, new compound). White solid, m.p. 229-232 oC, 0.177 g, isolated 

yield 49%. 1H NMR (300 MHz, CDCl3) δ (ppm) 8.85 (t, J = 7.4 Hz, 

4H), 8.30 (d, J = 8.7 Hz, 2H), 8.06 (t, J = 7.8 Hz, 1H), 7.72 (d, J = 7.8 

Hz, 2H), 7.60 (d, J = 6.9 Hz, 2H), 7.46 (t, J = 7.5 Hz, 2H), 2.96 (s, 6H); 13C NMR (75 MHz, 

CDCl3): δ (ppm) 155.8, 154.9, 147.0, 146.6, 137.9, 137.9, 137.1, 129.8, 128.4, 126.7, 125.7, 

122.1, 118.7, 18.1. HRMS (ESI) m/z: [M + H]+ Calcd for C25H20N3 362.16517; Found 

362.16528 . 
 

2,6-bis(8-ethylquinolin-2-yl)pyridine (1b): (Following the method A, 

new compound). White solid, m.p. 155-157 oC, 0.218 g, isolated yield 

56%. 1H NMR (500 MHz, CDCl3): δ (ppm) 8.85 (dd, J = 16.8, 8.3 Hz, 

4H), 8.32 (d, J = 9.0 Hz, 2H), 8.08 (t, J = 7.8 Hz, 1H), 7.73 (d, J = 8.0 Hz, 2H), 7.61 (d, J = 

7.0 Hz, 2H), 7.50 (t, J = 7.5 Hz, 2H), 3.47 (q, J = 7.5 Hz, 4H), 1.50 (t, J = 7.5 Hz, 6H); 13C 

NMR (125 MHz, CDCl3): δ (ppm) 155.8, 154.6, 146.2, 143.6, 138.1, 137.3, 128.5, 128.2, 

126.9, 125.7, 122.1, 118.7, 24.9, 15.4. HRMS (ESI) m/z: [M + H]+ Calcd for C27H24N3 
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390.19647; Found 390.19629. 

 

2,6-bis(8-isopropylquinolin-2-yl)pyridine (1c): (Following the 

method A, new compound). White solid, m.p. 181-183 oC, 0.280 g, 

isolated yield 67%. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.85 (dd, J 

= 14.9, 8.3 Hz, 4H), 8.32 (d, J = 8.4 Hz, 2H), 8.08 (t, J = 7.8 Hz, 1H), 

7.72 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 7.2 Hz, 2H), 7.53 (t, J = 7.7 Hz, 2H), 4.61-4.47 (m, 2H), 

1.50 (d, J = 6.9 Hz, 12H); 13C NMR (75 MHz, CDCl3): δ (ppm) 156.0, 154.7, 147.8, 145.7, 

137.9, 137.3, 128.6, 126.9, 125.5, 125.5, 122.0, 118.6, 28.0, 23.7. HRMS (ESI) m/z: [M + H]+ 

Calcd for C29H28N3 418.22777; Found 418.22760. 

 

2,6-bis(8-(tert-butyl)quinolin-2-yl)pyridine (1d): (Following the 

method A, new compound). White solid, m.p. 231-233 oC, 0.328 g, 

isolated yield 72%. 1H NMR (500 MHz, CDCl3): δ (ppm) 8.88 (d, J = 

8.5 Hz, 2H), 8.76 (d, J = 7.5 Hz, 2H), 8.34 (d, J = 9.0 Hz, 2H), 8.11 (t, 

J = 8.0 Hz, 1H), 7.74 (dd, J = 13.0, 7.5 Hz, 4H), 7.50 (t, J = 7.5 Hz, 2H), 1.82 (s, 18H); 13C 

NMR (125 MHz, CDCl3): δ (ppm) 155.9, 153.3, 148.3, 146.6, 138.2, 137.9, 129.5, 126.8, 

126.6, 122.1, 118.1, 36.8, 31.5. HRMS (ESI) m/z: [M + H]+ Calcd for C31H32N3 446.25852; 

Found 446.25839. 
 

2,6-bis(8-fluoroquinolin-2-yl)pyridine (1e): (Following the method 

A, new compound). White solid, m.p. 283-285 oC, 0.181 g, isolated 

yield 49%. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.93-8.88 (m, 4H), 

8.38 (d, J = 8.7 Hz, 2H), 8.16 (t, J = 7.8 Hz, 1H), 7.69 (d, J = 8.1 Hz, 

2H), 7.56-7.43 (m, 4H); 13C NMR (125 MHz, CDCl3): δ (ppm) 158.5 (d, JC-F = 257.8 Hz), 

156.2, 155.1, 138.5, 138.3 (d, JC-F = 12.6 Hz), 136.7 (d, JC-F = 2.5 Hz), 130.1 (d, JC-F = 1.3 

Hz), 126.8 (d, JC-F = 7.5 Hz), 123.4 (d, JC-F = 5.0 Hz), 123.0, 120.1, 113.9 (d, JC-F = 18.9 Hz). 

HRMS (ESI) m/z: [M + H]+ Calcd for C23H14F2N3 370.11503; Found 370.11447. 
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2,6-bis(8-chloroquinolin-2-yl)pyridine (1f): (Following the method 

A, new compound). Yellow solid, m.p. 282-285 oC, 0.172 g, isolated 

yield 43%. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.96 (t, J = 9.0 Hz, 

4H), 8.37 (d, J = 8.7 Hz, 2H), 8.16 (t, J = 7.8 Hz, 1H), 7.85 (dd, J = 

19.5, 7.8 Hz, 4H), 7.50 (t, J = 7.8 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 156.5, 

155.2, 144.2, 138.5, 137.4, 134.3, 129.9, 129.8, 126.9, 123.2, 119.9. HRMS (ESI) m/z: [M + 

H]+ Calcd for C23H14Cl2N3 402.05593; Found 402.05554.  

 

2,6-bis(8-bromoquinolin-2-yl)pyridine (1g): (Following the method 

A, new compound). White solid, m.p. 293-295 oC, 0.200 g, isolated 

yield 41%. 1H NMR (600 MHz, CDCl3): δ (ppm) 8.98 (d, J = 7.8 Hz, 

2H), 8.93 (d, J = 9.0 Hz, 2H), 8.34 (d, J = 8.4 Hz, 2H), 8.13 (t, J = 7.8 Hz, 1H), 8.10 (dd, J = 

7.2, 1.2 Hz, 2H), 7.86 (dd, J = 8.1, 0.9 Hz, 2H), 7.43 (t, J = 7.8 Hz, 2H); 13C NMR (150 MHz, 

CDCl3): δ (ppm) 156.8, 155.2, 145.0, 138.4, 137.4, 133.4, 129.8, 127.7, 127.4, 125.8, 123.2, 

119.8. HRMS (ESI) m/z: [M + H]+ Calcd for C23H14Br2N3 489.95490; Found 489.95477. 

 

2,6-bis(8-(trifluoromethyl)quinolin-2-yl)pyridine (1h): (Following 

the method A, new compound). White solid, m.p. 308-310 oC, 0.244 g, 

isolated yield 52%. 1H NMR (500 MHz, CDCl3): δ (ppm) 8.97 (d, J = 

8.0 Hz, 2H), 8.89 (d, J = 7.5 Hz, 2H), 8.39 (d, J = 8.5 Hz, 2H), 

8.12-8.06 (m, 5H), 7.61 (t, J = 7.3 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 155.6, 

155.0, 144.5, 138.5, 137.0, 132.2, 128.8, 128.3 (q, JC-F = 30.2 Hz), 128.2 (q, JC-F = 6.3 Hz), 

125.5, 123.3, 124.4 (q, JC-F = 272.9 Hz), 119.7. HRMS (ESI) m/z: [M + H]+ Calcd for 

C25H14F6N3 470.10864; Found 470.10849. 
 

2,6-di(quinolin-2-yl)pyridine (1i): (Following the method A, Known 

compound, see: Teulade-Fichou, M.-P. et al. Org. Biomol. Chem. 2009, 

7, 2864-2871). White solid, m.p. 236-239 oC, 0.213 g, isolated yield 

64%. 1H NMR (500 MHz, CDCl3): δ (ppm) 8.85 (d, J = 8.5 Hz, 2H), 

N
N N

Cl Cl

N
N N

Br Br
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8.79 (d, J = 8.0 Hz, 2H), 8.34 (d, J = 8.5 Hz, 2H), 8.23 (d, J = 8.5 Hz, 2H), 8.07 (t, J = 7.8 Hz, 

1H), 7.89 (d, J = 8.0 Hz, 2H), 7.76 (t, J = 7.5 Hz, 2H), 7.58 (t, J = 7.3 Hz, 2H); 13C NMR (125 

MHz, CDCl3): δ (ppm) 156.3, 155.6, 148.0, 138.1, 136.9, 130.0, 129.8, 128.5, 127.8, 126.9, 

122.3, 119.3. HRMS (ESI) m/z: [M + H]+ Calcd for C23H16N3 334.13332; Found 334.13358. 

 

2,2'-(4-(tert-butyl)pyridine-2,6-diyl)bis(8-methylquinoline) (1j): 

(Following the method A, new compound). White solid, m.p. 246-248 
oC, 0.217 g, isolated yield 52%. 1H NMR (300 MHz, CDCl3): δ (ppm) 

8.92 (s, 2H) , 8.88 (d, J = 8.7 Hz, 2H), 8.31 (d, J = 8.7 Hz, 2H), 7.73 

(d, J = 8.1 Hz, 2H), 7.61 (d, J = 6.9 Hz, 2H), 7.46 (t, J = 7.5 Hz, 2H), 2.98 (s, 6H), 1.57 (s, 

9H); 13C NMR (75 MHz, CDCl3): δ (ppm) 162.2, 155.7, 155.1, 146.9, 137.7, 137.1, 129.8, 

128.4, 126.6, 125.7, 119.3, 119.0, 35.5, 30.9, 18.0. HRMS (ESI) m/z: [M + H]+ Calcd for 

C29H28N3 418.22777; Found 418.22739. 

 

2,2'-(4-methoxypyridine-2,6-diyl)bis(8-methylquinoline) (1k): 

(Following the method A, new compound). White solid, m.p. 207-210 
oC, 0.156 g, isolated yield 40%. 1H NMR (500 MHz, CDCl3): δ (ppm) 

8.83 (d, J = 8.5 Hz, 2H), 8.39 (s, 2H), 8.27 (d, J = 8.5 Hz, 2H), 7.70 (d, 

J = 8.0 Hz, 2H), 7.58 (d, J = 6.5 Hz, 2H), 7.45 (t, J = 7.5 Hz, 2H), 4.12 (s, 3H), 2.94 (s, 6H); 
13C NMR (125 MHz, CDCl3): δ (ppm) 167.7, 157.6, 154.6, 146.9, 137.8, 137.0, 129.7, 128.5, 

126.7, 125.7 118.9, 107.8, 55.6, 18.1. HRMS (ESI) m/z: [M + H]+ Calcd for C26H22ON3 

392.17574; Found 392.17545. 

 

2,2'-(4-methoxypyridine-2,6-diyl)bis(8-ethylquinoline) (1l): 

(Following the method A, new compound). White solid, m.p. 151-154 
oC, 0.143 g, isolated yield 34%. 1H NMR (400 MHz, CDCl3): δ (ppm) 

8.84 (d, J = 8.8 Hz, 2H), 8.39 (s, 2H), 8.29 (d, J = 8.4 Hz, 2H), 7.72 (d, 

J = 8.0 Hz, 2H), 7.60 (d, J = 6.8 Hz, 2H), 7.49 (t, J = 7.4 Hz, 2H), 4.12 (s, 3H), 3.46 (q, J = 

7.5 Hz, 4H), 1.50 (t, J = 7.4 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ (ppm) 167.6, 157.9, 

N
N N

O

N
N N

O
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154.7, 146.3, 143.6, 137.0, 128.6, 128.1, 126.8, 125.7, 118.9, 107.7, 55.4, 24.9, 15.4. HRMS 

(ESI) m/z: [M + H]+ Calcd for C28H26ON3 420.20704; Found 420.20755. 

 

2,2'-(4-(trifluoromethyl)pyridine-2,6-diyl)bis(8-methylquinoline) 

(1m): (Following the method A, new compound). White solid, m.p. 

230-232 oC, 0.193 g, isolated yield 45%. 1H NMR (300 MHz, CDCl3): 

δ (ppm) 8.96 (s, 2H), 8.77 (d, J = 8.4 Hz, 2H), 8.28 (d, J = 8.4 Hz, 2H), 

7.70 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 6.9 Hz, 2H), 7.46 (t, J = 7.5 Hz, 2H), 2.92 (s, 6H); 13C 

NMR (150 MHz, CDCl3): δ (ppm) 157.3, 153.5, 147.0, 140.3 (q, JC-F = 33.5 Hz), 138.1, 137.3, 

130.0, 128.7, 127.2, 125.7, 123.5 (q, JC-F = 272.0Hz), 118.5, 117.5, 18.0. HRMS (ESI) m/z: 

[M + H]+ Calcd for C26H19F3N3 430.15256; Found 430.15283. 

 

2,2'-(4-(trifluoromethyl)pyridine-2,6-diyl)bis(8-ethylquinoline) 

(1n): (Following the method A, new compound). White solid, m.p. 

221-224 oC, 0.178 g, isolated yield 39%. 1H NMR (500 MHz, CDCl3): 

δ (ppm) 8.98 (s, 2H), 8.81 (d, J = 8.5 Hz, 2H), 8.32 (d, J = 9.0 Hz, 

2H), 7.72 (d, J = 8.0 Hz, 2H), 7.62 (d, J = 7.0 Hz, 2H), 7.52 (t, J = 7.5 Hz, 2H), 3.46 (q, J = 

7.5 Hz, 4H), 1.50 (t, J = 7.5 Hz, 6H); 13C NMR (125 MHz, CDCl3): δ (ppm) 157.4, 153.4, 

146.3, 143.8, 140.3 (q, JC-F = 33.8 Hz), 137.4, 128.8, 128.4, 127.3, 125.7, 123.5 (q, JC-F = 

271.7 Hz), 118.5, 117.4 (q, JC-F = 3.8 Hz), 24.8, 15.3. HRMS (ESI) m/z: [M + H]+ Calcd for 

C28H23F3N3 458.18386; Found 458.18442. 
 

8-isopropyl-2-(6-(quinolin-2-yl)pyridin-2-yl)quinoline (1o): 

(Following the method B, new compound). White solid, m.p. 129-131 
oC, 0.188 g, isolated yield 50%. 1H NMR (600 MHz, CDCl3): δ (ppm) 

8.89-8.83 (m, 3H), 8.78 (d, J = 7.2 Hz, 1H), 8.35 (d, J = 8.4 Hz, 1H), 

8.32 (d, J = 8.4 Hz, 1H), 8.23 (d, J = 7.2 Hz, 1H), 8.08 (t, J = 7.8 Hz, 1H), 7.90 (d, J = 7.8 Hz, 

1H), 7.77 (t, J = 7.5 Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H), 7.64 (d, J = 6.6 Hz, 1H), 7.58 (t, J = 

7.5 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 4.57-4.50 (m, 1H), 1.50 (d, J = 7.2 Hz, 6H); 13C NMR 

N
N N

CF3

N
N N

CF3
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(150 MHz, CDCl3): δ (ppm) 156.5, 156.2, 154.6, 147.9, 145.8, 138.0, 137.2, 136.9, 130.0, 

129.7, 128.6, 128.5, 127.8, 126.9, 125.5, 125.5, 122.2, 122.1, 119.3, 118.5, 28.0, 23.7. HRMS 

(ESI) m/z: [M + H]+ Calcd for C26H22N3 376.18082; Found 376.18121. 

 

2-(6-(quinolin-2-yl)pyridin-2-yl)-8-(trifluoromethyl)quinoline (1p): 

(Following the method B, new compound). White solid, m.p. 207-209 
oC, 0.160 g, isolated yield 40%. 1H NMR (500 MHz, CDCl3): δ (ppm) 

8.98 (d, J = 9.0 Hz, 1H), 8.88 (d, J = 7.5 Hz, 1H), 8.84 (d, J = 8.5 Hz, 

1H), 8.81 (d, J = 7.5 Hz, 1H), 8.39 (d, J = 8.5 Hz, 1H), 8.35 (d, J = 8.5 Hz, 1H), 8.24 (d, J = 

7.0 Hz, 1H), 8.12-8.06 (m, 3H) , 7.90 (d, J = 8.0 Hz, 1H), 7.77 (t, J = 7.5 Hz, 1H), 7.63-7.57 

(m, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 156.6, 156.2, 155.5, 155.1, 148.0, 144.5, 

138.3, 137.0, 132.2, 129.9, 129.8, 128.8, 128.5, 128.3 (q, JC-F = 28.9 Hz), 128.2 (q, JC-F = 5.0 

Hz), 127.8, 127.0, 125.4, 124.4 (q, JC-F = 272.9 Hz), 122.9, 122.8, 119.8, 119.2. HRMS (ESI) 

m/z: [M + H]+ Calcd for C24H15F3N3 402.12126; Found 402.12173. 

 

8-methyl-2-(6-(8-(trifluoromethyl)quinolin-2-yl)pyridin-2-yl)quino

line (1q): (Following the method B, new compound). White solid, m.p. 

250-253 oC, 0.232 g, isolated yield 56%. 1H NMR (500 MHz, CDCl3): 

δ (ppm) 8.98 (d, J = 8.5 Hz, 1H), 8.87-8.83 (m, 3H), 8.37 (d, J = 8.5 

Hz, 1H), 8.30 (d, J = 9.0 Hz, 1H), 8.11-8.05 (m, 3H), 7.72 (d, J = 8.0 Hz, 1H), 7.60 (t, J = 7.3 

Hz, 2H), 7.46 (t, J = 7.5 Hz, 1H), 2.95 (s, 3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 156.7, 

155.9, 154.9, 154.7, 146.9, 144.4, 138.2, 137.9, 137.1, 136.9, 132.2, 129.8, 128.8, 128.4, 

128.3 (q, JC-F = 28.9 Hz), 128.2 (t, JC-F = 6.3 Hz), 126.7, 125.7, 125.4, 124.4 (q, JC-F = 273.7 

Hz), 122.7, 119.8, 118.6, 18.1. HRMS (ESI) m/z: [M + H]+ Calcd for C25H17F3N3 416.13691; 

Found 416.13754. 

 

2,6-bis(7-methylquinolin-2-yl)pyridine (1r): (Following the method 

A, new compound) White solid, m.p. 231-233 oC, 0.112 g, isolated 

yield 31%. 1H NMR (500 MHz, CDCl3) δ (ppm) 8.77 (dd, J = 13.5, 

N
N N

CF3

N
N N

CF3



S15 

 

8.5 Hz, 4H), 8.29 (d, J = 8.5 Hz, 2H), 8.08-8.01 (m, 3H), 7.78 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 

8.0 Hz, 2H), 2.61 (s, 6H); 13C NMR (125 MHz, CDCl3): δ (ppm) 156.3, 155.8, 148.3, 140.0, 

138.1, 136.6, 129.2, 129.0, 127.4, 126.6, 122.1, 118.5, 22.1. HRMS (ESI) m/z: [M + H]+ 

Calcd for C25H20N3 362.16517; Found 362.16476. 

 

2,6-bis(7,8-dimethylquinolin-2-yl)pyridine (1s): (Following the 

method A, new compound). White solid, m.p. 249-251 oC, 0.253 g, 

isolated yield 65%. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.82 (dd, J 

= 11.3, 8.3 Hz, 4H), 8.25 (d, J = 8.4 Hz, 2H), 8.05 (t, J = 7.8 Hz, 1H), 

7.63 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 2.91 (s, 6H), 2.55 (s, 6H); 13C NMR (75 

MHz, CDCl3): δ (ppm) 156.1, 154.9, 146.9, 137.8, 137.3, 136.9, 135.0, 129.8, 126.8, 124.7, 

121.9, 117.7, 20.8, 13.4. HRMS (ESI) m/z: [M + H]+ Calcd for C27H24N3 390.19647; Found 

390.19595. 

 

2,6-bis(6,8-dimethylquinolin-2-yl)pyridine (1t): (Following the 

method A, new compound). White solid, m.p. 255-258 oC, 0.280 g, 

isolated yield 72%. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.82 (d, 

J = 3.3 Hz, 2H), 8.79 (d, J = 2.1 Hz, 2H), 8.19 (d, J = 8.7 Hz, 2H), 

8.04 (t, J = 7.8 Hz, 1H), 7.45 (d, J = 10.8 Hz, 4H), 2.91 (s, 6H), 2.52 (s, 6H); 13C NMR (75 

MHz, CDCl3): δ (ppm) 155.8, 154.0, 145.5, 137.9, 137.4, 136.5, 136.3, 132.1, 128.5, 124.6, 

121.7, 118.7, 21.8, 17.9. HRMS (ESI) m/z: [M + H]+ Calcd for C27H24N3 390.19647; Found 

390.19595. 
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5. General procedure for asymmetric hydrogenation 

5.1 Asymmetric hydrogenation of substrate PyBQs (1) 

 

Typical procedure: A 30 mL glass-lined stainless-steel reactor equipped with a magnetic 

stirrer bar was charged with substrate 1 (0.05 mmol), Ru-catalyst (R,R)-C1 (0.005 mmol) in 

0.5 mL of solvent under N2 atmosphere in a glove box. The autoclave was closed, and the 

final pressure of the hydrogen gas was adjusted to 50 atm after purging the autoclave with 

hydrogen gas several times. The reaction mixture was stirred at 0 oC for 24 h. Then the 

hydrogen gas was carefully released and the conversion was determined by 1H NMR 

spectroscopy. The reaction mixture was filtered through a short pad of silica eluted with ethyl 

acetate and petroleum ether to give the chiral product 2,6-bis(tetrahydroquinolin-2-yl) 

pyridines (PyBTHQs, 2). The diastereomeric ratio and the enantiomeric excess of the product 

was determined by HPLC with a chiral column. 

The pure main isomer of 2 (PyBTHQs) for NMR characterization and as ligand in 

asymmetric catalysis were isolated by flash column chromatography or recrystallization. 
 

2,6-bis((S)-8-methyl-1,2,3,4-tetrahydroquinolin-2-yl)pyridine 

((S,S)-2a): (New compound). White solid, m.p. 93-94 oC, isolated 

yield 88%, 94:6 dl/meso, > 99% ee. [α]D
20 = -51.2 (c = 1.0, CHCl3, > 

99% ee); 1H NMR (500 MHz, CDCl3): δ (ppm) 7.70 (t, J = 7.8 Hz, 1H), 7.36 (d, J = 7.5 Hz, 

2H), 6.94 (dd, J = 23.0, 7.5 Hz, 4H), 6.63 (t, J = 7.3 Hz, 2H), 4.69 (d, J = 4.5 Hz, 2H), 4.51 

(br, 2H), 3.00-2.94 (m, 2H), 2.77-2.72 (m, 2H), 2.34-2.29 (m, 2H), 2.20 (s, 6H), 2.07-2.00 (m, 

2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 162.6, 142.2, 137.7, 128.2, 127.2, 121.6, 120.7, 
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119.1, 116.8, 57.0, 28.8, 26.4, 17.4. HRMS (ESI) m/z: [M + H]+ Calcd for C25H28N3 

370.22777; Found 370.22757. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel AS-H 

column and Chiralcel AS-H column (n-hexane : isopropanol = 95 : 5, flowing rate = 0.5 

mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 35.0 min (major), tR2 = 41.0 min (minor). 

 

2,6-bis((S)-8-ethyl-1,2,3,4-tetrahydroquinolin-2-yl)pyridine 

((S,S)-2b): (New compound). White solid, m.p. 89-91 oC, isolated 

yield 85%, 91:9 dl/meso, > 99% ee. [α]D
20 = -74.8 (c = 1.0, CHCl3, > 

99% ee); 1H NMR (400 MHz, CDCl3): δ (ppm) 7.69 (t, J = 7.8 Hz, 1H), 7.35 (d, J = 7.6 Hz, 

2H), 6.99 (d, J = 7.6 Hz, 2H), 6.93 (d, J = 7.2 Hz, 2H), 6.68 (t, J = 7.4 Hz, 2H), 4.67 (dd, J = 

9.0, 3.4 Hz, 2H), 4.61 (br, 2H), 3.01-2.93 (m, 2H), 2.78-2.72 (m, 2H), 2.55 (q, J = 7.5 Hz, 4H), 

2.34-2.27 (m, 2H), 2.06-1.97 (m, 2H), 1.31 (t, J = 7.4 Hz, 6H); 13C NMR (100 MHz, CDCl3): 

δ (ppm) 162.8, 141.6, 137.6, 127.2, 127.2, 126.0, 120.8, 119.0, 116.9, 57.1, 28.8, 26.6, 23.9, 

13.0. HRMS (ESI) m/z: [M + H]+ Calcd for C27H32N3 398.25907; Found 398.25870. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel IA-H 

column and Chiralcel IA-H column (n-hexane : isopropanol = 99 : 1, flowing rate = 1.0 

mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 17.6 min (major), tR2 = 21.3 min (minor). 

 

2,6-bis((S)-8-isopropyl-1,2,3,4-tetrahydroquinolin-2-yl)pyridine 

((S,S)-2c): (New compound). White solid, m.p. 129-131 oC, isolated 

yield 81%, 90:10 dl/meso, > 99% ee. [α]D
20 = -97.2 (c = 1.0, CHCl3, > 

99% ee); 1H NMR (500 MHz, CDCl3): δ (ppm) 7.74 (t, J = 7.8 Hz, 

1H), 7.40 (d, J = 7.5 Hz, 2H), 7.12 (d, J = 7.5 Hz, 2H), 6.96 (d, J = 7.5 Hz, 2H), 6.76 (t, J = 

7.5 Hz, 2H), 4.77-4.73 (m, 4H), 3.06-2.96 (m, 4H), 2.84-2.78 (m, 2H), 2.38-2.32 (m, 2H), 

2.10-2.03 (m, 2H), 1.37 (d, J = 7.0 Hz, 12H); 13C NMR (75 MHz, CDCl3): δ (ppm) 162.8, 

140.9, 137.7, 131.8, 127.1, 123.2, 121.1, 119.1, 117.1, 57.1, 28.7, 27.4, 26.8, 22.5, 22.4. 

HRMS (ESI) m/z: [M + H]+ Calcd for C29H36N3 426.29037; Found 426.29013. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel IA-H 
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column and Chiralcel IA-H column (n-hexane : isopropanol = 99 : 1, flowing rate = 1.0 

mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 14.0 min (major), tR2 = 14.8 min (minor). 

 

2,6-bis((S)-8-(tert-butyl)-1,2,3,4-tetrahydroquinolin-2-yl)pyridine 

((S,S)-2d): (New compound). White solid, m.p. 135-137 oC, total yield 

88%, 68:32 dl/meso, 92% ee. [α]D
20 = -53.1 (c = 1.0, CHCl3, 92% ee, 

68:32 dl/meso). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.71 (t, J = 7.8 

Hz, 1H), 7.37-7.34 (m, 2H), 7.18 (d, J = 7.6 Hz, 2H), 6.94 (d, J = 7.6 Hz, 2H), 6.66 (t, J = 7.6 

Hz, 2H), 5.10 (br, 2H), 4.73-4.71 (m, 2H), 3.06-2.97 (m, 2H), 2.82-2.76 (m, 2H), 2.35-2.29 

(m, 2H), 2.08-1.99 (m, 2H), 1.51 (s, 18H); 13C NMR (100 MHz, CDCl3): δ (ppm) 162.6, 

142.3, 137.6, 132.8, 127.8, 124.5, 121.6, 118.8, 116.4, 57.2, 34.4, 30.1, 28.3, 27.3. HRMS 

(ESI) m/z: [M + H]+ Calcd for C31H40N3 454.32167; Found 454.32153. 

   The enantiomeric excess was determined by HPLC on the Chiralcel IG-H column (10 

mmol/L Ammonium phosphate dibasic (PH = 8.0) : Acetonitrile = 30 : 70, flowing rate = 0.8 

mL/min, 25 oC, UV detection at λ = 254 nm), tR1 = 24.4 min (minor), tR2 = 26.9 min (minor) , 

tR3 = 30.3 min (major). 

 

2,6-bis((S)-8-fluoro-1,2,3,4-tetrahydroquinolin-2-yl)pyridine 

((S,S)-2e): (New compound). Pale yellow viscous solid, total yield 

88%, 80:20 dl/meso, > 99% ee. [α]D
20 = -65.2 (c = 1.0, CHCl3, > 99% 

ee, 80:20 dl/meso); 1H NMR (500 MHz, CDCl3): δ (ppm) 7.69 (t, J = 

7.8 Hz, 1H), 7.35 (d, J = 7.5 Hz, 2H), 6.90-6.86 (m, 2H), 6.81 (d, J = 7.5 Hz, 2H), 6.60-6.56 

(m, 2H), 4.73 (br, 2H), 4.64 (d, J = 8.0 Hz, 2H), 2.98-2.90 (m, 2H), 2.76-2.69 (m, 2H), 

2.33-2.28 (m, 2H), 2.11-2.04 (m, 2H); 13C NMR (75 MHz, CDCl3): δ (ppm) 162.3, 151.1 (d, 

JC-F = 238.5 Hz), 137.7, 132.7 (d, JC-F = 12.1 Hz), 124.4 (d, JC-F = 3.0 Hz), 123.5 (d, JC-F = 3.0 

Hz), 119.0, 116.1 (d, JC-F = 7.5 Hz), 112.5 (d, JC-F = 18.1 Hz), 56.2, 28.5, 25.6. HRMS (ESI) 

m/z: [M + H]+ Calcd for C23H22F2N3 378.17763; Found 378.17737. 

   The enantiomeric excess was determined by HPLC on Chiralcel IA-H column (n-hexane : 

isopropanol = 99 : 1, flowing rate = 1.0 mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 
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24.6 min (minor), tR2 = 37.3 min (major). 

 

2,6-bis((S)-8-chloro-1,2,3,4-tetrahydroquinolin-2-yl)pyridine 

((S,S)-2f): (New compound). Pale yellow solid, m.p. 102-103 oC, total 

yield 81%, 88:12 dl/meso, > 99% ee. [α]D
20 = -89.2 (c = 1.0, CHCl3, > 

99% ee, 88:12 dl/meso); 1H NMR (300 MHz, CDCl3): δ (ppm) 7.69 (t, 

J = 7.8 Hz, 1H), 7.33 (d, J = 7.8 Hz, 2H), 7.16 (d, J = 7.8 Hz, 2H), 6.92 (d, J = 7.2 Hz, 2H), 

6.59 (t, J = 7.7 Hz, 2H), 5.21 (br, 2H), 4.71 (dd, J = 4.5, 2.7 Hz, 2H), 2.97-2.87 (m, 2H), 

2.75-2.66 (m, 2H), 2.36-2.27 (m, 2H), 2.15-2.03 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 

(ppm) 162.2, 140.2, 137.9, 127.6, 127.2, 122.6, 119.1, 118.5, 116.9, 56.5, 28.1, 26.0. HRMS 

(ESI) m/z: [M + H]+ Calcd for C23H22Cl2N3 410.11853; Found 410.11838. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel AD-H 

column and Chiralcel AD-H column (n-hexane : isopropanol = 99 : 1, flowing rate = 0.5 

mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 33.8 min (major), tR2 = 43.7 min (minor). 

 

2,6-bis((S)-8-bromo-1,2,3,4-tetrahydroquinolin-2-yl)pyridine 

((S,S)-2g): (New compound). Pale yellow solid, m.p. 105-107 oC, 

isolated yield 93%, 87:13 dl/meso, > 99% ee. [α]D
20 = -106.1 (c = 1.0, 

CHCl3, > 99% ee, 87:13 dl/meso); 1H NMR (500 MHz, CDCl3): δ 

(ppm) 7.72-7.71 (m, 1H), 7.33-7.30 (m, 4H), 6.94 (d, J = 7.5 Hz, 2H), 6.52 (t, J = 7.8 Hz, 2H), 

5.23 (br, 2H), 4.74 (br, 2H), 2.93-2.87 (m, 2H), 2.70-2.65 (m, 2H), 2.33-2.28 (m, 2H), 

2.12-2.05 (m, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 162.1, 141.2, 138.0, 130.4, 128.3, 

122.8, 119.1, 117.5, 109.1, 56.7, 28.1, 26.1. HRMS (ESI) m/z: [M + H]+ Calcd for 

C23H22Br2N3 498.01750; Found 498.01776. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel AD-H 

column and Chiralcel AD-H column (n-hexane : isopropanol = 95 : 5, flowing rate = 0.5 

mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 27.5 min (major), tR2 = 35.3 min (minor). 

 

N
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Cl Cl
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2,6-bis((S)-8-(trifluoromethyl)-1,2,3,4-tetrahydroquinolin-2-yl)pyr

idine ((S,S)-2h): (New compound). Pale yellow viscous solid, total 

yield 92%, 86:14 dl/meso, 98% ee. [α]D
20 = -98.8 (c = 1.0, CHCl3, 98% 

ee, 86:14 dl/meso); 1H NMR (500 MHz, CDCl3): δ (ppm) 7.69 (t, J = 

7.8 Hz, 1H), 7.34 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 7.5 Hz, 2H), 7.13 (d, J = 7.5 Hz, 2H), 6.66 

(t, J = 7.8 Hz, 2H), 5.43 (br, 2H), 4.72-4.71 (m, 2H), 2.94-2.88 (m, 2H), 2.73-2.67 (m, 2H), 

2.35-2.29 (m, 2H), 2.11-2.07 (m, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 161.8, 141.9, 

137.9, 132.9, 125.5 (q, JC-F = 272.5 Hz), 124.8 (q, JC-F = 5.4 Hz), 122.6, 118.9, 115.6, 112.7 

(q, JC-F = 29.0 Hz), 56.3, 27.3, 26.1. HRMS (ESI) m/z: [M + H]+ Calcd for C25H22N3F6
 

478.17124; Found 478.17160. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel IA-H 

column and Chiralcel IA-H column (n-hexane : isopropanol = 99 : 1, flowing rate = 0.5 

mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 19.7 min (minor), tR2 = 20.4min (major) , 

tR3 = 23.0 min (minor). 

 

2,6-bis((S)-1,2,3,4-tetrahydroquinolin-2-yl)pyridine ((S,S)-2i): 

(New compound). White solid, m.p. 98-100 oC, total yield 90%, 75:25 

dl/meso, 96% ee. [α]D
20 = -41.6 (c = 1.0, CHCl3, 96% ee, 75:25 

dl/meso); 1H NMR (400 MHz, CDCl3): δ (ppm) 7.67 (t, J = 7.6 Hz, 1H), 7.32 (d, J = 7.6 Hz, 

2H), 7.06-7.00 (m, 4H), 6.69-6.62 (m, 4H), 4.59 (dd, J = 8.6, 3.4 Hz, 2H), 2.96-2.88 (m, 2H), 

2.74-2.67 (m, 2H), 2.32-2.25 (m, 2H), 2.07-1.98 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 

(ppm) 162.5, 144.3, 137.5, 129.4, 127.1, 121.3, 119.1, 117.4, 114.6, 56.8, 28.9, 26.1. HRMS 

(ESI) m/z: [M + H]+ Calcd for C23H24N 342.19702; Found 342.19728. 

    The enantiomeric excess was determined by HPLC on the Chiralcel AS-H column 

(n-hexane : isopropanol = 90 : 10, flowing rate = 1.0 mL/min, 10 oC, UV detection at λ = 254 

nm), tR1 = 18.6 min (minor), tR2 = 22.6 min (major) , tR3 = 30.2 min (minor). 

 

 

N
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(2S,2'S)-2,2'-(4-(tert-butyl)pyridine-2,6-diyl)bis(8-methyl-1,2,3,4-t

etrahydroquinoline) ((S,S)-2j): (New compound). Pale yellow 

viscous solid, isolated yield 86%, 93:7 dl/meso, > 99% ee. [α]D
20 = 

-57.2 (c = 1.0, CHCl3, > 99% ee); 1H NMR (400 MHz, CDCl3): δ 

(ppm) 7.41 (s, 2H), 6.95 (dd, J = 12.6, 7.4 Hz, 4H), 6.64 (t, J = 7.4 Hz, 2H), 4.64 (d, J = 7.2 

Hz, 2H), 4.50 (br, 2H), 3.08-2.99 (m, 2H), 2.84-2.78 (m, 2H), 2.36-2.32 (m, 2H), 2.19 (s, 6H), 

2.03-1.94 (m, 2H), 1.32 (s, 9H); 13C NMR (100 MHz, CDCl3): δ (ppm) 162.3, 162.0, 142.4, 

128.2, 127.2, 121.7, 120.8, 116.9, 116.1, 57.5, 35.2, 30.8, 29.4, 27.0, 17.4. HRMS (ESI) m/z: 

[M + H]+ Calcd for C29H36N3 426.29037; Found 426.29044. 

  The enantiomeric excess was determined by HPLC on the connection of Chiralcel IA-H 

column and Chiralcel IA-H column (n-hexane : isopropanol = 99 : 1, flowing rate = 1.0 

mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 23.4 min (major), tR2 = 31.0 min (minor). 

 

(S)-2-(4-(tert-butyl)-6-((R)-8-methyl-1,2,3,4-tetrahydroquinolin-2-

yl)pyridin-2-yl)-8-methyl-1,2,3,4-tetrahydroquinoline (meso-2j): 

(New compound). Pale yellow viscous solid, isolated yield 5%; 1H 

NMR (400 MHz, CDCl3): δ (ppm) 7.39 (s, 2H), 6.94 (dd, J = 10.6, 7.8 

Hz, 4H), 6.62 (t, J = 7.4 Hz, 2H), 4.63 (dd, J = 9.8, 3.0Hz, 2H), 4.51 (br, 2H), 3.07-2.99 (m, 

2H), 2.84-2.78 (m, 2H), 2.37-2.30 (m, 2H), 2.18 (s, 6H), 2.05-1.95 (m, 2H), 1.32 (s, 9H); 13C 

NMR (100 MHz, CDCl3): δ (ppm) 162.2, 161.9, 142.4, 128.1, 127.1, 121.7, 120.7, 116.8, 

116.1, 57.4, 35.1, 30.8, 29.3, 27.0, 17.4. HRMS (ESI) m/z: [M + H]+ Calcd for C29H36N3 

426.29037; Found 426.29001. 

 

(2S,2'S)-2,2'-(4-methoxypyridine-2,6-diyl)bis(8-methyl-1,2,3,4-tetr

ahydroquinoline) ((S,S)-2k): (New compound). Pale yellow viscous 

solid, isolated yield 86%, 92:8 dl/meso, > 99% ee. [α]D
20 = -106.3 (c = 

1.0, CHCl3, > 99% ee); 1H NMR (500 MHz, CDCl3): δ (ppm) 

6.97-6.91 (m, 6H), 6.63 (t, J = 7.3 Hz, 2H), 4.62 (d, J = 6.5 Hz, 2H), 4.42 (br, 2H), 3.84 (s, 

3H), 3.01-2.95 (m, 2H), 2.78-2.73 (m, 2H), 2.33-2.27 (m, 2H), 2.19 (s, 6H), 2.06-1.98 (m, 
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2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 167.5, 164.8, 142.2, 128.2, 127.2, 121.6, 120.8, 

116.9, 105.1, 57.3, 55.3, 29.0, 26.6, 17.4. HRMS (ESI) m/z: [M + H]+ Calcd for C26H30ON3
 

400.23834; Found 400.23813. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel IA-H 

column and Chiralcel IA-H column (n-hexane : isopropanol = 99 : 1, flowing rate = 0.5 

mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 43.7 min (major), tR2 = 70.2 min (minor).  

 

(2S,2'S)-2,2'-(4-methoxypyridine-2,6-diyl)bis(8-ethyl-1,2,3,4-tetrah

ydroquinoline)  ((S,S)-2l): (New compound). Pale yellow viscous 

solid, isolated yield 85%, 91 : 9 dl/meso, > 99% ee. [α]D
20 = -68.5 (c = 

1.0, CHCl3, > 99% ee); 1H NMR (500 MHz, CDCl3): δ (ppm) 6.98 (d, 

J = 7.5 Hz, 2H), 6.93-6.92 (m, 4H), 6.68 (t, J = 7.5 Hz, 2H), 4.62 (dd, J = 8.8, 2.8 Hz, 2H), 

4.53 (br, 2H), 3.83 (s, 3H), 3.01-2.95 (m, 2H), 2.79-2.74 (m, 2H), 2.55 (q, J = 7.5 Hz, 4H), 

2.32-2.27 (m, 2H), 2.07-1.97 (m, 2H), 1.31 (t, J = 7.5 Hz, 6H); 13C NMR (125 MHz, CDCl3): 

δ (ppm) 167.5, 164.9, 141.6, 127.2, 127.2, 126.0, 120.9, 117.0, 105.1, 57.2, 55.3, 29.0, 26.7, 

23.9, 13.1. HRMS (ESI) m/z: [M + H]+ Calcd for C28H34ON3 428.26964; Found 428.26947. 

   The enantiomeric excess was determined by HPLC on the three Chiralcel IA-H column 

connected in series (n-hexane : isopropanol = 99 : 1, flowing rate = 0.5 mL/min, 10 oC, UV 

detection at λ = 254 nm), tR1 = 46.7 min (major), tR2 = 84.2 min (minor). 

 

(2S,2'S)-2,2'-(4-(trifluoromethyl)pyridine-2,6-diyl)bis(8-methyl-1,2,

3,4-tetrahydroquinoline) ((S,S)-2m): (New compound). white solid, 

m.p. 107-108 oC, isolated yield 81%, 87:13 dl/meso, > 99% ee. [α]D
20 = 

-132 (c = 1.0, CHCl3, > 99% ee); 1H NMR (500 MHz, CDCl3): δ (ppm) 

7.62 (s, 2H), 6.98 (d, J = 7.0 Hz, 2H), 6.93 (d, J = 7.5 Hz, 2H), 6.66 (t, J = 7.5 Hz, 2H), 4.74 

(dd, J = 9.0, 3.5 Hz, 2H), 4.50 (br, 2H), 3.01-2.95 (m, 2H), 2.78-2.72 (m, 2H), 2.35-2.30 (m, 

2H), 2.20 (s, 6H), 2.09-2.02 (m, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 164.7, 141.7, 

140.1 (q, JC-F = 34.0 Hz), 128.4, 127.2, 123.1 (q, JC-F = 273.7 Hz), 121.9, 120.8, 117.4, 115.1 

(q, JC-F = 3.4 Hz), 57.2, 28.9, 26.4, 17.4. HRMS (ESI) m/z: [M + H]+ Calcd for C26H27F3N3 

N
NH HN

O
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438.21516; Found 438.21567. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel IA-H 

column and Chiralcel IA-H column (n-hexane : isopropanol = 99 : 1, flowing rate = 0.5 

mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 22.7 min (major), tR2 = 29.2 min (minor).  

 

(2S,2'S)-2,2'-(4-(trifluoromethyl)pyridine-2,6-diyl)bis(8-ethyl-1,2,3

,4-tetrahydroquinoline) ((S,S)-2n): (New compound). white solid, 

m.p. 103-105 oC, isolated yield 80%, 86:14 dl/meso, > 99% ee. [α]D
20 

= -70.5 (c = 1.0, CHCl3, > 99% ee); 1H NMR (500 MHz, CDCl3): δ 

(ppm) 7.62 (s, 2H), 7.01 (d, J = 7.0 Hz, 2H), 6.94 (d, J = 7.5 Hz, 2H), 6.71 (t, J = 7.5 Hz, 2H), 

4.75 (dd, J = 8.8, 3.3 Hz, 2H), 4.55 (br, 2H), 3.03-2.97 (m, 2H), 2.79-2.74 (m, 2H), 2.57 (q, J 

= 7.7 Hz, 4H), 2.35-2.30 (m, 2H), 2.10-2.03 (m, 2H), 1.32 (t, J = 7.5 Hz, 6H); 13C NMR (125 

MHz, CDCl3): δ (ppm) 164.8, 141.1, 140.1 (q, JC-F = 34.0 Hz), 127.5, 127.2, 126.2, 123.1 (q, 

JC-F = 274.2 Hz), 120.8, 117.4, 115.0 (q, JC-F = 3.8 Hz), 57.2, 28.9, 26.5, 23.9, 13.0. HRMS 

(ESI) m/z: [M + H]+ Calcd for C28H31F3N3 466.24646; Found 466.24622. 

   The enantiomeric excess was determined by HPLC on the three Chiralcel IA-H column 

connected in series (n-hexane : isopropanol = 99 : 1, flowing rate = 0.5 mL/min, 10 oC, UV 

detection at λ = 254 nm), tR1 = 28.6 min (major), tR2 = 36.4 min (minor). 

 

(S)-8-isopropyl-2-(6-((S)-1,2,3,4-tetrahydroquinolin-2-yl)pyridin-2-

yl)-1,2,3,4-tetrahydroquinoline ((S,S)-2o): (New compound). Pale 

yellow viscous solid, isolated yield 83%, 91 : 9 dr, > 99% ee. [α]D
20 = 

-43.6 (c = 1.0, CHCl3, > 99% ee); 1H NMR (500 MHz, CDCl3): δ 

(ppm) 7.69 (t, J = 7.8 Hz, 1H), 7.35-7.33 (m, 2H), 7.07-7.01 (m, 3H), 6.92 (d, J = 7.0 Hz, 1H), 

6.72-6.66 (m, 2H), 6.64 (d, J = 8.0 Hz, 1H), 4.81 (br, 1H), 4.67-4.60 (m, 3H), 3.03-2.90 (m, 

3H), 2.80-2.69 (m, 2H), 2.34-2.26 (m, 2H), 2.08-1.93 (m, 2H), 1.33-1.31 (m, 6H); 13C NMR 

(125 MHz, CDCl3): δ (ppm) 162.6, 162.4, 144.2, 140.9, 137.6, 131.8, 129.4, 127.1, 127.0, 

123.1, 121.2, 121.0, 119.1, 119.0, 117.4, 117.0, 114.5, 57.0, 56.9, 28.8, 27.4, 26.9, 26.1, 22.6, 

22.4. HRMS (ESI) m/z: [M + H]+ Calcd for C26H30N3 384.24342; Found 384.24326. 
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   The enantiomeric excess was determined by HPLC on the four Chiralcel OD-H column 

connected in series (n-hexane : isopropanol = 99 : 1, flowing rate = 0.5 mL/min, 10 oC, UV 

detection at λ = 254 nm), tR1 = 172.4 min (minor), tR2 = 179.9 min (minor) , tR3 = 189.9 min 

(minor) , tR4 = 210.2 min (major). 

 

(S)-2-(6-((S)-1,2,3,4-tetrahydroquinolin-2-yl)pyridin-2-yl)-8-(triflu

oromethyl)-1,2,3,4-tetrahydroquinoline ((S,S)-2p): (New 

compound). Pale yellow viscous solid, total yield 93%, 87:13 dr, 99% 

ee. [α]D
20 = -57.6 (c = 1.0, CHCl3, 99% ee, 87:13 dr); 1H NMR (500 

MHz, CDCl3): δ (ppm) 7.67 (t, J = 7.8 Hz, 1H), 7.33 (d, J = 8.0 Hz, 2H), 7.26 (t, J = 7.0 Hz, 

1H), 7.12 (d, J = 7.5 Hz, 1H), 7.03 (t, J = 7.5 Hz, 1H), 6.99 (d, J = 7.5 Hz, 1H), 6.67-6.62 (m, 

3H), 5.56 (br, 1H), 4.68-4.58 (m, 3H), 2.96-2.88 (m, 2H), 2.75-2.67 (m, 2H), 2.36-2.26 (m, 

2H), 2.08-1.95 (m, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 162.5, 161.3, 144.2, 142.0, 

137.7, 132.9, 129.4, 127.1, 125.6 (q, JC-F = 272.9 Hz), 124.8 (q, JC-F = 5.4 Hz), 122.5, 121.2, 

119.2, 118.8, 117.4, 115.5, 114.6, 112.8 (q, JC-F = 29.3 Hz), 56.7, 56.2, 28.6, 27.6, 26.5, 26.1. 

HRMS (ESI) m/z: [M + H]+ Calcd for C24H23F3N3 410.18386; Found 410.18396. 

   The enantiomeric excess was determined by HPLC on the four Chiralcel OD-H column 

connected in series (n-hexane : isopropanol = 99 : 1, flowing rate = 0.5 mL/min, 10 oC, UV 

detection at λ = 254 nm), tR1 = 157.3 min (minor), tR2 = 178.8 min (minor) , tR3 = 195.8 min 

(minor) , tR4 = 209.3 min (major). 

 

(S)-8-methyl-2-(6-((S)-8-(trifluoromethyl)-1,2,3,4-tetrahydroquino

lin-2-yl)pyridin-2-yl)-1,2,3,4-tetrahydroquinoline ((S,S)-2q): (New 

compound). Pale yellow viscous solid, total yield 90%, 91:9 dr, > 99% 

ee. [α]D
20 = -26.5 (c = 1.0, CHCl3, > 99% ee, 91:9 dr); 1H NMR (500 

MHz, CDCl3): δ (ppm) 7.69 (t, J = 7.5 Hz, 1H), 7.36-7.28 (m, 3H), 7.13 (d, J = 7.5 Hz, 1H), 

6.95 (d, J = 7.5 Hz, 1H), 6.91 (d, J = 7.5 Hz, 1H), 6.67-6.60 (m, 2H), 5.45 (br, 1H), 4.70-4.66 

(m, 2H), 4.46 (br, 1H), 2.98-2.89 (m, 2H), 2.75-2.69 (m, 2H), 2.35-2.27 (m, 2H), 2.18 (s, 3H), 

2.08-2.01 (m, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 162.9, 161.6, 142.1, 141.9, 137.8, 
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132.9, 128.2, 127.8 (q, JC-F = 277.1 Hz), 127.2, 124.8 (q, JC-F = 5.0 Hz), 122.6, 121.6, 120.7, 

119.2, 118.8, 116.9, 115.6, 112.8 (q, JC-F = 29.3 Hz), 57.0, 56.3, 28.6, 27.5, 26.3, 26.3, 17.4. 

HRMS (ESI) m/z: [M + H]+ Calcd for C25H25F3N3 424.19951; Found 424.19980. 

   The enantiomeric excess was determined by HPLC on the four Chiralcel OD-H column 

connected in series (n-hexane : isopropanol = 99 : 1, flowing rate = 0.5 mL/min, 10 oC, UV 

detection at λ = 254 nm), tR1 = 97.2 min (minor), tR2 = 107.2 min (minor) , tR3 = 111.6 min 

(minor) , tR4 = 149.8 min (major). 

 

2,6-bis((S)-7-methyl-1,2,3,4-tetrahydroquinolin-2-yl)pyridine 

((S,S)-2r): (New compound). White solid, m.p. 97-99 oC, isolated 

yield 68%, 74:26 dl/meso, 98% ee. [α]D
20 = -66.8 (c = 1.0, CHCl3, 98% 

ee); 1H NMR (400 MHz, CDCl3): δ (ppm) 7.66 (t, J = 7.8 Hz, 1H), 

7.31 (d, J = 7.6 Hz, 2H), 6.90 (d, J = 7.6 Hz, 2H), 6.51 (d, J = 7.6 Hz, 2H), 6.47 (s, 2H), 

4.59-4.52 (m, 4H), 2.92-2.84 (m, 2H), 2.70-2.63 (m, 2H), 2.31-2.24 (m, 2H), 2.29 (s, 6H), 

2.05-1.96 (m, 2H); 13C NMR (100 MHz, CDCl3): δ (ppm) 162.6, 144.1, 137.5, 136.8, 129.2, 

119.0, 118.4, 118.3, 115.1, 56.9, 29.1, 25.7, 21.3. HRMS (ESI) m/z: [M + H]+ Calcd for 

C25H28N3 370.22777; Found 370.22781.  

   The enantiomeric excess was determined by HPLC on the Chiralcel IA-H column 

(n-hexane : isopropanol = 80 : 20, flowing rate = 1.0 mL/min, 10 oC, UV detection at λ = 254 

nm), tR1 = 14.2 min (minor), tR2 = 26.3 min (minor) , tR2 = 39.4 min (major). 

 

2-((R)-7-methyl-1,2,3,4-tetrahydroquinolin-2-yl)-6-((S)-7-methyl-1,

2,3,4-tetrahydroquinolin-2-yl)pyridine (meso-2r): (New compound). 

Pale yellow solid, m.p. 102-105 oC, isolated yield 15% ; 1H NMR (400 

MHz, CDCl3): δ (ppm) 7.68 (t, J = 7.8 Hz, 1H), 7.34 (d, J = 7.6 Hz, 

2H), 6.95 (d, J = 7.6 Hz, 2H), 6.55 (d, J = 7.6 Hz, 2H), 6.50 (s, 2H), 4.62-4.44 (m, 4H), 

2.96-2.88 (m, 2H), 2.74-2.67 (m, 2H), 2.37-2.29 (m, 8H), 2.10-2.01 (m, 2H); 13C NMR (100 

MHz, CDCl3): δ (ppm) 162.5, 144.1, 137.4, 136.6, 129.2, 118.9, 118.3, 115.1, 56.7, 28.9, 25.6, 

21.3. HRMS (ESI) m/z: [M + H]+ Calcd for C25H28N3 370.22777; Found 370.22757.  

N
NH HN

N
NH HN
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2,6-bis((S)-7,8-dimethyl-1,2,3,4-tetrahydroquinolin-2-yl)pyridine 

((S,S)-2s): (New compound). white solid, m.p. 115-117 oC, isolated 

yield 81%, 87:13 dl/meso, > 99% ee. [α]D
20 = -82.8 (c = 1.0, CHCl3, > 

99% ee); 1H NMR (500 MHz, CDCl3): δ (ppm) 7.72 (t, J = 7.8 Hz, 

1H), 7.39 (d, J = 7.5 Hz, 2H), 6.86 (d, J = 7.5 Hz, 2H), 6.60 (d, J = 7.5 Hz, 2H), 4.70 (dd, J = 

9.0, 3.0 Hz, 2H), 4.58 (br, 2H), 3.02-2.96 (m, 2H), 2.79-2.74 (m, 2H), 2.36-2.30 (m, 8H), 2.15 

(s, 6H), 2.08-2.01 (m, 2H); 13C NMR (75 MHz, CDCl3): δ (ppm) 162.7, 142.0, 137.7, 134.6, 

126.4, 119.9, 119.1, 119.0, 118.7, 57.2, 28.8, 26.4, 20.6, 12.7. HRMS (ESI) m/z: [M + H]+ 

Calcd for C27H32N3 398.25907; Found 398.25928. 

   The enantiomeric excess was determined by HPLC on Chiralcel IA-H column (n-hexane : 

isopropanol = 99 : 1, flowing rate = 0.5 mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 

15.7 min (minor), tR2 = 20.2 min (major) , tR3 = 22.6 min (minor). 

 

2,6-bis((S)-6,8-dimethyl-1,2,3,4-tetrahydroquinolin-2-yl)pyridi

ne ((S,S)-2t): (New compound). white solid, m.p. 117-118 oC, 

isolated yield 81%, 88:12 dl/meso, > 99% ee. [α]D
20 = -47.6 (c = 

1.0, CHCl3, > 99% ee); 1H NMR (400 MHz, CDCl3): δ (ppm) 7.68 (t, J = 7.6 Hz, 1H), 7.35 (d, 

J = 7.6 Hz, 2H), 6.79 (s, 2H), 6.74 (s, 2H), 4.63 (dd, J = 8.6, 2.6 Hz, 2H), 4.33 (br, 2H), 

2.97-2.89 (m, 2H), 2.72-2.66 (m, 2H), 2.33-2.23 (m, 8H), 2.16 (s, 6H), 2.05-1.96 (m, 2H); 13C 

NMR (100 MHz, CDCl3): δ (ppm) 162.8, 139.8, 137.6, 129.0, 127.7, 126.1, 121.9, 120.9, 

119.1, 57.3, 29.0, 26.4, 20.5, 17.4. HRMS (ESI) m/z: [M + H]+ Calcd for C27H32N3
 398.25907; 

Found 398.25903. 

   The enantiomeric excess was determined by HPLC on Chiralcel IA-H column (n-hexane : 

isopropanol = 99 : 1, flowing rate = 0.5 mL/min, 10 oC, UV detection at λ = 254 nm), tR1 = 

20.6 min (major) , tR3 = 22.7 min (minor). 
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6. Study of catalytic pathway and control experiments 

To further understand the hydrogenation behavior, a kinetic study of the reaction was 

carried out in HFIP at 0 oC by using 2 mol% (R,R)-C1 as the catalyst. Aliquots were taken 

from an active hydrogenation mixture and immediately analyzed by 1H NMR spectroscopy. 

As shown in Table S8 and Figure S4, a clear selectivity for the hydrogenation of only one 

quinolinyl ring at the beginning (ca. 4 h) was observed, thus providing (S)-2a' as the main 

product with 94% ee. Upon prolonged reaction time to 36 h, almost complete conversion was 

obtained to give (S,S)-2a with >99% ee and 94:6 dl/meso. 

 

Table S5. Study of the catalytic pathway with substrate 1aa 

 
Entry Time (h) Conv. (%)[b] 1a:2a':2a[b] ee of 2a'(%)[c] ee of 2a (%)[d] dl/meso of 2a[d]

1 0.5 ~5 95: ~5:0 - - - 

2 1.0 30 70:30:0 93 - - 

3 2.0 50 50:40:10 94 98 91:9 

4 4.0 67 33:50:17 94 99 92:8 

5 6.0 76 24:43:33 97 >99 93:7 

6 12.0 89 11:40:49 97 >99 93:7 

7 24.0 97 3:24:73 97 >99 94:6 

8 36.0 100 0:0:100 - >99 94:6 

[a] Reaction conditions: substrate 1a (1.0 mmol, 360.1 mg) in solvent (10 mL HFIP), (R,R)-C1 (2.0 
mol %), H2 (50 atm), stirred at 0 oC. [b] The conversions were determined by 1H NMR spectroscopy 
of the crude reaction mixture. [c] The enantiomeric excesses was determined by HPLC with chiral 
IA-H column. [d] Determined by HPLC analysis with chiral AS-H column. 
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Figure S3. Reaction profiles. Reaction conditions: 1 mmol 1a in 10 mL HFIP, 2.0 mol% 
(R,R)-C1, 50 atm H2, 0 oC. 
 
 

 

Scheme S1. Preparation of intermediate (S)-2a', and asymmetric hydrogenation of (S)-2a' 
with (R,R)-C1 and (S,S)-C1, respectively. 
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Synthesis of (S)-2a': A 30 mL glass-lined stainless-steel reactor equipped with a magnetic 

stirrer bar was charged with substrate (0.5 mmol) and Ru-catalyst (R,R)-C1 (0.01 mmol) in 

5.0 mL HFIP under N2 atmosphere in a glove box. The autoclave was closed, and the final 

pressure of the hydrogen gas was adjusted to 50 atm after purging the autoclave with 

hydrogen gas several times. The reaction mixture was stirred at 0 oC for 4 h. Then the 

hydrogen gas was carefully released and the conversion was determined by 1H NMR 

spectroscopy. The reaction mixture was filtered through a short pad of silica eluted with EA 

and PE. The optically pure product (S)-2a' was obtained after recrystallization (> 99% ee, 

54.8 mg, 30% yield). 

 

(S)-8-methyl-2-(6-(8-methyl-1,2,3,4-tetrahydroquinolin-2-yl)pyridi

n-2-yl)quinoline ((S)-2a'). > 99% ee, [α]D
20 = -41.5 (c = 1.0, CHCl3, > 

99% ee); 1H NMR (300 MHz, CDCl3): δ (ppm) 8.72-8.66 (m, 2H), 

8.27 (d, J = 8.7 Hz, 1H), 7.88 (t, J = 7.8 Hz, 1H), 7.72 (d, J = 8.1 Hz, 

1H), 7.62 (d, J = 6.9 Hz, 1H), 7.50-7.45 (m, 2H), 7.02 (dd, J = 16.1, 7.4 Hz, 2H), 6.70 (t, J = 

7.4 Hz, 1H), 4.82-4.78 (m, 2H), 3.11-3.01 (m, 1H), 2.98 (s, 3H), 2.88-2.80 (m, 1H), 2.46-2.38 

(m, 1H), 2.33 (s, 3H), 2.19-2.07 (m, 1H); 13C NMR (75 MHz, CDCl3): δ (ppm) 162.1, 155.9, 

154.8, 146.9, 142.3, 137.8, 137.6, 137.0, 129.7, 128.3, 128.2, 127.2, 126.6, 125.7, 121.6, 

120.9, 120.7, 120.2, 118.4, 116.7, 56.9, 28.7, 26.7, 18.0, 17.5. HRMS (ESI) m/z: [M + H]+ 

Calcd for C25H24N3 366.19647; Found 366.19604. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel IA-H 

column (hexane : isopropanol = 99 : 1, flowing rate = 1.0 mL/min, 10 oC, UV detection at λ = 

254 nm), tR1 = 6.9 min (minor), tR2 = 7.4 min (major). 

 

Typical procedure for 2a: A 30 mL glass-lined stainless-steel reactor equipped with a 

magnetic stirrer bar was charged with substrate (S)-2a' (0.05 mmol) and Ru-catalyst (R,R)-C1 

or (S,S)-C1 (0.0025 mmol) in 0.5 mL HFIP under N2 atmosphere in a glove box. The 

autoclave was closed, and the final pressure of the hydrogen gas was adjusted to 50 atm after 

purging the autoclave with hydrogen gas several times. The reaction mixture was stirred at 0 
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oC for 24 h. Then the hydrogen gas was carefully released and the conversion was determined 

by 1H NMR spectroscopy. The reaction mixture was filtered through a short pad of silica 

eluted with EA and PE to give the isolated pure product. The enantiomeric excess of the 

product was determined by HPLC with a chiral column. 

 

7. Scale-up syntheses and synthetic applications 

7.1 Scale-up synthesis 

    

Scheme S2. Scale-up synthesis 
 

Typical procedure: A 100 mL glass-lined stainless-steel reactor equipped with a magnetic 

stirrer bar was charged with substrate 1j (2.4 mmol), Ru-catalyst (R,R)-C1 (0.24 mmol) in 24 

mL of HFIP under N2 atmosphere in a glove box. The autoclave was closed, and the final 

pressure of the hydrogen gas was adjusted to 50 atm after purging the autoclave with 

hydrogen gas several times. The reaction mixture was stirred at 25 oC for 48 h. Then the 

hydrogen gas was carefully released and the conversion was determined by 1H NMR 

spectroscopy. The reaction mixture was filtered through a short pad of silica eluted with ethyl 

acetate and petroleum ether to give the chiral product (S,S)-2j. The diastereomeric ratio and 

the enantiomeric excess of the product was determined by HPLC with a chiral column. 
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7.2 Asymmetric Friedel–Crafts alkylation of indole 

Table S5. Screening of chiral tridentate or tetradentate ligand-copper catalysts for catalytic 
asymmetric Friedel–Crafts alkylation with β-nitrostyrene 

 

Entry  Ligand Conv. (%)a ee (%)b 

1  2a >99 65 

2  2b >99 57 

3  2c >99 29 

4  2j >99 64 

5  2k 95% 53 

6  2m 80% 55 

7 2s >99 62 

[a] The reaction was performed at room temperature with 0.25 mmol of substrate and 5 mol % catalyst 
(Cu(OTf)2/L = 1:1.1) in 1 mL of dichloromethane unless stated otherwise. [b] The conversions were 
determined by 1H NMR spectroscopy of the crude reaction mixture. [c] Determined by chiral HPLC 
analysis of the product using a Daicel Chiralcel OD-H column. 
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Table S6. Optimization of the reaction conditions for copper-catalyzed Friedel–Crafts 
alkylation with β-nitrostyrene. 

 

Entry  Ligand Temp (oC) additive Conv. (%)a ee (%)b 

1  2a 25  -  >99 65 

2  2a 25  HFIPc >99 77 

3  2a 0  HFIPc >99 89 

4  2a -15  HFIPc 87 87 

[a] The conversions were determined by 1H NMR spectroscopy of the crude reaction mixture. [b] 
Determined by chiral HPLC analysis of the product using a Daicel Chiralcel OD-H column. [c] 
Conditions: 2.0 equiv were added.  

 
Table S7. Asymmetric Friedel–Crafts reaction of indoles with nitroalkenes: substrate scope. 

 

Entry  Ligand Substrate Time (h) Yield (%)a ee (%)b 

1  2a R1 = H, R2 = H 24 98 89 

2  2a R1 = Me, R2 = H 24 99 91 

3  2a R1 = OMe, R2 = H 24 98 87 

4  2a R1 = Br, R2 = H 72 98 82 

5  2a R1 = H, R2 = Me 48 99 89 

6  2a R1 = H, R2 = OMe 48 98 87 

7 2a R1 = H, R2 = Cl 48 97 84 

[a] Isolated yield. [b] Determined by chiral HPLC analysis of the product using Daicel Chiralcel 
OD-H and Chiralpak AD-H columns.  
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Scheme S3. Double asymmetric Friedel–Crafts reaction 
 

Synthesis of Cu(II) complexes (S,S)-2a-Cu(OTf)2:[3c] The reduced product (S,S)-2a (0.1 

mmol), Cu(OTf)2 (0.1 mmol) and CH2Cl2 (5 mL) were added to a 25 mL round flask. The 

mixture was stirred for 6 h under nitrogen atmosphere until the starting materials were 

consumed as indicated by TLC. After the reaction completed, the solvent was removed under 

reduced pressure to afford (S,S)-2a-Cu(OTf)2 as tan solid (99% yield). Crystals suitable for 

X-ray analysis were grown by diffusion of diethyl ether into a dichloromethane solution of 

(S,S)-2a-Cu(OTf)2 at room temperature in glovebox. m.p. 175-177 oC.  

 

General procedure for the catalytic asymmetric Friedel–Crafts reaction: Chiral tridentate 

and tetradentate pyridine-amine-type ligands PyBTHQs 2 (0.01375 mmol) and Cu(OTf)2 

(0.0125 mmol) were added to a round flask containing a stir bar under N2. 1 mL CH2Cl2 was 

added to the flask and the mixture was stirred for 6 h. After cooling to 0 °C, to the mixture 

was added nitroalkene 4 (0.5 mmol), indole 3 (0.25 mmol) and 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP, 0.5 mmol). After being stirred for appropriate time, 

the reaction mixture was purified by silica gel column chromatography (petroleum ether/ethyl 

acetate, 9/1 to 2/1, v/v) to afford Friedel-Crafts adduct 5. The diastereomeric ratio was 

determined by crude 1H NMR. The enantionmeric excesses of the products were determined 

by chiral stationary phase HPLC using a Daicel Chiralcel OD-H and Chiralpak AD-H. The 

absolute configurationswere determined by comparison of the optical rotations and retention 

times on a chiral HPLC column with reported results.[3] 
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 (R)-3-(2-nitro-1-phenylethyl)-1H-indole ((R)-5a). (Known compound, see: 

Sato, T.; Arai, T. Synlett 2014, 25, 349-354). 98% yield, yellow oil, 89% ee, 

[α]D
20 = -21.9 (c = 1.0, CHCl3, 89% ee); 1H NMR (500 MHz, CDCl3) : δ (ppm) 

8.08 (br, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.37-7.18 (m, 7H), 7.09-7.04 (m, 2H), 

5.19 (t, J = 8.0 Hz, 1H), 5.07 (dd, J = 12.8, 7.8 Hz, 1H), 4.95 (dd, J = 12.5, 8.5 Hz, 1H); 13C 

NMR (125 MHz, CDCl3): δ(ppm) 139.3, 136.6, 129.1, 127.9, 127.7, 126.3, 122.9, 121.7, 

120.1, 119.1, 114.7, 111.5, 79.7, 41.7. HRMS (ESI) m/z: [M - H]- Calcd for C16H13O2N2
 

265.09825; Found 265.09833. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel OD-H 

column (n-hexane : isopropanol = 70 : 30, flowing rate = 0.5 mL/min, 25 oC, UV detection at 

λ = 254 nm), tR1 = 29.7 min (minor), tR2 = 34.1 min (major). 

 

 (R)-5-methyl-3-(2-nitro-1-phenylethyl)-1H-indole ((R)-5b). (Known 

compound, see: Sato, T.; Arai, T. Synlett 2014, 25, 349-354). 99% yield, 

white solid, m.p. 141-142 oC. 91% ee, [α]D
20 = +14.2 (c = 1.0, CHCl3, 91% 

ee); 1H NMR (500 MHz, CDCl3): δ (ppm) 7.96 (br, 1H), 7.34-7.30 (m, 4H), 

7.27-7.22 (m, 3H), 6.98 (dd, J = 8.3, 0.8 Hz, 1H), 6.95 (d, 2.5 Hz, 1H), 5.15 (t, J = 8.0 Hz, 

1H), 5.04 (dd, J = 12.5, 7.5 Hz, 1H), 4.92 (dd, J = 12.5, 8.5 Hz, 1H), 2.40 (s, 3H); 13C NMR 

(125 MHz, CDCl3): δ (ppm) 139.4, 134.9, 129.4, 129.0, 127.9, 127.7, 126.5, 124.5, 121.9, 

118.6, 114.0, 111.2, 79.7, 41.7, 21.7. HRMS (ESI) m/z: [M - H]- Calcd for C17H15O2N2 

279.11390; Found 279.11365. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel OD-H 

column (n-hexane : isopropanol = 70 : 30, flowing rate = 0.5 mL/min, 25 oC, UV detection at 

λ = 254 nm), tR1 = 32.8 min (major), tR2 = 51.9 min (minor). 

 

 (R)-5-methoxy-3-(2-nitro-1-phenylethyl)-1H-indole ((R)-5c). (Known 

compound, see Sato, T.; Arai, T. Synlett 2014, 25, 349-354). 98% yield, 

white solid, m.p. 138-139 oC. 87% ee, [α]D
20 = +22.4 (c = 1.0, CHCl3, 87% 

ee); 1H NMR (500 MHz, CDCl3): δ (ppm) 7.99 (br, 1H), 7.34-7.30 (m, 

N
H

NO2

N
H

NO2

N
H

NO2

O
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4H), 7.27-7.23(m, 2H), 7.00 (d, J = 2.0 Hz, 1H), 6.86-6.83 (m, 2H), 5.14 (t, J = 8.0 Hz, 1H), 

5.04 (dd, J = 12.5, 7.5 Hz, 1H), 4.93 (dd, J = 12.3, 8.3 Hz, 1H), 3.77 (s, 3H); 13C NMR (125 

MHz, CDCl3): δ (ppm) 154.4, 139.3, 131.7, 129.1, 127.9, 127.7, 126.7, 122.4, 114.3, 112.9, 

112.2, 101.0, 79.6, 56.0, 41.7. HRMS (ESI) m/z: [M - H]- Calcd for C17H15O3N2 295.10882; 

Found 295.10861. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel OD-H 

column (n-hexane : isopropanol = 85 : 15, flowing rate = 0.5 mL/min, 25 oC, UV detection at 

λ = 254 nm), tR1 = 60.9 min (major), tR2 = 81.8 min (minor). 

 

 (R)-5-bromo-3-(2-nitro-1-phenylethyl)-1H-indole ((R)-5d). (Known 

compound, see: Sato, T.; Arai, T. Synlett 2014, 25, 349-354). 98% yield, 

white solid, m. p. 119-121 oC. 82% ee, [α]D
20 = +58.3 (c = 1.0, CHCl3, 82% 

ee); 1H NMR (500 MHz, CDCl3): δ (ppm) 8.00 (br, 1H), 7.33-7.23 (m, 6H), 

7.01-6.99 (m, 3H), 5.17 (t, J = 8.0 Hz, 1H), 5.05 (dd, J = 12.5, 7.5 Hz, 1H), 4.93 (dd, J = 12.5, 

8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 139.4, 136.2, 129.0, 127.9, 127.7, 125.8, 

123.4, 121.4, 120.7, 120.3, 116.8, 115.1, 79.7, 41.8. HRMS (ESI) m/z: [M - H]- Calcd for 

C16H12O2N2Br 343.00876; Found 343.00836. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel OD-H 

column (n-hexane : isopropanol = 85 : 15, flowing rate = 0.5 mL/min, 25 oC, UV detection at 

λ = 254 nm), tR1 = 25.1 min (major), tR2 = 37.5 min (minor). 

 

(R)-3-(2-nitro-1-(p-tolyl)ethyl)-1H-indole ((R)-5e). (Known compound, see: 

Liu, H.; Du, D.-M. Eur. J. Org. Chem. 2010, 2121-2131). 99% yield, yellow 

oil, 89% ee, [α]D
20 = -12.7 (c = 1.0, CHCl3, 89% ee); 1H NMR (400 MHz, 

CDCl3): δ (ppm) 7.96 (br, 1H), 7.42 (d, J = 8.0 Hz, 1H), 7.26 (d, J = 8.0 Hz, 

1H), 7.18-7.13 (m, 3H), 7.09-7.02 (m, 3H), 6.89 (d, J = 2.0 Hz, 1H), 5.11 (t, J =8.0 Hz, 1H), 

4.98 (dd, J =12.0, 7.6 Hz, 1H), 4.86 (dd, J =12.4, 8.4 Hz, 1H), 2.27 (s, 3H); 13C NMR (100 

MHz, CDCl3): δ (ppm) 137.3, 136.5, 136.3, 129.7, 127.7, 126.2, 122.7, 121.7, 120.0, 119.0, 

114.5, 111.5, 79.7, 41.3, 21.1. HRMS (ESI) m/z: [M - H]- Calcd for C17H15O2N2
- 279.11390; 
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Found 279.11368. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel OD-H 

column (n-hexane : isopropanol = 70 : 30, flowing rate = 0.5 mL/min, 25 oC, UV detection at 

λ = 254 nm), tR1 = 36.3 min (minor), tR2 = 41.3 min (major). 

 

(R)-3-(1-(4-methoxyphenyl)-2-nitroethyl)-1H-indole ((R)-5f). (Known 

compound, see: Sato, T.; Arai, T. Synlett 2014, 25, 349-354). 98% yield, 

white solid, m.p. 149-150 oC. 87% ee, [α]D
20 = -13.8 (c = 1.0, CHCl3, 87% 

ee); 1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 (br, 1H), 7.42 (d, J = 7.6 

Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.24-7.16 (m, 3H), 7.06 (t, J = 7.2 Hz, 1H), 6.97 (s, 1H), 

6.83 (d, J = 8.0 Hz, 2H ), 5.12 (t, J = 7.6 Hz, 1H), 5.05-5.00 (m, 1H), 4.90-4.85 (m, 1H), 3.75 

(s, 3H); 13C NMR (100 MHz, CDCl3): δ (ppm) 159.0, 136.6, 131.3, 128.9, 126.2, 122.8, 121.6, 

120.0, 119.1, 114.9, 114.4, 111.5, 79.9, 55.4, 41.0. HRMS (ESI) m/z: [M - H]- Calcd for 

C17H15O3N2
- 295.10882; Found 295.10870. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel OD-H 

column (n-hexane : isopropanol = 70 : 30, flowing rate = 0.5 mL/min, 25 oC, UV detection at 

λ = 254 nm), tR1 = 52.6 min (minor), tR2 = 59.3 min (major). 

 

(R)-3-(1-(4-chlorophenyl)-2-nitroethyl)-1H-indole ((R)-5g). (Known 

compound, see: Liu, H.; Du, D.-M. Eur. J. Org. Chem. 2010, 2121-2131). 

97% yield, yellow oil, 84% ee, [α]D
20 = -6.4 (c = 1.0, CHCl3, 84% ee); 1H 

NMR (400 MHz, CDCl3): δ (ppm) 8.05 (br, 1H), 7.37 (d, J = 8.0 Hz, 1H), 

7.30 (d, J = 8.0 Hz, 1H), 7.26-7.16 (m, 5H), 7.06 (t, J =7.6 Hz, 1H), 6.92 (d, 

J = 0.8 Hz, 1H), 5.12 (t, J =7.8 Hz, 1H), 4.99 (dd, J =12.6, 7.4 Hz, 1H), 4.85 (dd, J =12.6, 8.6 

Hz, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) 137.8, 136.6, 133.5, 129.2, 129.2, 126.0, 

122.9, 121.6, 120.2, 118.9, 113.9, 111.6, 79.4, 41.0. HRMS (ESI) m/z: [M - H]- Calcd for 

C16H12O2N2Cl 299.05928; Found 299.05914. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel OD-H 

column (hexane : isopropanol = 70 : 30, flowing rate = 0.5 mL/min, 25 oC, UV detection at λ 

N
H

NO2

MeO

N
H

NO2

Cl
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= 254 nm), tR1 = 52.3 min (minor), tR2 = 63.9 min (major). 

 

 1,4-bis((R)-1-(1H-indol-3-yl)-2-nitroethyl)benzene ((R,R)-5h). 

(Known compound, see: Sato, T.; Arai, T. Synlett 2014, 25, 

349-354). 97% yield, white solid, m.p. 101-102 oC. 90:10 dl/meso, > 

99% ee, [α]D
20 = +19.2 (c = 1.0, CHCl3, > 99% ee); 1H NMR (300 

MHz, acetone-d6): δ (ppm) 10.20 (br, 2H), 7.50-7.34 (m, 10H), 7.08 

(t, J = 7.5 Hz, 2H), 6.97-6.92 (m, 2H), 5.28-5.10 (m, 6H); 13C NMR (75 MHz, acetone-d6): δ 

(ppm) 140.4, 137.8, 129.2, 127.4, 123.1, 123.1, 122.8, 120.0, 119.6, 114.9, 112.5, 80.2, 42.0. 

HRMS (ESI) m/z: [M - H]- Calcd for C26H21O4N4 453.15683; Found 453.15656. 

   The enantiomeric excess was determined by HPLC on the connection of Chiralcel AD-H 

column (hexane : isopropanol = 70 : 30, flowing rate = 0.7 mL/min, 25 oC, UV detection at λ 

= 254 nm), tR1 = 37.3 min (major). 
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10. Copy of HPLC spectra 

Figure S45. Copy of HPLC spectra of 2a 
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Figure S46. Copy of HPLC spectra of 2b 
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Figure S47. Copy of HPLC spectra of 2c 
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Figure S48. Copy of HPLC spectra of 2d 
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Figure S49. Copy of HPLC spectra of 2e 
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Figure S50. Copy of HPLC spectra of 2f 
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Figure S51. Copy of HPLC spectra of 2g 
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Figure S52. Copy of HPLC spectra of 2h 

 

 

 
 



S90 

 

Figure S53. Copy of HPLC spectra of 2i 
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Figure S54. Copy of HPLC spectra of 2j 
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Figure S55. Copy of HPLC spectra of 2k 
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Figure S56. Copy of HPLC spectra of 2l 
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Figure S57. Copy of HPLC spectra of 2m 
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Figure S58. Copy of HPLC spectra of 2n 
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Figure S59. Copy of HPLC spectra of 2o 

 

 

 

 



S97 

 

Figure S60. Copy of HPLC spectra of 2p 
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Figure S61. Copy of HPLC spectra of 2q 
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Figure S62. Copy of HPLC spectra of 2r 
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Figure S63. Copy of HPLC spectra of 2s 
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Figure S64. Copy of HPLC spectra of 2t 
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Figure S65. Copy of HPLC spectra of 2a' 
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Figure S68. Co
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Figuure S69. Co
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opy of HPLLC spectra oof 5d 

 

 

 

 



 

Figure S70. Co
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opy of HPLLC spectra oof 5e 

 

 

 

 



 

Figgure S71. Co
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opy of HPLLC spectra oof 5f 

 

 

 

 



 

Figure S72. Co
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opy of HPLLC spectra oof 5g 

 

 

 

 



 

Figuure S73. Co
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opy of HPLLC spectra oof 5h 
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