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Asymmetric Hydrogenation of Bis(quinolin-2-yl)methanes: A Direct 
Access to Chiral 1,3-Diamines† 

Bin Li,a,b,‡ Cong Xu,a,‡ Yan-Mei He,*,a Guo-Jun Deng,b and Qing-Hua Fan*,a,c
 

ABSTRACT  The asymmetric hydrogenation of bis(quinolin-2-yl)methanes was described, using chiral cationic ruthenium/monosulfonated diamine com-
plexes to afford chiral bis(tetrahydroquinolin-2-yl)methanes in high yield with excellent enantioselectivity and diastereoselectivity. The subsequent trans-
formation of these 1,3-diamines to a new class of chiral 6-membered N-heterocyclic carbenes was also developed, which is important but difficult to 
access. 
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Introduction 

Chiral diamines are of great importance for their wide applica-
tions in both laboratory studies and industry manufacture, and 
they have gained extensive attention.[1,2] Compared with the ex-
tensively studied vicinal diamines,[1a] 1,3-diamines are less inves-
tigated. Enantiomerically enriched 1,3-diamines are important 
compounds or key structure units in natural products, pharmaco-
logically active compounds, and chiral ligands.[2] Many methods 
have been developed for the effective preparation of these chiral 
diamine compounds.[3,4] However, the direct asymmetric synthe-
ses of chiral 1,3-diamines are rarely reported.[3e-3l,4] 

Transition-metal-catalyzed asymmetric hydrogenation (AH) of 
imines and N-containing heteroaromatic compounds is one of the 
most efficient methods for the synthesis of optically active 
amines.

[5]
 Despite great progress made in this field, only a few 

examples about the synthesis of chiral diamines were reported.[4] 
Recently, we found that the cationic ruthenium complexes of chi-
ral monosulfonated diamines are very efficient catalysts for AH of 
quinolines[6] as well as the more challenging substrates of phe-
nanthroline[4a] and 2,2’-bisquinoline[4c] derivatives, providing a 
direct access to chiral vicinal diamines (Scheme 1). Encouraged by 
these results and given the importance of chiral 1,3-diamines, we 
herein describe the ruthenium-catalyzed AH of a new type of eas-
ily available but challenging substrate of bis(quinoline-2-yl)-  
methanes. To the best of our knowledge, this is the first example 
for the enantioselective synthesis of chiral bis(tetrahydroquinolin- 
2-yl)methanes, which could be easily derived to give a new class 
of chiral N-heterocyclic carbenes (NHCs) ligands.[7] These NHCs are 
difficult to access through other methods. 

Results and Discussion 

To start our initial investigations, several chiral ruthenium/ 
monosulfonated diamine complexes (Scheme 2) were prepared 
according to the well-established method.[6b] 

Then, bis(quinolin-2-yl)methane 2a was selected as the model 
substrate for the screening of catalysts and the optimization of 
reaction conditions (Table 1). Generally, under the reaction condi-
tions checked, full conversions and > 99% enantiomeric excesses 
were obtained, while the diastereoselectivity varied greatly. The 
screen of ruthenium catalysts was carried out in isopropanol 

Scheme 1  Enantioselective syntheses of chiral diamines via asymmetric 

hydrogenation by Fan group 

 

Scheme 2  The chiral ruthenium-diamine catalysts used in this work 

 

under 50 atm of H2 at room temperature. It was noted that the 
catalyst performance was affected by the substituents on the η6–
arene ligand (entries 1—3). Catalyst (R,R)-1c bearing a p-cymene 
co-ligand gave the best diastereoselectivity (> 20 : 1 dr). The sub-
stituent on the N-monosulfonate group also influenced the dia-
stereoselectivity (entries 3—6). When tosyl group was replaced by 
2,4,6-triisopropylphenyl or electron-withdrawing 4-trifluorometh-
ylphenyl groups (entries 5 and 6), low dr values were obtained. 
The use of (R,R)-1,2-cyclohexyl diamine ligand also led to the de-
crease of diastereoselectivity (entry 7). From all the results ob-
tained, 1c was selected as the optimal catalyst for this study. Sub-
sequently, isopropanol was proved to be optimal after the solvent 
screen (entries 8—15). The variation of reaction temperature and/ 
or H2 pressure did not affect the reaction outcome (entries 16— 
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18). 

Table 1  Optimization of reaction conditions for the AH of 2a
a
 

 

Entry Catalyst Solvent 
H2/atm;  

T/
o
C 

Conv.
b
/% dr

b
 ee

c
/% 

1
 

(R,R)-1a IPA 50; 25 > 95 5.1
 
:
 
1 > 99 

2
 

(R,R)-1b IPA 50; 25 > 95 15.8
 
:
 
1 > 99 

3
 

(R,R)-1c IPA 50; 25 > 95 > 20
 
:
 
1 > 99 

4
 

(R,R)-1d IPA 50; 25 > 95 > 20
 
:
 
1 > 99 

5 (R,R)-1e IPA 50; 25 > 95 11.6
 
:
 
1 > 99 

6 (R,R)-1f IPA 50; 25 > 95 18.8
 
:
 
1 > 99 

7 (R,R)-1g IPA 50; 25 > 95 8.0
 
:
 
1 > 99 

8 (R,R)-1c THF 50; 25 > 95 7.3
 
:
 
1 > 99 

9 (R,R)-1c toluene 50; 25 > 95 3.2
 
:
 
1 95 

10 (R,R)-1c DCM 50; 25 > 95 5.6
 
:
 
1 > 99 

11 (R,R)-1c MeOH 50; 25 > 95 4.6
 
:
 
1 > 99 

12 (R,R)-1c EtOH 50; 25 > 95 7.3
 
:
 
1 > 99 

13 (R,R)-1c n-BuOH 50; 25 > 95 3.5
 
:
 
1 96 

14 (R,R)-1c t-BuOH 50; 25 > 95 13.1
 
:
 
1 > 99 

15 (R,R)-1c amylene alcohol 50; 25 > 95 9.8
 
:
 
1 > 99 

16 (R,R)-1c IPA 50; 50 > 95 > 20
 
:
 
1 > 99 

17 (R,R)-1c IPA 80; 25 > 95 > 20
 
:
 
1 > 99 

18 (R,R)-1c IPA 10; 25 > 95 > 20
 
:
 
1 > 99 

a 
Reaction conditions: 0.2 mmol 2a in 1.0 mL solvent, 1.0 mol% Ru-cat, 50 

atm H2, rt, stirred for 8 h. 
b 

The conversions and diastereoselectivities were 

determined by 
1
H NMR spectroscopy and/or HPLC analysis of the crude 

reaction mixture. 
c 
The enantiomeric excesses were determined by HPLC 

with a chiral AS-H column. IPA＝isopropanol, THF＝tetrahydrofuran, DCM

＝dichloromethane. 

Under the optimized reaction conditions (Table 1, entry 3), the 
substrate scope of various substituted bis(quinolin-2-yl)methanes 
was then explored (Scheme 3). For all the symmetric substrates 
bearing electron-donating groups, such as alkyls and methoxy 
group, excellent isolated yields (better than 90%) and enantiose-
lectivities (> 99% ee) were achieved. For most chiral bis(tetra-
quinolin-2-yl)methanes products, dr values are excellent (dr > 20 : 

1). Only the substrate 3e bearing tert-butyl group at C6-position 
gave a low diastereoselectivity. The absolute configuration of 3a 
was determined to be (S,S) based on the single-crystal X-ray anal-
ysis of the corresponding derivative 4 (see Scheme S1 in the Sup-
porting Information).[8] The configurations of the other chiral 
products were assigned by analogy. To expand the substrate scope, 
we also tried to synthesize some bis(quinolin-2-yl)methanes bear-
ing electron-withdrawing groups, but we failed.[9] 

To gain further understanding of this catalytic process, several 
control experiments were carried out with 2a. When the reaction 
temperature was lowered to 20 oC and H2 pressure to 20 atm, 
only 74% conversion was observed, and a dihydro-intermediate 5 
was mainly obtained. Compound 5 was then isolated and well 
characterized (Scheme S2). Further hydrogenation of 5 under the 
optimal reaction conditions offered the final product 3a in similar 
diastereoselectivity and enantioselectivity with comparison to 
those obtained from the direct hydrogenation of 2a (Scheme S3). 
Furthermore, the ESI-HRMS spectrum of the reaction mixture 
demonstrated the formation of not only the dihydro-intermediate 
5 (m/z 273.13806) but also a tetrahydro-intermediate 6 (m/z  

Scheme 3  Scope of the asymmetric hydrogenation
a
 

 
a 

Reaction conditions: 0.2 mmol 2 in 1.0 mL isopropanol, 1.0 mol% (R,R)-1c, 

50 atm H2, rt, stirred for 8 h. The yields are isolated yields. The diastere-

oselectivities were determined by 
1
H NMR spectroscopy of the crude 

reaction mixture. The enantiomeric excesses were determined by HPLC 

with a chiral AS-H column. 

Scheme 4  A proposed catalytic pathway 

 

275.15369) (Scheme S4). On the basis of these experimental re-
sults and our previous study on the reaction mechanism of the 
Ru/diamine-catalyzed asymmetric hydrogenation of quinolines,[6b] 
we proposed a catalytic reaction pathway (Scheme 4). 

In the deuterium labeling study of the asymmetric hydrogena-
tion with 2a (Scheme 5), 84% and 95% deuterium incorporation 
was observed at the C2- and C4-positions, respectively, when 
deuterated gas was used (Scheme 5, eq 1). Instead, when hydro-
genation was carried out in isopropanol-d8 under 50 atm H2, the 
deuterium atoms were found at the C3-position of tetrahydro-
quinoline ring and the bridged methylene group (Scheme 5, eq 2). 
Expectedly, hydrogenation proceeded smoothly with both deu-
terated gas and solvent, providing 3a with high deuterium incor-
porations at all the C1-, C2-, C3-, and C4-positions of tetrahydro-
quinoline ring and the bridged methylene group (Scheme 5, eq 3). 
All these results agree with the proposed catalytic pathway. 

The potential application of this new method was demon-
strated by a scale-up synthesis of (S,S)-3a and the preparation of a 
chiral 6-membered N-heterocyclic carbene precursor (Scheme 6). 
The asymmetric hydrogenation of 2a on a gram scale gave (S,S)-3a 
in 98% isolated yield with > 20 : 1 dr and > 99% ee. Subsequent 
treatment of (S,S)-3a with trimethyl orthoformate and NH4BF4 
offered the key NHC precursor 7 in 98% yield, providing a facile 
and practical approach to a new class of 6-membered rigid NHC 
ligands, which might be useful for asymmetric catalysis.[7] 
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Scheme 5  Deuterium-labeling studies 

 

Scheme 6  Scale-up reaction and product transformation 

 

Conclusions 

In conclusion, the first asymmetric hydrogenation of bis(qui-
nolin-2-yl)methanes by using chiral cationic ruthenium diamine 
catalysts was developed with up to 96% isolated yield, > 20 : 1 dr, 
and > 99% ee. This new protocol provides not only a practical and 
facile approach to the synthesis of optically pure chiral 1,3-di-
amines, but also a straight-forward and effective way to derive a 
novel class of 6-membered chiral NHC ligands, which are difficult 
to access through other methods. We believe this work will stim-
ulate future study on the applications of these new chiral 1,3-di-
amines and NHC ligands in asymmetric catalysis. 

Experimental 

General procedure for the synthesis of bis(tetrahydroqui-
nolin-2-yl)methanes 

A 30 mL glass-lined stainless-steel reactor equipped with a 
magnetic stirrer bar was charged with Ru-catalyst (R,R)-1c (0.002 
mmol), the corresponding bis(quinolin-2-yl)methanes 2 (0.2 mmol) 
in IPA (1.0 mL) under nitrogen 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 room tem-
perature for 8 h. Then the hydrogen gas was carefully released 
and the conversion was determined by 1H NMR. The reaction 
mixture was filtered through a short pad of silica (ethyl acetate/ 
petroleum ether, 1/100, V/V) to give the pure products. The dia-
stereoselectivities were determined by 

1
H NMR spectroscopy or 

HPLC analysis, and the enantiomeric excess of the product was 
determined by HPLC with a chiral AS-H column. 

(S,S)-3a: (New compound). Light yellow solid, m.p. 125—126 
oC, isolated yield 98%, dr > 20 : 1, > 99% ee. [α]D

20＝+6.4 (c＝0.25, 
CH2Cl2); 1H NMR (400 MHz, CDCl3) δ: 7.00—6.97 (m, 4H), 6.65 (t,  
J＝7.4 Hz, 2H), 6.52 (d, J＝8.0 Hz, 2H), 3.56—3.55 (m, 2H), 

2.93—2.76 (m, 4H), 1.98—1.95 (m, 2H), 1.81—1.72 (m, 4H); 13C 
NMR (125 MHz, CDCl3) δ: 144.4, 129.5, 126.9, 121.6, 117.7, 114.8, 
48.8, 42.4, 28.6, 26.6. HRMS-ESI exact mass calcd. for C19H23N2

+ 
([M+H]+) requires m/z 279.18558, found m/z 279.18521. The en-
antiomeric excess was determined by HPLC on Chiralcel AS-H 
column (hexane : isopropanol＝95

 
:
 
5, flowing rate＝1 mL/min, 25 

oC, UV detection at λ＝250 nm), tR1＝9.0 min (major), tR2＝11.3 
min (minor). 

(S,S)-3b: (New compound). Light yellow solid, m.p. 117—119 
oC, isolated yield 98%, dr > 20 : 1, > 99% ee. [α]D

20＝+26.8 (c＝0.25, 
CH2Cl2); 1H NMR (500 MHz, CDCl3) δ: 6.95 (t, J＝8.0 Hz, 2H), 6.25 
(d, J＝8.0 Hz, 2H), 6.20 (d, J＝8.0 Hz, 2H), 3.80 (s, 6H), 3.51—3.46 
(m, 2H), 2.85—2.80 (m, 2H), 2.63—2.56 (m, 2H), 2.00—1.95 (m, 
2H), 1.76—1.67 (m, 4H); 13C NMR (125 MHz, CDCl3) δ: 158.1, 
145.4, 127.0, 110.2, 108.2, 99.9, 55.4, 48.3, 41.8, 28.3, 20.5. 
HRMS-ESI exact mass calcd. for C21H27N2O2

+ ([M+H]+) requires m/z 
339.20670, found m/z 339.20667. The enantiomeric excess was 
determined by HPLC on Chiralcel AS-H column (hexane : isopro-
panol＝95 : 5, flowing rate＝1.0 mL/min, 25 oC, UV detection at  
λ＝250 nm), tR1＝12.5 min (major), tR2＝18.7 min (minor). 

(S,S)-3c: (New compound). Light yellow solid, m.p. 124—126 
oC, isolated yield 98%, dr > 20 : 1, > 99% ee. [α]D

20＝+42.0 (c＝0.25, 
CH2Cl2); 1H NMR (400 MHz, CDCl3) δ: 6.82—6.80 (m, 4H), 6.46 (d, 
J＝8.8 Hz, 2H), 3.97 (br, s, 2H), 3.55—3.49 (m, 2H), 2.91—2.72 (m, 
4H), 2.23 (s, 6H), 1.98—1.93 (m, 2H), 1.80—1.70 (m, 4H); 13C 
NMR (100 MHz, CDCl3) δ: 142.1, 130.0, 127.5, 127.0, 121.7, 115.0, 
49.0, 42.4, 28.9, 26.6, 20.5. HRMS-ESI exact mass calcd. for 
C21H27N2

+ ([M+H]+) requires m/z 307.21688, found m/z 307.21634. 
The enantiomeric excess was determined by HPLC on Chiralcel 
As-H column (hexane : isopropanol＝99 : 1, flowing rate＝0.8 
mL/min, 25 oC, UV detection at λ＝250 nm), tR1＝12.0 min (ma-
jor), tR2＝15.2 min (minor). 

(S,S)-3d: (New compound). Light yellow oil, isolated yield 90%, 
dr 20 : 1, > 99% ee. [α]D

20＝+35.6 (c＝0.25, CH2Cl2); 1H NMR (400 
MHz, CDCl3) δ: 6.88—6.86 (m, 4H), 6.48 (d, J＝7.6 Hz, 2H), 4.15 
(br, s, 2H), 3.53—3.51 (m, 2H), 2.93—2.75 (m, 6H), 1.97—1.93 (m, 
2H), 1.80—1.71 (m, 4H), 1.21 (d, J＝6.4 Hz, 12H); 13C NMR (100 
MHz, CDCl3) δ: 142.4, 138.4, 127.4, 124.9, 121.5, 115.0, 48.9, 42.4, 
33.4, 28.9, 26.8, 24.4, 24.4. HRMS-ESI exact mass calcd. For 
C25H35N2

+ ([M+H]+) requires m/z 363.27948, found m/z 363.27917. 
The enantiomeric excess was determined by HPLC on Chiralcel 
AS-H column (hexane : isopropanol＝99 : 1, flowing rate＝1.0 
mL/min, 25 oC, UV detection at λ＝250 nm), tR1＝8.7 min (major), 
tR2＝12.9 min (minor). 

(S,S)-3e: (New compound). Light yellow oil, isolated yield 90%, 
dr 4 : 1, > 99% ee. [α]D

20＝+35.6 (c＝0.25, CH2Cl2); 1H NMR (500 
MHz, CDCl3) δ: 7.07—7.05 (m, 4H), 6.52 (d, J＝8.0 Hz, 2H), 3.82 
(br, s, 2H), 3.57—3.56 (m, 2H), 2.97—2.90 (m, 2H), 2.82—2.79 (m, 
2H), 2.00—1.98 (m, 2H), 1.83—1.77 (m, 4H), 1.33 (s, 18H); 13C 
NMR (125 MHz, CDCl3) δ: 142.2, 140.6, 126.3, 123.9, 121.0, 114.6, 
48.9, 42.5, 34.0, 31.7, 29.0, 26.9. HRMS-ESI exact mass calcd. for 
C27H39N2

+ ([M+H]+) requires m/z 391.31078, found m/z 391.31014. 
The enantiomeric excess was determined by HPLC on Chiralcel 
AS-H column (hexane : isopropanol＝95 : 5, flowing rate＝1.0 
mL/min, 25 oC, UV detection at λ＝250 nm), tR1＝19.1 min (ma-
jor), tR2＝26.7 min (minor). 

(S,S)-3f: (New compound). Light yellow solid, m.p. 194—195 
oC, isolated yield 94%, dr > 20 : 1, > 99% ee. [α]D

20＝+6.4 (c＝0.25, 
CH2Cl2); 1H NMR (400 MHz, CDCl3) δ: 6.61—6.58 (m, 4H), 6.48 (d, 
J＝8.4 Hz, 2H), 3.73 (s, 6H), 3.48—3.47 (m, 2H), 2.92—2.84 (m, 
2H), 2.77—2.72 (m, 2H), 1.95—1.92 (m, 2H), 1.78—1.68 (m, 4H); 
13C NMR (100 MHz, CDCl3) δ: 152.4, 138.5, 123.0, 116.1, 114.9, 
113.1, 56.0, 49.2, 42.4, 28.9, 27.0. HRMS-ESI exact mass calcd. for 
C21H27O2N2

+ ([M+H]+) requires m/z 339.20670, found m/z 
339.20688. The enantiomeric excess was determined by HPLC on 
Chiralcel AS-H column (hexane : isopropanol＝95 : 5, flowing rate
＝1.0 mL/min, 25 oC, UV detection at λ＝250 nm), tR1＝10.1 min 
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(major), tR2＝13.4 min (minor). 
(S,S)-3g: (New compound). Light yellow solid, m.p. 107—108 

oC, isolated yield 93%, dr > 20 : 1, > 99% ee. [α]D
20＝+44.4 (c＝0.25, 

CH2Cl2); 1H NMR (500 MHz, CDCl3) δ: 6.88 (d, J＝7.5 Hz, 2H), 6.49 
(d, J＝7.5 Hz, 2H), 6.36 (s, 2H), 4.09 (br, s, 2H), 3.55—3.51 (m, 2H), 
2.88—2.82 (m, 2H), 2.77—2.72 (m, 2H), 2.25 (s, 6H), 1.97—1.94 
(m, 2H), 1.79—1.71 (m, 4H); 13C NMR (125 MHz, CDCl3) δ: 144.3, 
136.6, 129.4, 118.6, 115.3, 48.8, 42.4, 28.8, 26.2, 21.2. HRMS-ESI 
exact mass calcd. for C21H27N2

+ ([M+H]+) requires m/z 307.21688, 
found m/z 307.21686. The enantiomeric excess was determined 
by HPLC on Chiralcel AS-H column (hexane : isopropanol＝95 : 5, 
flowing rate＝1 mL/min, 25 oC, UV detection at λ＝250 nm), tR1＝
10.7 min (minor), tR2＝13.6 min (major). 

(S,S)-3h: (New compound). Light yellow oil, isolated yield 90%, 
dr > 20 : 1, > 99% ee. [α]D

20＝+86.4 (c＝0.25, CH2Cl2); 1H NMR (500 
MHz, CDCl3) δ: 7.03 (d, J＝7.5 Hz, 2H), 6.66 (d, J＝7.5 Hz, 2H), 
6.52 (s, 2H), 4.14 (br, s, 2H), 3.64—3.61 (m, 2H), 3.00—2.83 (m, 
6H), 2.07—2.03 (m, 2H), 1.89—1.81 (m, 4H), 1.34 (d, J＝7.0 Hz, 
12H); 13C NMR (125 MHz, CDCl3) δ: 147.8, 144.3, 129.4, 119.0, 
116.0, 112.7, 48.7, 42.5, 33.9, 28.8, 26.3, 24.1. HRMS-ESI exact 
mass calcd. for C25H35N2

+ ([M+H]+) requires m/z 363.27948, found 
m/z 363.27879. The enantiomeric excess was determined by HPLC 
on Chiralcel AS-H column (hexane : isopropanol＝99 : 1, flowing 
rate＝0.5 mL/min, 25 oC, UV detection at λ＝250 nm), tR1＝13.2 
min (major), tR2＝18.2 min (minor). 

(S,S)-3i: (New compound). Light yellow solid, m.p. 194—195 
oC, isolated yield 94%, dr > 20 : 1, > 99% ee. [α]D

20＝+30.8 (c＝0.25, 
CH2Cl2); 1H NMR (400 MHz, CDCl3) δ: 6.96 (d, J＝8.0 Hz, 2H), 6.74 
(dd, J1＝7.8 Hz, J2＝1.8 Hz, 2H), 6.59 (d, J＝2.0 Hz, 2H), 4.19 (br, s, 
2H), 3.59—3.53 (m, 2H), 2.93—2.74 (m, 4H), 2.01—1.95 (m, 2H), 
1.82—1.72 (m, 4H), 1.30 (s, 18H); 13C NMR (100 MHz, CDCl3) δ: 
150.2, 144.1, 129.2, 118.9, 115.1, 112.0, 48.8, 42.6, 34.4, 31.5, 
29.0, 26.2. HRMS-ESI exact mass calcd. for C21H26N2

+
 ([M+H]

+
) 

requires m/z 391.31078, found m/z 391.31074. The enantiomeric 
excess was determined by HPLC on Chiralcel AS-H column (hex-
ane : isopropanol＝95 : 5, flowing rate＝1 mL/min, 25 oC, UV de-
tection at λ＝250 nm), tR1＝15.8 min (minor), tR2＝19.6 min (ma-
jor). 

(S,S)-3j: (New compound). Light yellow solid, m.p. 177—178 
oC, isolated yield 94%, d.r. > 20 : 1, > 99% ee. [α]D

20＝+40.4 (c＝
0.25, CH2Cl2); 1H NMR (400 MHz, CDCl3) δ: 6.89 (d, J＝8.4 Hz, 2H), 
6.26 (dd, J1＝8.2 Hz, J2＝2.6 Hz, 2H), 6.09 (d, J＝2.4 Hz, 2H), 4.15 
(br, s, 2H), 3.75 (s, 6H), 3.57—3.50 (m, 2H), 2.86—2.69 (m, 4H), 
1.99—1.92 (m, 2H), 1.78—1.69 (m, 4H); 13C NMR (100 MHz, 
CDCl3) δ: 159.0, 145.3, 130.1, 114.1, 103.7, 99.9, 55.3, 48.7, 42.4, 
28.9, 25.8. HRMS-ESI exact mass calcd. for C21H27O2N2

+ ([M+H]+) 
requires m/z 339.20670, found m/z 339.20712. The enantiomeric 
excess was determined by HPLC on Chiralcel AS-H column (hex-
ane : isopropanol＝95 : 5, flowing rate＝1 mL/min, 25 oC, UV de-
tection at λ＝250 nm), tR1＝17.9 min (major), tR2＝33.3 min (mi-
nor). 

(S,S)-3k: (New compound). Light yellow solid, m.p. 136—137 
oC, isolated yield 94%, dr > 20 : 1, > 99% ee. [α]D

20＝+26.4 (c＝0.25, 
CH2Cl2); 1H NMR (500 MHz, CDCl3) δ: 6.40 (s, 2H), 6.24 (s, 2H), 
3.49—3.45 (m, 2H), 2.71—2.59 (m, 4H), 2.20 (s, 6H), 2.15 (s, 6H), 
2.02—1.98 (m, 2H), 1.79—1.72 (m, 4H); 13C NMR (125 MHz, 
CDCl3) δ: 144.5, 137.2, 136.1, 120.7, 117.4, 113.5, 48.4, 41.9, 29.0, 
23.7, 21.1, 19.4. HRMS-ESI exact mass calcd. for C23H31N2

+ ([M+H]+) 
requires m/z 335.24818, found m/z 335.24776. The enantiomeric 
excess was determined by HPLC on Chiralcel AS-H olumn (hexane : 

isopropanol＝99 : 1, flowing rate＝0.8 mL/min, 25 oC, UV detec-
tion at λ＝250 nm), tR1＝6.9 min (major), tR2＝8.3 min (minor). 

(S,S)-7: (New compound). White solid, isolated yield 98%; m.p. 
260—262 oC; [α]D

20＝–197.6 (c＝0.25, CH2Cl2); 1H NMR (500 MHz, 
DMSO) δ: 9.23 (s, 1H), 7.90 (d, J＝8.5 Hz, 2H), 7.39—7.29 (m, 6H), 
4.08—4.05 (m, 2H), 3.06—2.93 (m, 4H), 2.41 (t, J＝5.5 Hz, 2H), 
2.21—2.17 (m, 2H), 2.04—1.96 (m, 2H); 13C NMR (125 MHz, 

DMSO) δ: 148.5, 136.4, 130.0, 130.0, 127.2, 126.9, 118.4, 51.4, 
30.4, 27.7, 25.7. HRMS-ESI exact mass calcd. for C20H21N2

+ 
([M-BF4]+) requires m/z 289.16993, found m/z 289.16977. 
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