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Unsymmetrical hybrid chiral phosphine-aminophosphine ligand derived from 1,2,3,4-tetrahydro-1-naphthyl-
amine has been found to be highly efficient in the Ir-catalyzed asymmetric hydrogenation of various 
3-aryl-2H-1,4-benzoxazines, providing good enantioselectivities (up to 95% ee) and high catalytic activity (S/C up 
to 5000). 
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Introduction 
Although great progress has been achieved in the 

highly enantioselective hydrogenation of various pro-
chiral C＝N double bonds in the past few decades,[1] 
very limited success was obtained in the catalytic 
asymmetric hydrogenation of 2H-1,4-benzoxazines, a 
type of cyclic imines in nature. In 1998, Kanai et al.[2] 
described the asymmetric hydrogenation of 7,8-di-
fluoro-3-methyl-2H-1,4-benzoxazine with a catalytic 
system composed of iridium(I), (2S,4S)-BPPM and 
bismuth(III) iodides. However, the result for this hy-
drogenation is not so satisfactory since good enantiose-
lectivity (90% ee) was achieved only when the hydro-
genation was performed at －10 ℃ under a catalyst 
loading of 5 mol%. Very recently, Zhou et al.[3] have 
reported that up to 92% ee could be obtained in the hy-
drogenation of 3-aryl-2H-1,4-benzoxazines by use of a 
[Ir(COD)Cl]2/(S)-SegPhos/I2 catalytic system. However, 
2 mol% of Ir-catalyst was required for completing this 
hydrogenation. Since chiral 3,4-dihydro-2H-benzoxa-
zines are valuable building blocks in the synthesis of 
many pharmaceuticals as well as the structural motif of 
various natural products with interesting biological ac-
tivities,[4] the development of highly enantioselective 
and reactive catalysts that could successfully address the 
challenges of low reactivity and narrow substrate scope 
in the hydrogenation of 2H-1,4-benzoxazines is there-
fore of great interest. Herein we report an enantioselec-
tive hydrogenation of 2H-1,4-benzoxazines catalyzed by 

Ir complexes with a chiral phosphine-aminophosphine 
ligand. 

In the past few years, we and some other groups 
have demonstrated the efficiency of unsymmetrical hy-
brid chiral phosphine-aminophosphine ligands in the 
Rh-catalyzed asymmetric hydrogenation of various 
functionalized olefins.[5] This ligand type has advan-
tages of being highly modular, stable toward air and 
moisture, and easily tuning the electronic and steric 
properties, which make it very suitable as ligand motif 
for asymmetric catalysis. However, the use of this 
ligand type in other metal-mediated catalytic reactions 
has been seldom explored. With the aim of expanding 
the application of this ligand type in asymmetric cataly-
sis, in this research, we have demonstrated for the first 
time that chiral phosphine-aminophosphine ligands 
were efficient for the Ir-catalyzed asymmetric hydro-
genation of 3-aryl-2H-1,4-benzoxazines, in which good 
enantioselectivity (up to 95% ee) and high catalytic ac-
tivity (S/C up to 5000) were achieved. 

Results and Discussion 
In a first attempt to induce enantioselectivity in the 

hydrogenation of 3-phenyl-2H-1,4-benzoxazine (4a), 
we screened a series of Ir/phosphine-aminophosphine 
complexes, and the results are summarized in Table 1. 
We decided to focus on the Ir-catalytic system in this 
study because of its demonstrated track record at ef-
fecting catalytic asymmetric hydrogenation of various 
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cyclic and acyclic imines.[1]  

Table 1  Survey of ligands for Ir-catalyzed asymmetric hydro-
genation of 3-phenyl-2H-1,4-benzoxazine (4a)a  

N

O

N
H

O

4a

*

[Ir(COD)Cl]2 (0.5 mol%)
ligand (1.1 mol%)

H2, solvent, r.t., 24 h

5a

N
PPh2Ph2P Fe

N
PPh2

PPh2

H
N

PAr2
PPh2

(Sc,Rp)-BoPhoz (1) (Sc)-HHPhos (2)

(Rc)-HWPhos (3)

3a: Ar = Ph
3b: Ar = 4-CF3C6H4
3c: Ar = 3,5-(CF3)2C6H3
3d: Ar = 3,5-F2C6H3

Ligand:

 

Entry Ligand H2/(106 Pa) Solvent Additive S/C Convn.b/% eec/%

1 1 1 CH2Cl2 None 100 ＞95 38d

2 2 1 CH2Cl2 None 100 ＞95 81

3 3a 1 CH2Cl2 None 100 81 92

4 3b 1 CH2Cl2 None 100 31 84

5 3c 1 CH2Cl2 None 100 93 77

6 3d 1 CH2Cl2 None 100 95 86

7 3a 3 CH2Cl2 None 100 ＞95 92

8 3a 3 MeOH None 100 ＞95 20

9 3a 3 THF None 100 ＜10 —e

10 3a 3 PhCH3 None 100 18 —e

11 3a 3 CH2Cl2 I2 100 ＞95 89

12 3a 3 CH2Cl2 KI 100 ＞95 91

13 3a 3 CH2Cl2 AcOH 100 93 91

14 3a 3 CH2Cl2 NBS 100 ＞95 21

15 3a 3 CH2Cl2 Phthalimide 100 95 92

16 3a 4 CH2Cl2 None 100 ＞95 92

17 3a 4 CH2Cl2 None 1000 ＞95 88

18 3a 4 CH2Cl2 None 5000 ＞95 89
a The reactions were carried out with 0.5 mmol of 4a in 2 mL of 
solvent at room temperature for 24 h in the presence of 1 mol% 
of Ir-catalyst in situ prepared from [Ir(COD)Cl]2 and 1.1 equiv. of 
ligand. b Degrees of conversion were determined by 1H NMR 
spectroscopy or GC. c The ee values were determined by HPLC 
on chiralcel OD-H column. d 0.25 mmol of 4a and 1 mol% of 
[Ir(COD)2]BF4 were used. e Not determined due to low conver-
sion. 

Initial experiments were examined with some known 
phosphine-aminophosphine ligands which are commer-
cially available or developed within our group. The re-
sults in Table 1 disclosed that ligand backbone has sig-

nificant effect on the reactivity and enantioselectivity 
(Entries 1—3). Thus, both ferrocene- and benzene- 
based phosphine-aminophosphine ligands 1[5a] and 2[5k] 
gave full conversions but with very different enantiose-
lectivities (38% ee for 1 and 81% ee for 2) (Entries 1 
and 2). Remarkably, chiral 1,2,3,4-tetrahydro-1-naph-
thylamine derived phosphine-aminophosphine ligand 
3a[5m] showed good enantioselectivity of up to 92% ee, 
although incomplete conversion (81% conversion) was 
obtained (Entry 3). A careful survey of ligands 3 with 
varying aminophosphino moieties was then carried out 
(Entries 3—6). However, none of modified ligands 3b
—3d was superior to 3a in term of the enantioselectivity, 
and 3a was therefore identified as the best ligand. Fol-
lowing optimization with ligand 3a disclosed that the 
increase of H2 pressure to 3×106 Pa significantly pro-
moted the hydrogenation, leading to full conversions 
with the same high enantioselectivity as that obtained 
under 1×106 Pa of H2 pressure (Entry 7). A solvent 
screening experiment revealed that the catalytic activity 
and enantioselectivity are highly depended on the nature 
of the solvent used, and CH2Cl2 proved to be the best 
hydrogenation media (Entries 7—10). The additive ef-
fect was subsequently investigated. The results indi-
cated that the additive displayed significant influence on 
the enantioselectivity. However, no positive effect on 
this hydrogenation was observed in all cases (Entries 11
—15). To our delight, the present Ir/3a catalytic system 
gave full conversion and good enantioselectivity (89% 
ee) in the hydrogenation of 3-phenyl-2H-1,4-benzoxa-
zines even at a catalyst loading of as low as 0.02 mol% 
(S/C＝5000), representing the most efficient catalytic 
system in this hydrogenation reported so far (Entry 18).  

Having established the optimized hydrogenation con-
ditions, we then examined the scope of this Ir/(Rc)-3a 
catalytic system by employing a range of 2H-1,4-benz-
oxazine derivatives. The results in Table 2 indicated that 
this catalytic system was efficient to the hydrogenation 
of various 2H-1,4-benzoxazines, affording good to ex-
cellent enantioselectivities. The electronic property of 
the substituent on the phenyl ring showed a limited in-
fluence on the enantioselectivity (Entries 1—6). Excel-
lent selectivity of up to 95% ee was achieved in the hy-
drogenation of 3-(4-methoxyphenyl)-2H-1,4-benzoxa-
zine (4f, Entry 6). Under the optimized hydrogenation 
condition, however, the present catalytic system showed 
very low reactivity for the hydrogenation of 3-(2-thie-
nyl)-2H-1,4-benzoxazine (4g, Entry 7). By introducing 
I2 as the additive, excellent performance (98% yield and 
94% ee) could be achieved (Entry 8). 3-(1-Naphthyl)- 
2H-1,4-benzoxazine (4h) and 3-(2-naphthyl)-2H-1,4- 
benzoxazine (4i) were also proved to be suitable sub-
strates for this hydrogenation, both giving 98% yields 
and 85% ee (Entries 9 and 10). The substituent on the 
phenyl ring of 2H-1,4-benzoxazine backbone has some 
influence on the enantioselectivity, normally resulting in 
reduced enantioselectivities (Entries 11—14). 

In summary, we have demonstrated that unsymme-
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trical hybrid chiral phosphine-aminophosphine ligands 
derived from 1,2,3,4-tetrahydro-1-naphthylamine were 
highly efficient for the Ir-catalyzed asymmetric hydro-
genation of 3-aryl-2H-1,4-benzoxazine derivatives. 
Good enantioselectivity (up to 95% ee) and high cata-
lytic reactivity (S/C up to 5000) have been achieved, 
which represent the best result reported so far. The pre-
sent research also suggested that the additives showed 
no positive effect on the enantioselectivity and reactiv-
ity, different with those reports on the Ir-catalyzed 
asymmetric hydrogenation of 2H-1,4-benzoxazines. 

Table 2  Ir-catalyzed asymmetric hydrogenation of 2H-1,4- 
benzoxazine derivatives (4): substrate scopea  

N

OR1

R2 Ar N
H

O

Ar

R1

R2

4

*

[Ir(COD)Cl]2 (0.5 mol%)
3a (1.1 mol%)

H2 (4X106 Pa)
CH2Cl2, r.t., 24 h 5  

Entry Substrate R2 R2 R3 Convn.b/% Yieldc/% eed/%

1 4a  H H Ph ＞95 99 92 

2 4b  H H 4-FC6H4 ＞95 97 93 

3 4c H H 4-ClC6H4 ＞95 98 90 

4 4d H H 4-BrC6H4 ＞95 97 89 

5 4e  H H 4-MeC6H4 ＞95 99 92 

6 4f  H H 4-MeOC6H4 ＞95 97 95 

7 4g  H H 2-Thienyl 30 — —e 

8 4g  H H 2-Thienyl ＞95 98 94f 

9 4h  H H 1-Naphthyl ＞95 98 85 

10 4i  H H 2-Naphthyl ＞95 98 85 

11 4j  H Cl Ph ＞95 96 82 

12 4k  Cl H Ph ＞95 97 86 

13 4l  H Me Ph ＞95 94 75 

14 4m  Me H Ph ＞95 97 84 
a The reactions were carried out with 0.5 mmol of substrate in 2 
mL of CH2Cl2 at room temperature for 24 h in the presence of 1 
mol% of Ir-catalyst in situ prepared from [Ir(COD)Cl]2 and 1.1 
equiv. of ligand. b Degrees of conversion were determined by 1H 
NMR spectroscopy. c Isolated yields. d The ee values were deter-
mined by HPLC on Chiralcel OD-H column. e Not determined 
due to low conversion. f The reaction was carried out under 1×
106 Pa of H2 using 5 mol% of I2 as additive. 

Experimental  
All reactions were conducted under a nitrogen or 

argon atmosphere unless otherwise noted. Anhydrous 
procedures were conducted using oven-dried or flame- 
dried glassware and standard syringe and cannula trans-
fer techniques. Hydrogenation was performed in a 
stainless steel autoclave. Solvents were of reagent grade, 
dried and distilled before use following standard proce-
dures. 3-Aryl-2H-1,4-benzoxazines (4a — 4m) were 
prepared according to literature.[6] All other chemicals 

were obtained commercially. 1H, 13C and 31P NMR 
spectra were recorded on a Bruker DRX 400 spec-
trometers using CDCl3 as the solvent. HPLC analyses 
were performed with an Agilent 1100 series instrument.  

General hydrogenation procedure  
To a solution of [Ir(COD)Cl]2 (1.7 mg, 0.0025 mmol) 

in anhydrous and degassed CH2Cl2 (1 mL), which was 
placed in a nitrogen-filled glovebox, was added phos-
phine-aminophosphine ligand (0.0055 mmol). The reac-
tion mixture was stirred at room temperature for 30 min, 
and then a solution of 2H-1,4-benzoxazine (0.5 mmol) 
in 1 mL of CH2Cl2 was added. The mixture was trans-
ferred to a Par stainless autoclave. The autoclave was 
purged three times with hydrogen, and maintained a 
hydrogen pressure of 4×106 Pa. The hydrogenation was 
performed at room temperature for 24 h. After carefully 
releasing the hydrogen gas, the solvent was removed. 
Conversion was directly determined by GC or 1H NMR 
spectroscopy. The enantiomeric excess was determined 
by HPLC after the purification on silica gel eluting with 
petroleum ether, EtOAc, and CH2Cl2 (10∶1∶1 with Rf 
at 0.35—0.5). 

3-Phenyl-3,4-dihydro-2H-1,4-benzoxazine (5a):[3,7-9]  
Viscous oil, 99% yield; 92% ee, HPLC conditions for 
ee-analysis: chiralcel OD-H, 40 ℃, 254 nm, n-hexane/ 
2-propanol (V∶V＝80∶20), flow rate＝0.6 mL/min; 

D
20[ ]α  －141.6 (0.7, CHCl3); 1H NMR (400 MHz, 

CDCl3) δ: 3.90—3.95 (m, 2H), 4.21 (dd, J＝10.6, 2.8 
Hz, 1H), 4.39 (dd, J＝8.6, 2.7 Hz, 1H), 6.59 (d, J＝7.8 
Hz, 1H), 6.66 (t, J＝7.7 Hz, 1H), 6.77 (t, J＝7.5 Hz, 
1H), 6.81 (d, J＝7.9 Hz, 1H), 7.28—7.34 (m, 5H); 13C 
NMR (100 MHz, CDCl3) δ: 54.3, 71.0, 115.5, 116.7, 
119.0, 121.6, 127.3, 128.4, 128.9, 134.1, 139.3, 143.6.  

3-(4-Fluorophenyl)-3,4-dihydro-2H-1,4-benzoxazine  
(5b):[8] Light yellow crystal, 97% yield, m.p. 83—85 
℃; 93% ee, HPLC conditions for ee-analysis: chiralcel 
OD-H, 40 ℃, 254 nm, n-hexane/2-propanol (V∶V＝
80∶20), flow rate＝0.6 mL/min; D

20[ ]α  －129.4 (1.0, 
CHCl3); 1H NMR (400 MHz, CDCl3) δ: 3.87—3.92 (m, 
2H), 4.19 (dd, J＝10.6, 3.0 Hz, 1H), 4.40 (dd, J＝8.5, 
2.9 Hz, 1H), 6.62 (dd, J＝7.8, 0.9 Hz, 1H), 6.67 (t, J＝
7.6 Hz, 1H), 6.78 (t, J＝7.5 Hz, 1H), 6.82 (d, J＝7.9 Hz, 
1H), 7.03 (t, 8.6 Hz, 2H), 7.29—7.33 (m, 2H); 13C 
NMR (100 MHz, CDCl3) δ: 53.6, 70.9, 115.5 (d, J＝13 
Hz), 115.9, 116.7, 119.2, 121.6, 128.9 (d, J＝8 Hz), 
133.8, 135.1, 143.6, 162.7 (d, J＝245 Hz).  

3-(4-Chlorophenyl)-3,4-dihydro-2H-1,4-benzoxazine  
(5c):[8] Light yellow crystal, 98% yield, m.p. 108—110 
℃; 90% ee, HPLC conditions for ee-analysis: chiralcel 
OD-H, 40 ℃, 254 nm, n-hexane/2-propanol (V∶V＝
80∶20), flow rate＝1.0 mL/min; D

20[ ]α  －128.6 (0.9, 
CHCl3); 1H NMR (400 MHz, CDCl3) δ: 3.92—3.97 (m, 
2H), 4.24 (dd, J＝10.6, 3.0 Hz, 1H), 4.48 (dd, J＝8.4, 
2.9 Hz, 1H), 6.66—6.72 (m, 2H), 6.80—6.85 (m, 2H), 
7.32—7.37 (m, 4H); 13C NMR (100 MHz, CDCl3) δ: 
53.6, 70.8, 115.5, 116.7, 119.2, 121.6, 128.6, 129.0, 
133.6, 134.1, 137.8, 143.5.  
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3-(4-Bromophenyl)-3,4-dihydro-2H-1,4-benzoxazine  
(5d):[7] Light yellow solid, 97% yield, m.p. 84—86 ℃; 
89 % ee, HPLC conditions for ee-analysis: chiralcel 
OD-H, 40 ℃, 254 nm, n-hexane/2-propanol (V∶V＝
80∶20), flow rate＝1.0 mL/min; D

20[ ]α  －86.2 (1.22, 
CHCl3); 1H NMR (400 MHz, DMSO) δ: 3.87—3.91 (m, 
2H), 4.19 (dd, J＝10.3, 2.1 Hz, 1H), 4.44—4.48 (m, 
1H), 6.51—6.54 (m, 1H), 6.69—6.72 (m, 3H), 7.37 (d,  
J＝8.0 Hz, 2H), 7.56 (d, J＝8.1 Hz, 2H); 13C NMR (100 
MHz, DMSO) δ: 52.5 (d, J＝11 Hz), 70.0, 115.4, 116.3, 
117.5, 121.1, 121.8, 129.8, 131.7, 135.0, 140.2, 143.2.  

3-(4-Methylphenyl)-3,4-dihydro-2H-1,4-benzoxa- 
zine (5e):[7] Light yellow crystal, 99% yield, m.p. 57—
59 ℃ ; 92% ee, HPLC conditions for ee-analysis: 
chiralcel OD-H, 40 ℃, 254 nm, n-hexane/2-propanol 
(V ∶ V ＝ 80∶ 20), flow rate ＝ 1.0 mL/min; D

20[ ]α      
－127.2 (1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ: 
2.24 (s, 3H), 3.80—3.85 (m, 2H), 4.11 (dd, J＝10.6, 3.0 
Hz, 1H), 4.28 (dd, J＝8.6, 2.9 Hz, 1H), 6.51 (d, J＝7.7 
Hz, 1H), 6.57 (t, J＝7.5 Hz, 1H), 6.68 (t, J＝7.3 Hz, 
1H), 6.73 (d, J＝7.8 Hz, 1H), 7.07 (d, J＝7.7 Hz, 2H), 
7.15 (d, J＝7.9 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ: 
21.3, 54.0, 71.1, 115.5, 116.7, 119.0, 121.5, 127.2, 
129.6, 134.1, 136.2, 138.2, 143.6.  

3-(4-Methoxylphenyl)-3,4-dihydro-2H-1,4-benzoxa- 
zine (5f):[7] Light yellow crystal, 97% yield, m.p. 123—
125 ℃ ; 95% ee, HPLC conditions for ee-analysis: 
chiralcel OD-H, 40 ℃, 254 nm, n-hexane/2-propanol 
(V ∶ V ＝ 80∶ 20), flow rate ＝ 1.0 mL/min; D

20[ ]α      
－127.0 (0.8, CHCl3); 1H NMR (400 MHz, CDCl3) δ: 
3.77 (s, 3H), 3.89—3.94 (m, 2H), 4.20 (dd, J＝10.6, 2.2 
Hz, 1H), 4.38 (d, J＝8.5 Hz, 1H), 6.61 (d, J＝7.8 Hz, 
1H), 6.67 (t, J＝7.6 Hz, 1H), 6.77 (t, J＝7.5 Hz, 1H), 
6.82 (d, J＝7.9 Hz, 1H), 6.88 (d, J＝8.2 Hz, 2H), 7.27 
(d, J＝8.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ: 
53.6, 55.4, 71.1, 114.3, 115.5, 116.6, 119.0, 121.5, 
128.4, 131.2, 134.1, 143.6, 159.7.  

3-Thienyl-3,4-dihydro-2H-1,4-benzoxazine (5g):[7-9] 
Viscous oil, 98% yield; 94% ee, HPLC conditions for 
ee-analysis: chiralcel OD-H, 40 ℃, 254 nm, n-hexane/ 
2-propanol (V∶V＝80∶20), flow rate＝1.0 mL/min; 

D
20[ ]α  －120.5 (0.8, CHCl3); 1H NMR (400 MHz, 

CDCl3) δ: 3.85 (br, 1H), 4.03—4.08 (m, 1H), 4.30 (dd,  
J＝10.6, 2.5 Hz, 1H), 4.79 (dd, J＝8.0, 2.4 Hz, 1H), 
6.62 (d, J＝7.6 Hz, 1H), 6.69 (t, J＝7.4 Hz, 1H), 6.77—
6.84 (m, 2H), 6.98—7.00 (m, 1H), 7.04 (s, 1H), 7.26—
7.27 (m, 1H); 13C NMR (100 MHz, CDCl3) δ: 50.2, 
71.1, 115.7, 116.7, 119.5, 121.7, 124.9, 125.4, 127.0, 
133.1, 142.8, 143.6.  

3-(1-Naphthyl)-3,4-dihydro-2H-1,4-benzoxazine  
(5h):[7-9] Viscous oil, 98% yield; 85% ee, HPLC condi-
tions for ee-analysis: chiralcel OD-H, 40 ℃, 254 nm, 
n-hexane/2-propanol (V∶V＝80∶20), flow rate＝1.0 
mL/min; D

20[ ]α  －126.8 (0.8, CHCl3); 1H NMR (400 
MHz, CDCl3) δ: 3.98—4.03 (m, 2H), 4.27 (dd, J＝10.6, 
2.3 Hz, 1H), 4.53 (d, J＝8.5 Hz, 1H), 6.63 (d, J＝7.7 Hz, 
1H), 6.69 (t, J＝7.6 Hz, 1H), 6.79 (t, J＝7.5 Hz, 1H), 
6.86 (d, J＝7.9 Hz, 1H), 7.39—7.46 (m, 3H), 7.78—

7.80 (m, 4H); 13C NMR (100 MHz, CDCl3) δ: 50.2, 
71.1, 115.7, 116.7, 119.5, 121.7, 124.9, 125.4, 127.0, 
133.1, 142.8, 143.6. 

3-(2-Naphthyl)-3,4-dihydro-2H-1,4-benzoxazine  
(5i):[8] Viscous oil, 98% yield; 85% ee, HPLC condi-
tions for ee-analysis: chiralcel OD-H, 40 ℃, 254 nm, 
n-hexane/2-propanol (V∶V＝80∶20), flow rate＝1.0 
mL/min; D

20[ ]α  －119.6 (1.0, CHCl3); 1H NMR (400 
MHz, CDCl3) δ: 3.96—4.01 (m, 2H), 4.27 (dd, J＝10.6, 
2.3 Hz, 1H), 4.53 (d, J＝8.5 Hz, 1H), 6.63 (d, J＝7.7 Hz, 
1H), 6.69 (t, J＝7.6 Hz, 1H), 6.79 (t, J＝7.5 Hz, 1H), 
6.86 (d, J＝7.9 Hz, 1H), 7.39—7.46 (m, 3H), 7.78—
7.80 (m, 4H); 13C NMR (100 MHz, CDCl3) δ: 54.4, 
71.0, 115.6, 116.8, 119.1, 121.7, 125.1, 126.3, 126.5, 
127.9, 128.0, 128.7, 133.4, 133.5, 134.0, 136.6, 143.7. 

3-Phenyl-6-chloro-3,4-dihydro-2H-1,4-benzoxazine  
(5j):[9] Light yellow crystal, 96% yield, m.p. 92—94 ℃; 
82% ee, HPLC conditions for ee-analysis: chiralcel 
OD-H, 40 ℃, 254 nm, n-hexane/2-propanol (V∶V＝
80∶20), flow rate＝1.0 mL/min; D

20[ ]α  －91.1 (1.4, 
CHCl3); 1H NMR (400 MHz, CDCl3) δ: 3.91—3.95 (m, 
2H), 4.25 (dd, J＝10.4, 2.8 Hz, 1H), 4.45 (dd, J＝8.0, 
2.4 Hz, 1H), 6.61—6.62 (m, 2H), 6.72—6.74 (m, 1H), 
7.36—7.38 (m, 5H); 13C NMR (100 MHz, CDCl3) δ: 
54.0, 70.8, 114.8, 117.5, 118.4, 126.2, 127.2, 128.6, 
128.9, 134.9, 138.7, 142.1. 

3-Phenyl-7-chloro-3,4-dihydro-2H-1,4-benzoxazine  
(5k):[9] Viscous oil, 97% yield; 86% ee, HPLC condi-
tions for ee-analysis: chiralcel OD-H, 40 ℃, 254 nm, 
n-hexane/2-propanol (V∶V＝80∶20), flow rate＝1.0 
mL/min; D

20[ ]α  －81.3 (1.2, CHCl3); 1H NMR (400 
MHz, CDCl3) δ: 3.93—3.98 (m, 2H), 4.26 (dd, J＝10.8, 
3.0 Hz, 1H), 4.45 (dd, J＝8.4, 2.9 Hz, 1H), 6.55—6.57 
(m, 1H), 6.74—6.77 (m, 1H), 6.83—6.84 (m, 1H),  
7.33—7.37 (m, 5H); 13C NMR (100 MHz, CDCl3) δ: 
54.1, 70.9, 115.9, 116.8, 121.3, 123.1, 127.2, 128.5, 
128.9, 132.6, 138.7, 144.0. 

3-Phenyl-6-methyl-3,4-dihydro-2H-1,4-benzoxazine  
(5l):[10] Viscous oil, 94% yield; 75% ee, HPLC condi-
tions for ee-analysis: chiralcel OD-H, 40 ℃, 254 nm, 
n-hexane/2-propanol (V∶V＝80∶20), flow rate＝1.0 
mL/min; D

20[ ]α  －109.2 (0.9, CHCl3); 1H NMR (400 
MHz, CDCl3) δ: 2.22 (s, 3H), 3.91—3.96 (m, 2H), 4.23 
(dd, J＝10.6, 2.2 Hz, 1H), 4.45 (dd, J＝8.6, 2.7 Hz, 1H), 
6.46—6.50 (m, 2H), 6.72—6.74 (m, 1H), 7.31—7.37 
(m, 5H); 13C NMR (100 MHz, CDCl3) δ: 20.8, 54.4, 
71.1, 116.0, 116.4, 119.5, 127.2, 128.3, 128.9, 131.0, 
133.6, 139.4, 141.4. 

3-Phenyl-7-methyl-3,4-dihydro-2H-1,4-benzoxazine  
(5m):[10] Viscous oil, 97% yield; 84% ee, HPLC condi-
tions for ee-analysis: chiralcel OD-H, 40 ℃, 254 nm, 
n-hexane/2-propanol (V∶V＝80∶20), flow rate＝1.0 
mL/min; D

20[ ]α  －115.1 (0.9, CHCl3); 1H NMR (400 
MHz, CDCl3) δ: 2.23 (s, 3H), 3.93—3.98 (m, 2H), 4.24 
(dd, J＝10.6, 2.8 Hz, 1H), 4.43 (dd, J＝8.6, 2.7 Hz, 1H), 
6.54—6.56 (m, 1H), 6.60—6.62 (m, 1H), 6.67 (s, 1H), 
7.31—7.39 (m, 5H); 13C NMR (100 MHz, CDCl3) δ: 
20.7, 54.4, 71.1, 115.5, 117.2, 119.0, 122.0, 127.3, 
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128.3, 128.8, 131.3, 139.3, 143.5. 

Acknowledgement 
Support for this research from Dalian Institute of 

Chemical Physics (CAS) is gratefully acknowledged. 

References 
[1] (a) Blaser, H.-U.; Spinder, F. In Handbook of Homogeneous Hydro-

genation, Eds.: de Vries, J. G.; Elsevier, C. J., Wiley-VCH, Wein-
heim, 2007; (b) Fleury-Bregeot, N.; de la Fuente, V.; Castillon, S.; 
Claver, C. ChemCatChem 2010, 2, 1346; (c) Xie, J.-H.; Zhu, S.-F.; 
Zhou, Q.-L. Chem. Rev. 2011, 111, 1713.  

[2] Satoh, K.; Inenaga, M.; Kanai, K. Tetrahedron: Asymmetry 1998, 9, 
2657.  

[3] Gao, K.; Yu, C.-B.; Wang, D.-S.; Zhou, Y.-G. Adv. Synth. Catal. 
2012, 354, 483.  

[4] (a) Brown, K. S.; Djerassi, C. J. Am. Chem. Soc. 1964, 86, 2451;  
(b) Belattar, A.; Saxton, J. E. J. Chem. Soc., Perkin Trans. 1 1992, 
679; (c) Daiichi, S. Drugs Future 1992, 17, 559; (d) Shim, J. Y.; 
Collantes, E. R.; Welsh, W. J. J. Med. Chem. 1998, 41, 4521;     
(e) Charushin, V. N.; Krasnov, V. P.; Levit, G. L.; Korolyova, M. A.; 
Kodess, M. I.; Chupakhin, O. N.; Kim, M. H.; Lee, H. S.; Park, Y. J.; 
Kim, K. C. Tetrahedron: Asymmetry 1999, 10, 2691; (f) Krasnov, V. 
P.; Levit, G. L.; Bukrina, I. M.; Andreeva, I. N.; Sadretdinova, L. S.; 
Korolyova, M. A.; Kodess, M. I.; Charushin, V. N.; Chupakhin, O. 
N. Tetrahedron: Asymmetry 2003, 14, 1985; (g) McAllister, S. D.; 
Rizvi, G.; Anavi-Goffer, S.; Hurst, D. P.; Barnett-Norris, J.; Lynch, 
D. L.; Reggio, P. H.; Abood, M. E. J. Med. Chem. 2003, 46, 5139; 
(h) Krasnov, V. P.; Levit, G. L.; Kodess, M. I.; Charushin, V. N.; 
Chupakhin, O. N. Tetrahedron: Asymmetry 2004, 15, 859;        
(i) Potemkin, V. A.; Krasnov, V. P.; Levit, G. L.; Bartashevich, E. 
V.; Andreeva, I. N.; Kuzminsky, M. B.; Anikin, N. A.; Charushin, V. 
N.; Chupakhin, O. N. Mendeleev Commun. 2004, 14, 69; (j) IIas, J.; 
Anderluh, P. S.; Dolene, M. S.; Kikelj, D. Tetrahedron 2005, 61, 
7325.  

[5] (a) Boaz, N. W.; Debenham, S. D.; Mackenzie, E. B.; Large, S. E. 

Org. Lett. 2002, 4, 2421; (b) Boaz, N. W.; Large, S. E.; Ponasik, Jr., 
J. A.; Moore, M. K.; Barnette, T.; Nottingham, W. D. Org. Process 
Res. Dev. 2005, 9, 472; (c) Boaz, N. W.; Ponasik, Jr., J. A.; Large, S. 
E. Tetrahedron: Asymmetry 2005, 16, 2063; (d) Li, X.; Jia, X.; Xu, 
L.; Kok, S. H. L.; Yip, C. W.; Chan, A. S. C. Adv. Synth. Catal. 
2005, 347, 1904; (e) Boaz, N. W.; Mackenzie, E. B.; Debenham, S. 
D.; Large, S. E.; Ponasik, Jr., J. A. J. Org. Chem. 2005, 70, 1872; (f) 
Boaz, N. W.; Ponasik, Jr., J. A.; Large, S. E. Tetrahedron Lett. 2006, 
47, 4033; (g) Chen, W.; Mbafor, W.; Roberts, S. M.; Whittall, J. J. 
Am. Chem. Soc. 2006, 128, 3922; (h) Deng, J.; Duan, Z.-C.; Huang, 
J.-D.; Hu, X.-P.; Wang, D.-Y.; Yu, S.-B.; Xu, X.-F.; Zheng, Z. Org. 
Lett. 2007, 9, 4825; (i) Zanotti-Gerosa, A.; Kinney, W. A.; Grasa, G. 
A.; Medlock, J.; Seger, A.; Ghosh, S.; Teleha, C. A.; Maryanoff, B. 
E. Tetrahedron: Asymmetry 2008, 19, 938; (j) Amoroso, D.; Graham, 
T. W.; Guo, R.; Tsang, C.-W.; Abdur-Rashid, K. Aldrichim. Acta 
2008, 41, 15; (k) Wang, D.-Y.; Huang, J.-D.; Hu, X.-P.; Deng, J.; 
Yu, S.-B.; Duan, Z.-C.; Zheng, Z. J. Org. Chem. 2008, 73, 2011; (l) 
Deng, J.; Hu, X.-P.; Huang, J.-D.; Yu, S.-B.; Wang, D.-Y.; Duan, 
Z.-C.; Zheng, Z. J. Org. Chem. 2008, 73, 2015; (m) Qiu, M.; Hu, 
X.-P.; Huang, J.-D.; Wang, D.-Y.; Deng, J.; Yu, S.-B.; Duan, Z.-C.; 
Zheng, Z. Adv. Synth. Catal. 2008, 350, 2683; (n) Wang, D.-Y.; Hu, 
X.-P.; Deng, J.; Yu, S.-B.; Duan, Z.-C.; Zheng, Z. J. Org. Chem. 
2009, 74, 4408; (o) Duan, Z.-C.; Hu, X.-P.; Zhang, C.; Zheng, Z. J. 
Org. Chem. 2010, 75, 8319; (p) Zhou, X.-M.; Huang, J.-D.; Luo, 
L.-B.; Zhang, C.-L.; Zheng, Z.; Hu, X.-P. Tetrahedron: Asymmetry 
2010, 21, 420.  

[6] (a) Shridhar, D. R.; Sastry, C. V. R.; Bansal, O. P.; Pulla Rao, P. 
Synthesis 1981, 912; (b) Banzatti, C.; Heidempergher, F.; Melloni, P. 
J. Heterocycl. Chem. 1983, 20, 259.  

[7] Rueping, M.; Antonchick, A. P.; Theissmann, T. Angew. Chem., Int. 
Ed. 2006, 45, 6751.  

[8] Chen, Q.-A.; Gao, K.; Duan, Y.; Ye, Z.-S.; Shi, L.; Yang, Y.; Zhou, 
Y.-G. J. Am. Chem. Soc. 2012, 134, 2442.  

[9] Rueping, M.; Bootwicha, T.; Sugiono, E. Beilstein J. Org. Chem. 
2012, 8, 300.  

[10] Baraldi, P. G.; Saponaro, G.; Moorman, A. R.; Romagnoli, R.; Preti, 
D.; Baraldi, S.; Ruggiero, E.; Varani, K.; Targa, M.; Vincenzi, F.; 
Borea, P. A.; Tabrizi, M. A. J. Med. Chem. 2012, 55, 6608. 

(Zhao, C.)  
 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


