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Abstract: The highly enantioselective hydrogenation
of 3-aryl-2H-1,4-benzoxazines was achieved using
the (cyclooctadiene)iridium chloride dimer/(S)-Seg-
Phos/iodine {[Ir ACHTUNGTRENNUNG(COD)Cl]2/(S)-SegPhos/I2} system as
catalyst with up to 92% ee. The 3-styryl-2H-1,4-ben-
zoxazine derivatives were also hydrogenated by the

iridium catalyst and Pd/C in two consecutive steps
whereby 93–95% ee values were obtained.
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Introduction

The synthesis of chiral amines is very important both
in academic and pharmaceutical research and indus-
try.[1] Although great progress has been made in the
transition metal-catalyzed asymmetric hydrogenation
of imines,[2–5] the continuing demand for chiral amines
is urgent. 3-Substituted-3,4-dihydro-2H-1,4-benzoxa-
zines represent the structural motifs of many chiral
drugs, and are also employed as building blocks for
the synthesis of some natural products,[6,7] therefore,
their synthesis has attracted much attention in recent
years. Examples including the Ru-BINAP-catalyzed
hydrogenation of acetol as key intermediate for the
synthesis of levofloxacin,[8a] as well as the Rh/Me-
Duphos-catalyzed asymmetric hydrogenation of exo-
cyclic enamides have been reported by our group.[9]

In 2006, Rueping and co-workers developed a highly
enantioselective reduction of 3-aryl-2H-1,4-benzoxa-
zines catalyzed by chiral Brønsted acids using a
Hantzsch dihydropyridine as hydrogen source.[10a]

However, few reports have been concerned with the
direct asymmetric hydrogenation of cyclic imines to
obtain these important compounds.[11b]

In 2009, our group disclosed the mechanism of the
Ir-catalyzed asymmetric hydrogenation of quinolines
in the presence of I2, which was a cascade reaction in-
volving 1,4-hydride addition to form enamine inter-
mediate A, then isomerization to cyclic imine B, and

finally 1,2-hydride addition to obtain the tetrahydro-
quinoline product [Scheme 1, Eq. (1)].[12h,13h,i] Due to
the similarity in the structures of benzoxazine and the
imine intermediate B, we envisioned that the direct
asymmetric hydrogenation of benzoxazines would be
an appropriate access to the chiral cyclic amines by
using the Ir/diphosphine/I2 catalyst system developed
by us [Scheme 1, Eq. (2)]. Herein, we present our
findings on the Ir-catalyzed enantioselective hydroge-
nation of 3-substituted 2H-1,4-benzoxazines.

Scheme 1. Mechanism for the iridium-catalyzed asymmetric
hydrogenation of quinolines.
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Results and Discussion

Based on our previous work,[12] the hydrogenation of
3-phenyl-2H-1,4-benzoxazine (1a) was initially per-
formed in CH2Cl2 under 600 psi of H2 at room tem-
perature in the presence of 1 mol% iridium catalyst
generated in situ from [IrACHTUNGTRENNUNG(COD)Cl]2, (S)-SegPhos and
additive I2. To our delight, the reaction ran smoothly
and with moderate enantioselectivity (80% ee,
Table 1, entry 1). Encouraged by this result, the effect
of solvents was investigated as shown in Table 1. Full
conversions were achieved for all solvents (Table 1,

entries 2–8), and benzene was the best choice in terms
of conversion and enantioselectivity (87% ee, Table 1,
entry 8).

Subsequently, some commercially available chiral
ligands were screened (Figure 1, Table 2). The reac-
tion with WalPhos ligand gave full conversion, but
moderate ee was obtained (Table 2, entry 2). Me-
DuPhos and PHOX ligands gave both low reactivity
and poor enantioselectivity (Table 2, entries 3 and 4).
SynPhos and its analogues such as C4-TunPhos and
MeO-BiPhep exhibited good enantioselectivities

Table 1. Asymmetric hydrogenation of 3-phenyl-2H-1,4-
benz ACHTUNGTRENNUNGoxazine (1a).[a]

Entry Solvent Conversion [%][b] ee [%][c,d]

1 CH2Cl2 >95 80 (S)
2 CHCl3 >95 79 (S)
3 EtOAc >95 77 (S)
4 MeOH >95 60 (S)
5 THF >95 75 (S)
6 1,4-dioxane >95 80 (S)
7 toluene >95 85 (S)
8 benzene >95 87 (S)

[a] Reaction conditions : [IrACHTUNGTRENNUNG(COD)Cl]2 (1 mol%), (S)-Seg-
Phos (2.2 mol%), I2 (10 mol%), 3 mL solvent, H2

(600 psi), room temperature, 15 h.
[b] Conversions were determined by 1H NMR analysis of the

crude products.
[c] Determined by HPLC analysis with chiral OD-H

column.
[d] The absolute configuration of 2a was assigned by com-

parison of the observed optical rotation with reported
data.

Figure 1. Structures of the examined chiral phosphine ligands.

Table 2. Screening of ligands for the hydrogenation of 3-
phenyl-2H-1,4-benzoxazine (1a).[a]

Entry Ligand Conversion [%][b] ee [%][c]

1 (S)-SegPhos >95 87 (S)
2 ACHTUNGTRENNUNG(R,Rp)-WalPhos >95 56 (S)
3 ACHTUNGTRENNUNG(R,R)-Me-DuPhos 45 4 (S)
4 (S)-iPr-PHOX 32 38 (R)
5 (R)-SynPhos >95 85 (R)
6 (R)-C4-TunePhos >95 77 (R)
7 (R)-MeO-BiPhep >95 81 (R)
8 (S)-BINAP >95 16 (S)
9 (R)-DTBM-SegPhos >95 31 (R)
10 (S)-MeO-MOP 70 6 (S)
11[d] (S)-SegPhos >95 88 (S)

[a] Reaction conditions : [IrACHTUNGTRENNUNG(COD)Cl]2 (1 mol%), ligand
(2.2 mol%), I2 (10 mol%), 3 mL benzene, H2 (600 psi),
room temperature, 15 h.

[b] Conversions were determined by 1H NMR analysis of the
crude products.

[c] Determined by HPLC analysis with a chiral OD-H
column.

[d] Run under 400 psi of H2.
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(Table 2, entries 5–7), while, BINAP showed lower ee
(Table 2, entry 8). Although the sterically demanding
DTBM-SegPhos provided high ees in the asymmetric
hydrogenation of quinolines,[14] low enantiocontrol
was observed for benzoxazines (Table 2, entry 9). The
monodentate ligand MeO-MOP was also tested and
yielded poor results (Table 2, entry 10). Eventually,
(S)-SegPhos gave the highest ee (87% ee, Table 2,
entry 1). On lowering the hydrogen pressure, the
enantioselectivity increased slightly (88% ee, Table 2,
entry 11). Thus, the optimal conditions were estab-
lished as: [Ir ACHTUNGTRENNUNG(COD)Cl]2/(S)-SegPhos/I2/benzene/H2

(400 psi).
With the optimized conditions in hand, a variety of

benzoxazines was evaluated to examine the substrate
scope. As shown in Table 3, all the 3-aryl substituted
benzoxazines were completely converted to the corre-
sponding amines with high enantioselectivities regard-
less of the position and electronic effects of substitu-
ents R on the benzene ring (84–92% ees, Table 3, en-
tries 1–14). The substrate with a tert-butyl group at
the 6-position revealed a negative effect the on enan-
tioselectivity which may be ascribed to steric effects
(Table 3, entry 15).

After establishing the successful asymmetric hydro-
genation of 3-aryl-substituted benzoxazines, we ap-
plied this catalyst system to hydrogenate the interest-
ing 3-styryl-2H-1,4-benzoxazine derivatives (Table 4).
The reaction gave full conversions, but with mixtures
of partially and completely hydrogenated products.
For example, for the hydrogenation of 3-styryl-2H-
1,4-benzoxazine (3a), the ratio of the corresponding
products was 1:4 (determined by NMR). Next, we
tried to optimize the ratio of hydrogenation products
by varying the solvents, hydrogen pressure and reac-
tion time, however, the results were unsatisfactory.
Therefore, Pd/C was added after the completion of
the iridium hydrogenation to reduce the remaining
C=C bond of the partially hydrogenated product. For-
tunately, high yields (66–80%) and excellent ee values
(93–95%) were achieved for the hydrogenation of 3-
styryl-2H-1,4-benzoxazine derivatives. Substrates with
both electron-donating and electron-withdrawing sub-
stituents on the phenyl group can be tolerated
(Table 4).

Conclusions

In summary, the asymmetric hydrogenation of 3-aryl-
2H-1,4-benzoxazines utilizing the [Ir ACHTUNGTRENNUNG(COD)Cl]2/(S)-
SegPhos/I2 catalyst system was achieved with up to
92% ee. Furthermore, the intriguing 3-styryl-2H-1,4-
benzoxazine derivatives were also hydrogenated by
iridium catalyst and Pd/C in two consecutive steps
whereby 93–95% ee values were obtained. This
method provides an atom economical access to phar-
maceutically relevant chiral amines. Further work will
be directed to the asymmetric hydrogenation of other
heterocyclic compounds.

Table 3. Asymmetric hydrogenation of 3-aryl-2H-1,4-benz-ACHTUNGTRENNUNGoxazines 1.[a]

Entry R’/R Yield [%][b] ee [%][c,d]

1 H/Ph (1a) 91 (2a) 88 (S)
2 H/3-Me-C6H4 (1b) 95 (2b) 85 (S)
3 H/3-MeO-C6H4 (1c) 97 (2c) 87 (S)
4 H/4-Me-C6H4 (1d) 91 (2d) 86 (S)
5 H/4-C6H5-C6H4 (1e) 98 (2e) 85 (S)
6 H/2-F-C6H4 (1f) 93 (2f) 84 (S)
7 H/3-F-C6H4 (1g) 95 (2g) 85 (S)
8 H/4-F-C6H4 (1h) 96 (2h) 88 (S)
9 H/3-Cl-C6H4 (1i) 98 (2i) 88 (S)
10 H/4-Cl-C6H4 (1j) 97 (2j) 90 (S)
11 H/3-Br-C6H4 (1k) 96 (2k) 88 (S)
12 H/4-Br-C6H4 (1l) 96 (2l) 89 (S)
13 H/4-CF3-C6H4 (1m) 98 (2m) 89 (S)
14 H/3,4-Cl2-C6H3 (1n) 97 (2n) 92 (S)
15 t-Bu/Ph (1o) 93 (2o) 79 (S)

[a] Reaction conditions : [IrACHTUNGTRENNUNG(COD)Cl]2 (1 mol%), (S)-Seg-
Phos (2.2 mol%), I2 (10 mol%), 3 mL benzene, H2

(400 psi), room temperature, 15 h.
[b] Isolated yields.
[c] Determined by HPLC analysis with chiral column.
[d] The absolute configuration of 2a was assigned by com-

parison of the observed optical rotation with the report-
ed data. The absolute configurations of the other prod-
ucts were deduced by analogy to 2a.

Table 4. Hydrogenation of 3-styryl-2H-1,4-benzoxazine de-
rivatives 3.[a]

Entry R Yield [%][b] ee [%][c]

1 Ph (3a) 80 (4a) 94 (–)
2 4-Me-C6H4 (3b) 73 (4b) 93 (–)
3 4-F-C6H4 (3c) 77 (4c) 94 (–)
4 4-Cl-C6H4 (3d) 71 (4d) 95 (–)
5 4-CF3- C6H4 (3e) 66 (4e) 95 (–)

[a] Reaction conditions : i) [Ir ACHTUNGTRENNUNG(COD)Cl]2 (1 mol%), (S)-Seg-
Phos (2.2 mol%), I2 (2 mol%), 3 mL toluene, H2

(400 psi), room temperature, 15 h; ii) Pd/C, H2 (400 psi),
THF, room temperature.

[b] Isolated yields.
[c] Determined by HPLC analysis with a chiral column.
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Experimental Section

General Remarks

All reactions were carried out under an atmosphere of nitro-
gen using standard Schlenk techniques, unless otherwise
noted. 1H NMR and 13C NMR spectra were recorded at
room temperature in CDCl3 on a 400 MHz instrument with
tetramethylsilane (TMS) as internal standard. Enantiomeric
excesses were determined by HPLC analysis. Optical rota-
tions were measured by a polarimeter. Flash column chro-
matography was performed on silica gel (200–300 mesh).
All reactions were monitored by TLC analysis. 3-Substituted
2H-1,4-benzoxazines were synthesized according to the liter-
ature procedure.[15]

General Procedure for the Synthesis of 3-Substituted
2H-1,4-Benzoxazines

To a round-bottom flask were added the appropriate 2-ami-
nophenol (3 mmol) and CH2Cl2 (20 mL), then 20% aqueous
K2CO3 solution (20 mL) and (n-Bu)4NHSO4 (1 mg) was
added. The substituted 2-bromoacetophenone or (E)-1-
bromo-4-phenylbut-3-en-2-one (3 mmol) was dissolved in
5 mL CH2Cl2 and added dropwise to the reaction mixture
which was then stirred at room temperature and monitored
by TLC. After the consumption of the starting materials, the
organic layer was washed with water (30 mL) and brine
(20 mL), then dried by anhydrous Na2SO4. The solvent was
removed under vacuum and the crude product was purified
by column chromatography using petroleum ether and
EtOAc as eluent to obtain the corresponding benzoxazines.

3-(3-Methylphenyl)-2H-1,4-benzoxazine (1b): yield: 86%;
1H NMR (400 MHz, CDCl3): d= 2.42 (s, 3 H), 5.04 (s, 2 H),
6.90 (d, J=8.0 Hz, 1 H), 7.01 (t, J=7.5 Hz, 1 H), 7.13 (t, J=
7.6 Hz, 1 H), 7.38–7.26 (m, 2 H), 7.43 (d, J= 7.7 Hz, 1 H),
7.65 (d, J=7.6 Hz, 1 H), 7.77 (s, 1 H); 13C NMR (100 MHz,
CDCl3): d= 21.7, 63.2, 115.7, 122.5, 123.8, 127.2, 128.0, 128.7,
128.8, 132.2, 135.6, 138.7, 146.6, 159.1; HR-MS: m/z =
224.1081, calculated for C15H14NO [M+H]+: 224.1075.

General Procedure for Asymmetric Hydrogenation of
1

In a nitrogen-filled glovebox, a mixture of [Ir ACHTUNGTRENNUNG(COD)Cl]2

(1.7 mg, 0.0025 mmol) and (S)-SegPhos (3.4 mg,
0.0055 mmol) was stirred in benzene (1 mL) at room tem-
perature for 5 min, then I2 (6.4 mg, 0.025 mmol) was added.
The mixture stirred for another 5 min and then the imine
substrate (0.25 mmol) together with 2 mL benzene were
added. The resulting solution was transferred from the glo-
vebox to an autoclave. Then the autoclave was charged with
400 psi of H2. The hydrogenation was performed at room
temperature for 15 h. After carefully releasing the hydrogen
gas, the reaction mixture was concentrated to afford the
crude product which was purified by silica gel column with
petroleum ether and EtOAc as eluent to furnish the corre-
sponding hydrogenation product. The enantiomeric excesses
were determined by chiral HPLC with chiral columns (OD-
H or AD-H).

3-Phenyl-3,4-dihydro-2H-1,4-benzoxazine (2a): known
compound;[10a] yield: 91%; 88% ee ; [a]r:t:

D : +102.0 (c 1.08,
CHCl3), {Lit. [a]r:t:

D : �118.1 (c 1.0, CHCl3) for 98% ee of (R)-

enantiomer};[10a] 1H NMR (400 MHz, CDCl3): d= 3.98–4.03
(m, 2 H), 4.27–4.31 (m, 1 H), 4.52 (dd, J= 8.5, 3.0 Hz, 1 H),
6.67–6.73 (m, 2 H), 6.80–6.87 (m, 2 H), 7.33–7.43 (m, 5 H);
13C NMR (100 MHz, CDCl3): d=54.4, 71.2, 115.6, 116.8,
119.1, 121.7, 127.4, 128.5, 129.0, 134.1, 139.3, 143.7; HPLC
(OD-H, eluent: hexanes/i-PrOH =70/30, detector: 254 nm,
flow rate: 0.7 mL min�1): t1 =10.6 min (minor), t2 =13.9 min
(major).

General Procedure for Hydrogenation of 3

In a nitrogen-filled glovebox, a mixture of [Ir ACHTUNGTRENNUNG(COD)Cl]2

(1.7 mg, 0.0025 mmol) and (S)-SegPhos (3.4 mg,
0.0055 mmol) was stirred in toluene (1 mL) at room temper-
ature for 5 min, then I2 (1.3 mg, 0.005 mmol) was added.
The mixture was stirred for another 5 min and then imine
substrate (0.25 mmol) together with 2 mL toluene were
added. The resulting solution was transferred from the glo-
vebox to an autoclave. Then the autoclave was charged with
400 psi of H2. The hydrogenation was performed at room
temperature for 15 h. After carefully releasing the hydrogen
gas, the solvent was removed under vacuum, then the Pd/C
reduction was conducted in THF to hydrogenate the re-
maining C=C bond of the partially hydrogenated product.
After that, the reaction mixture was concentrated and the
residue was purified by column chromatography to furnish
the corresponding hydrogenation product, which was then
analyzed by chiral HPLC on a column (OJ-H) to determine
the enantiomeric excess.

3-Phenethyl-3,4-dihydro-2H-1,4-benzoxazine (4a): yield:
80%; 94% ee ; [a]r:t:

D : �18.8 (c 1.20, CHCl3); 1H NMR
(400 MHz, CDCl3): d=1.82–1.88 (m, 2 H), 2.78 (dd, J= 8.7,
1.9 Hz, 2 H), 3.41–3.44 (m, 1 H), 3.71 (br, 1 H), 3.92 (dd, J=
10.5, 7.3 Hz, 1 H), 4.23 (dd, J= 10.5, 2.7 Hz, 1 H), 6.58 (dd,
J=7.7, 1.4 Hz, 1 H), 6.67 (td, J= 7.7, 1.5 Hz, 1 H), 6.79–6.82
(m, 2 H), 7.24 (t, J=7.1 Hz, 3 H), 7.31–7.35 (m, 2 H);
13C NMR (100 MHz, CDCl3): d=32.1, 34.0, 49.4, 69.4, 115.7,
116.7, 118.9, 121.6, 126.4, 128.5, 128.8, 133.4, 141.3, 144.0;
HPLC (OJ-H, eluent: hexanes/i-PrOH= 60/40, detector:
254 nm, flow rate: 0.8 mL min�1), t1 =18.5 min (major), t2 =
21.1 min (minor); HR-MS: m/z=262.1206, calculated for
C16H17NONa [M+Na]+: 262.1208.
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