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ABSTRACT: An iridium-catalyzed asymmetric hydrogenation/oxidative fragmentation of 6-substituted 5H-benzo[d]
benzofuro[3,2-b]azepines has been developed, providing an efficient access to optically active 4-substituted 4,5-dihydro-1H-
benzo[d]azepin-1-ones with up to 91% ee. A possible reaction pathway includes the asymmetric hydrogenation to furnish chiral
cyclic amines and oxidative fragmentation under an air atmosphere.

Benzazepines occupy a privileged position in the territory of
nitrogen-containing heterocycles owing to their signifi-

cantly broad bioactivity spectrum.1 Among the diverse types of
benzazepines, benzo[d]azepines are recognized to be partic-
ularly important due to their pharmacological properties.1 For
instance, fenoldopam acts as dopamine receptor agonists and
antagonists.2 LY-411575 is an effective γ-secretase inhibitor for
the treatment of Alzheimer and Parkinson diseases.3 1-Methyl-
2,3,4,5-tetrahydro-1H-3-benzazepines serve as selective 5-HT2C
receptor agonists for the treatment of obesity (Figure 1).4 In

view of the remarkable significance of this framework, efficient
syntheses are of contemporary interest. In 1989, Davies and co-
workers developed the asymmetric intramolecular Friedel−
Crafts alkylation reaction for the preparation of enantiomeri-
cally pure benzo[d]azepine derivatives.5 Subsequently, starting
from o-phenylene diacetic acid, Wünsch and co-workers
successfully synthesized chiral 1-substituted tetrahydro-3-
benzoazepines by employing (R)-phenylglycinol as a chiral
auxiliary.6 Recently, palladium-catalyzed [5 + 2] oxidative
annulation of o-arylanilines with alkynes was disclosed by
Luan’s group, providing a facile access to imine-containing

dibenzo[b,d]azepines in high yields and excellent diastereose-
lectivities.7 Although great progress has been made to
synthesize chiral benzo[d]azepine derivatives, the direct
catalytic asymmetric protocols for the construction of these
compounds are seldom mentioned. In this regard, the
development of a simple and straightforward asymmetric
synthetic strategy is highly desirable.
The transition-metal-catalyzed asymmetric hydrogenation of

cyclic imines provides an efficient and straightforward access to
the corresponding chiral cyclic amines.8 Currently, some
successful examples have been reported in transition-metal-
catalyzed asymmetric hydrogenation of seven-membered cyclic
imines. In 1993, the asymmetric hydrogenation of seven-
membered cyclic imines with a chiral titanocene catalyst was
reported by Buchwald and co-workers, affording the amines
with excellent enantioselectivities.9 Recently, our group focused
on the development of synthesis of seven-membered cyclic
chiral imines through iridium-catalyzed asymmetric hydro-
genation; dibenzo[b,f ][1,4]oxazepines,10 dibenzo[b,f ][1,4]-
thiazepines,11 pyrrole and indole fused benzodiazepinones,
and benzodiazepines could be accessed through this strategy.12

Meanwhile, Fan and co-workers reported a highly efficient
asymmetric hydrogenation of 7-phenyl-3,4,5,6-tetrahydro-2H-
azepine and 2,4-disubstituted 1,5-benzodiazepines using cati-
onic ruthenium diamine catalysts.13 Given the significance of
benzo[d]azepines and our continuing efforts in synthesis of
chiral cyclic amines via asymmetric hydrogenation,14 we
envisioned the synthesis of chiral 6-substituted 6,7-dihydro-
5H-benzo[d]benzofuro[3,2-b]azepine by the iridium-catalyzed
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Figure 1. Selected biologically active molecules containing chiral
benzo[d]azepine motif.
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asymmetric hydrogenation of the corresponding seven-
membered cyclic imines.
Very recently, Zeni and co-workers reported t-BuOK

catalyzed intramolecular anionic cyclization of (2-alkynyl-
benzyl)-oxy nitriles for the preparation of substituted
benzofuroazepine derivatives with good yields.15 The above
work provides facile access to cyclic imine substrates for our
study.
Therefore, in our initial study, the readily available 6-phenyl-

5H-benzo[d]benzofuro[3,2-b]azepine 1a was selected as the
model substrate for condition optimization. The hydrogenation
proceeded smoothly with moderate 58% yield and 61% ee by
employing [Ir(COD)Cl]2/(R)-SynPhos as the catalyst
(Scheme 1). Surprisingly, the isolated product revealed to be

different from the expected target product 2 evidenced by the
nuclear magnetic resonance and mass spectra. Eventually, the
structure of the product was determined to be 2-(2-hydroxy-
phenyl)-4-phenyl-4,5-dihydro-1H-benzo[d]azepin-1-one 3a by
X-ray single crystal diffraction analysis (Figure 2). We

conjectured that an unexpected oxidative fragmentation
reaction occurred in the air after the asymmetric hydrogenation
(vide inf ra).16 The unexpected reaction outcome provides an
opportunity for the facile synthesis of chiral 4-substituted 4,5-
dihydro-1H-benzo[d]azepin-1-ones.
Intrigued by the above result, the evaluation of reaction

parameters was carried out. As shown in Table 1, initially, with
iodine as an additive, various kinds of solvents were examined,
and it was found that the solvent effect played a crucial role in
reactivity and enantioselectivity. Solvent screening revealed that
toluene was optimal (Table 1, entries 1−4). Then, the effect of

other additives, including NBS, NCS, and NIS, was surveyed in
toluene (entries 5−7). To our disappointment, no additive gave
a better result than iodine. When the reaction temperature was
reduced to 0 °C, the ee value was enhanced to 80% (entry 8).
To further improve the reactivity, we tried to increase the
hydrogen pressure and prolong the reaction time, and the yield
slightly increased (Table 1, entry 9).
Subsequently, chiral diphosphine ligands were examined.

Initially, lower enantioselectivity and yield were observed with
BINAP L2 (Table 1, entry 10). The electron-deficient ligand
L3 gave good enantioselectivity and yield (Table 1, entry 11).
For the commercially available ligand MeO-Biphep L4, 82% ee
and 87% yield were observed (Table 1, entry 12). When the
electron-withdrawing aroyl group was introduced to replace the
methyl group of L4, which was synthesized by the Zhou
group,17 the highest 87% ee was obtained (Table 1, entry 13).
Therefore, the optimal conditions were established as [Ir-
(COD)Cl]2/L5/0 °C/toluene.
With the optimized reaction conditions in hand, we then

investigated the substrate scope of the reaction (Scheme 2).
The iridium-catalyzed protocol was compatible with electron-
donating as well as electron-withdrawing groups at the 4-
position of the phenyl ring of 1, delivering the corresponding
products in good yields and high enantioselectivities (3b−3d).
The substituents at the 3-position of the phenyl ring of 1 were
tolerable. The methoxyl at the 2-position of the phenyl ring of 1
led to slight erosion of the ee (3g), which was possibly caused
by the steric hindrance of the ortho methoxyl group. In
addition, introduction of the methyl group and fluoro atom in
the benzofuran moiety barely had any effect on the yields and
enantioselectivities (3h−3k). Notably, the thienyl substituted
product 3l could be obtained with 80% ee. Unfortunately,

Scheme 1. Initial Experiment

Figure 2. X-ray crystal structure of compound (S)-3a.

Table 1. Evaluation of Reaction Parametersa

entry solvent additive ligand yield (%)b ee (%)c

1 toluene I2 L1 58 61
2 THF I2 L1 86 −19
3 MeOH I2 L1 61 −1
4 EtOAc I2 L1 73 11
5 toluene NCS L1 46 14
6 toluene NBS L1 49 52
7 toluene NIS L1 28 18
8d toluene I2 L1 52 80
9d,e toluene I2 L1 61 80
10d,e toluene I2 L2 40 68
11d,e toluene I2 L3 73 84
12d,e toluene I2 L4 87 82
13d,e toluene I2 L5 86 87

aConditions: 1a (0.10 mmol), [Ir(COD)Cl]2 (2.0 mol %), L (4.4 mol
%), solvent (3.0 mL), additive (10 mol %), H2 (700 psi), 30 °C, 24 h.
bIsolated yields. cDetermined by chiral HPLC. d0 °C. eH2 (1000 psi),
36 h.
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because the 6-alkyl-5H-benzo[d]benzofuro[3,2-b]azepine de-
rivatives were inaccessible following the aforementioned
method, we were unable to utilize these substrates in our
iridium-catalyzed protocol. The absolute configuration of the
product 3a was unambiguously assigned to be S by X-ray
crystallographic analysis after a simple recrystallization with
ethyl acetate and n-hexane (Figure 2).
To get more insight into the reaction mechanism, we

performed the following control experiments (Scheme 3).

Initially, we conjectured that an unexpected oxidative
fragmentation reaction occurred in the air after the asymmetric
hydrogenation. In order to determine the existence of the
hydrogenation product 2, we transferred the reaction flask
quickly from the autoclave into the glovebox after asymmetric
hydrogenation. Then, 4-bromobenzoyl chloride and triethyl-
amine were added to the mixture. The solution was stirred at
room temperature for 24 h and purified with a silica gel

column; the protected hydrogenation product 4 was obtained
with 86% ee. The absolute configuration of the product 4 was
determined to be S by X-ray crystallographic analysis after a
simple recrystallization with ethyl acetate and n-hexane (Figure
3). The compounds 3a and 4 have the identical ee and absolute

configuration. In addition, H2O
18 was added to the mixture of

the hydrogenation reaction to determine the source of oxygen
of the carbonyl of compound 3a; O18 incorporated product 3a′
was not detected in this reaction mixture by high resolution
mass spectrometry analysis. This result accorded with our
conjecture that the oxygen of the carbonyl of compound 2 is
from air rather than water.
The use of molecular oxygen as an oxidant and oxygen atom

source for oxygen incorporation in organic synthesis has
attracted considerable attention owing to its inexpensive,
abundant, and environmentally benign nature.18 The reaction
mechanism generally involved the formation of hydroperoxide
compounds by oxidation in the air, and then, the hydroperoxide
compound was reduced to generate product.19 Based on the
above experimental results and putative mechanism on the
oxidation with air, a plausible mechanism is outlined in Scheme
4. Initially, the hydrogenation product 2 was obtained by the

asymmetric hydrogenation of 1a. Subsequently, 2 reacted with
oxygen gas to generate the intermediate hydroperoxide 5 via a
radical pathway. The intermediate 5 would then undergo
reduction by compound 2 or decomposition to give the
hemiketal 6. Finally, the isolated product 3a could be obtained
via ring-opening reaction of compound 6.
In summary, we have discovered an unexpected iridium-

catalyzed asymmetric hydrogenation/oxidative fragmentation of
6-substituted 5H-benzo[d]benzofuro[3,2-b]azepines, giving an
efficient access to optically active 4-substituted 4,5-dihydro-1H-
benzo[d]azepin-1-ones with up to 91% ee. In addition, based

Scheme 2. Substrate Scopea

aConditions: 1 (0.20 mmol), [Ir(COD)Cl]2 (2.0 mol %), L5 (4.4 mol
%), I2 (10 mol %), toluene (3.0 mL), H2 (1000 psi), 0 °C, 36 h.

Scheme 3. Control Experiments

Figure 3. X-ray crystal structure of compound (S)-4.

Scheme 4. Possible Mechanism
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on the control experiments, a possible reaction pathway is
tentatively proposed. Further research about the detailed
reaction mechanism and asymmetric hydrogenation of other
functionalized benzo[d]azepines are underway in our labo-
ratory.
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