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ABSTRACT: The first highly enantioselective hydrogenation of carbocyclic
aromatic amines has been successfully realized using in situ-generated chiral
ruthenium complex as catalyst, affording facile access to chiral exocyclic amines
with up to 98% ee.

Recently, the homogeneous asymmetric hydrogenation of
heteroarenes with single and multiple heteroatoms, which

provides an efficient method to structurally diverse heterocycles
with high stereoselectivity, has been intensively studied.1−3

Although considerable advances have been achieved in
heterogeneous and homogeneous achiral hydrogenation of
arenes in laboratory and industry, asymmetric hydrogenation
of carbocyclic aromatics remains much less explored.4,5 Several
difficulties exist in this area, including the following: (a) the
inherent stability resulting from aromaticity; (b) lack of a
coordinating group makes stereoselectivity difficult to control;
and (c) the poor discrimination of enantiotopic face creates
another issue in diastereocontrol. Despite these difficulties,
synthetic chemists continue to make progress in this field. For
example, the selective hydrogenation of auxiliary-substituted
arenes using heterogeneous catalysts provides a convenient
strategy to the corresponding saturated compounds with high
diastereoselectivity.4e,6 Moreover, the hydrogenation of arenes
by using ruthenium nanoparticles modified with chiral N-donor
ligands has been tried, but no significant asymmetric induction
was observed.4c,7 Recently, asymmetric hydrogenation of
carbocyclic aromatics has been successfully realized using
homogeneous chiral catalysts. In 2011, Glorius’ group developed
the first homogeneous asymmetric hydrogenation of quinoxa-
lines that led to the selective hydrogenation of the carbocyclic
ring by using a chiral rutheniumNHC complex and up to 88% ee
was obtained (see Scheme 1).8 Subsequently, as a breakthrough,
Kuwano and co-workers found that naphthalenes and quinoline
carbocycles could be successfully hydrogenated by a ruthenium-
PhTrap catalyst. In particular, 2-alkoxynaphthalene derivatives
were converted to the corresponding chiral tetralins with up to
92% ee, despite the fact that harsh conditions were necessary (see
Scheme 1).9 Given these impressive advances, a rejuvenation of
asymmetric hydrogenation of carbocyclic aromatics by exploring
general catalytic system and enriching the diversity of the
substrate is still challenging and highly desirable.

Since the aromatic stabilization of the second aromatic ring in
bicyclic aromatics is somewhat lower, hydrogenation of the
annulated ring is significantly facilitated.5a,b We reasoned that
carbocyclic aromatics, such as phenanthrene and chrysene, might
be suitable substrates for asymmetric hydrogenation. In addition,
chiral amines are useful building blocks for construction of
biologically active molecules,10 as well as for the design of chiral
ligands.11 In view of the availability of carbocyclic aromatic
amines,12 we envisioned to realize the synthesis of chiral amines
through asymmetric hydrogenation of carbocyclic aromatic
amines.13 Based on those successful experience of ruthenium-
catalyzed asymmetric hydrogenation of carbocyclic aromatics8,9

and our group’s longstanding work on asymmetric hydro-
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Scheme 1. Asymmetric Hydrogenation of Carbocyclic
Aromatic Compounds
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genation of N-containing heteroarenes,1b,13,14 herein, we
describe the first highly enantioselective and diastereoselective
hydrogenation of carbocyclic aromatic amines using in situ-
generated chiral ruthenium complexes as catalysts (see Scheme
1).
With the hypothesis in mind, N-(phenanthren-9-yl)acet-

amide (1a) was chosen as model substrate. We found that the
treatment of 1.0 equiv of Ru(COD)(methallyl)2 and 1.1 equiv of
chiral bisphosphine ligands in various organic solvents with 2.0
equiv of HBF4 at ambient temperature for ∼30 min gave a
ruthenium catalyst that could be used directly for the
hydrogenation of 1a. The process was derived from procedures
that were developed by Heiser’s group and Genet̂’s group.15

Fortunately, when we tested the reaction with DuanPhos L1 as a
ligand in MeOH under hydrogen gas (600 psi) at 60 °C, 2a was
obtained with 92% ee and 42% yield (Table 1, entry 1). Notably,

the catalytic system was compatible with a series of solvents, but
deacetylation product was observed in alcoholic solvents (Table
1, entries 1−7). In terms of enantioselectivity and yield,
dichloroethane (DCE) was chosen as the optimal solvent
(Table 1, entry 5). Next, some commercially available chiral
bisphosphine ligands were evaluated. Electron-rich ligands were
favored and the best result was achieved with DuPhos L3 (88%
yield, 86% ee; see Table 1, entry 10). In order to enhance the
activity of the reaction, the catalyst loading was increased to 5
mol % with significantly improved activity and slightly reduced
enantioselectivity (Table 1, entry 16). To our delight, when
reaction temperature was decreased to 30 °C and hydrogen
pressure was increased to 1000 psi, 95% yield and 93% ee were
obtained (Table 1, entry 18). Therefore, the optimal condition

was established: Ru(COD)(methallyl)2/L3/HBF4 as the cata-
lyst, DCE as the solvent, hydrogen gas (1000 psi) and a reaction
temperature of 30 °C.
After establishing the optimal condition, we investigated the

substrate scope, and the results are summarized in Scheme 2.

Different substituents on the amide group were tested and linear
alkyl and aryl groups were suitable substituents, affording
moderate to excellent results, but sterically hindered tertiary
butyl was unfavorable (Scheme 2, 2a−2f). The electronic effect
of annulated ring displayed little concern with activities (Scheme
2, 2g−2i). Pleasingly, when themethoxy group was introduced at
the 7-position of the phenanthrene ring, 97% ee was obtained
(Scheme 2, 2h). Moreover, the effect of methyl position of
annulated ring was also screened (Scheme 2, 2j−2n). When the
methyl group was introduced at the 1-position of phenanthrene
ring, a slightly low ee value (85%) was obtained (Scheme 2, 2j).
The asymmetric hydrogenation of N-(chrysen-5-yl)acetamide
1o was also evaluated; the reaction also transformed completely
and an excellent ee value (91%) was obtained (Scheme 2, 2o).
Next, asymmetric hydrogenation of more-challenging dis-

ubstituted carbocyclic aromatic amines was explored. Consider-
ing the difficulty in activity and stereocontrol, hydrogenation
conditions were further optimized. A survey of solvents indicated
that iPrOH was the best choice, albeit with low activity and
moderate enantioselectivity. It is noteworthy that excellent
diastereoselectivity was achieved, regardless of the solvent used
(Table 2, entries 1−5). To further improve the reaction
efficiency, an enhanced survey of the chiral bisphosphine ligands
was conducted; electron-rich JosiPhos L6 proved to be the most
favorable ligand, in terms of excellent yield, albeit with 77% ee see
(Table 2, entries 6−8). When we reduced the temperature to 30
°C, the ee value could be increased to 83% (Table 2, entry 9).
Therefore, the optimal reaction condition was established:
Ru(COD)(methallyl)2/L6/HBF4 as the catalyst, iPrOH as the
solvent, hydrogen gas (1000 psi), and a reaction temperature of

Table 1. Evaluation of Reaction Parametersa

entry solvent ligand temp, t (°C) yieldb (%) eec (%)

1 MeOH L1 60 42 92 (S)
2 EtOH L1 60 51 91 (S)
3 iPrOH L1 60 48 88 (S)

4 DCM L1 60 44 79 (S)
5 DCE L1 60 44 91 (S)
6 EtOAc L1 60 47 88 (S)
7 THF L1 60 39 73 (S)
8 toluene L1 60
9 DCE L2 60 49 82 (R)
10 DCE L3 60 88 86 (S)
11 DCE L4 60 88 56 (R)
12 DCE L5 60 84 06 (R)
13 DCE L6 60 95 41 (R)
14 DCE L7 60 55 52 (S)
15 DCE L8 60 68 83 (S)
16d DCE L3 60 95 84 (S)
17d DCE L3 30 95 88 (S)
18d,e DCE L3 30 95 93 (S)

aConditions: 1a (0.10 mmol), Ru(COD)(methallyl)2 (2 mol %),
ligand (2.2 mol %), HBF4 (4.0 mol %), H2 (600 psi), solvent (2.0 mL),
60 °C, 24 h. bDetermined by 1H NMR, using 1,3,5-trimethoxybenzene
as an internal standard. cEnantiomeric excess (ee), determined via
HPLC. dRu(COD)(methallyl)2 (5 mol %), L3 (5.5 mol %), HBF4 (10
mol %). eH2 (1000 psi). DCM = CH2Cl2, DCE = ClCH2CH2Cl.

Scheme 2. Substrate Scope: Carbocyclic Aromatic Aminesa

aConditions: 1 (0.20 mmol), Ru(COD)(methallyl)2 (5 mol %), L3
(5.5 mol %), HBF4 (10 mol %), H2 (1000 psi), DCE (2.0 mL), 30 °C,
24 h. Isolated yields. bDCE (3.0 mL).
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30 °C. The absolute configuration of product 4a (which could be
increased to 99% ee by a recrystallization with dichloromethane
and n-hexane) was unambiguously determined to be (R,R) by X-
ray crystallographic analysis (see the Supporting Information).
Having identified the optimal reaction conditions, we then

investigated the substrate scope and the results were depicted in
Scheme 3. Changing the methyl to ethyl group, 82% ee and 94%

yield was obtained (see 4b in Scheme 3). Fortunately, when we
introduced a methoxy group adjacent to amide group, excellent
enantioselectivity (93% ee) was obtained (see 4c in Scheme 3).
In addition, the electronic effect of annulated ring displayed little
concern with activities and enantioselectivities (see 4d−4f in
Scheme 3).
To gain insight into the reaction process, two isotopic labeling

experiments were carried out. When 1a was subjected to the
asymmetric hydrogenation with D2,

1H NMR analysis of the
crude hydrogenation product showed that one D atom was
incorporated into the 9-position with 91% and into 10-position
with >95%. When the asymmetric hydrogenation was carried out

in CD3OD, the D atoms were incorporated to the 9-position and
10-position with <5%, respectively (see Scheme 4). The above

experiments suggested that the hydrogenation pathway is direct
hydrogenation of carbon−carbon double bond of enamide
moiety: the tautomerization process of enamide to ketimine
intermediate is not involved.
To demonstrate the practical utility of the above methodology,

scaleup of the asymmetric hydrogenation was tested and
conducted smoothly with retained enantioselectivity (see the
Supporting Information). Meanwhile, deacetylation reaction of
2awas carried out and furnished the chiral exocyclic amine 5with
retained enantioselectivity and 94% yield (Scheme 5). The

absolute configuration of the product 2a (which could be
upgraded to 99% ee by a simple recrystallization with
dichloromethane and n-hexane) was unambiguously assigned
to be S by X-ray crystallographic analysis.
In summary, we have successfully realized the first highly

asymmetric hydrogenation of carbocyclic aromatic amines using
an in situ-generated chiral ruthenium as catalyst under mild
conditions, providing an efficient and facile access to chiral
exocyclic amines with up to 98% of enantioselectivity. Studies to
extend the strategy to various carbocyclic aromatic compounds
are ongoing in our laboratory.
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Table 2. Optimization of Reaction Conditionsa

entry solvent ligand yieldb (%) eec (%)

1 MeOH L3 26 61 (S,S)
2 EtOH L3 40 69 (S,S)
3 iPrOH L3 46 72 (S,S)

4 DCM L3 44 57 (S,S)
5 DCE L3 38 55 (S,S)
6 iPrOH L2 19 90 (R,R)

7 iPrOH L5 87 35 (R,R)

8 iPrOH L6 >99 77 (R,R)

9d iPrOH L6 >99 83 (R,R)
aConditions: 3a (0.10 mmol), Ru(COD)(methallyl)2 (5 mol %), L
(5.5 mol %), HBF4 (10 mol %), H2 (1000 psi), solvent (2.0 mL), 60
°C, 24 h. Isolated yields. bDetermined by 1H NMR. cDetermined by
HPLC. dAt 30 °C.

Scheme 3. Substrate Scope: ortho-Substituted Aromatic
Aminesa

aConditions: 3 (0.20 mmol), Ru(COD)(methallyl)2 (5 mol %), L6
(5.5 mol %), HBF4 (10 mol %), H2 (1000 psi), iPrOH (4.0 mL), 30
°C, 24 h. Isolated yields.

Scheme 4. Deuterium Labeling Experiments

Scheme 5. X-ray Structure of (S)-2a and Deacetylation
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