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Despite significant progress in the area of asymmetric hydro-
genation,[1] the enantioselective hydrogenation of aromatic
and heteroaromatic compounds still remains a major chal-
lenge. Only a few examples with moderate enantioselectivity,
which rely on unique catalyst systems and suffer from a

limited scope of suitable substrates, have been described so
far.[2] There are several reasons that might explain this
situation. First, heteroaromatic compounds have a resonance
stability that might impede enantioselective reduction with
hydrogen.[3] Second, heteroaromatic compounds containing
nitrogen and sulfur atoms may poison the catalyst. Third, little
attention has been directed to these challenging substrates
relative to alkenes, ketones, and imines. The low activity of
aromatic compounds may be the main reason. In spite of
these difficulties, the search for an effective asymmetric
hydrogenation of heteroaromatic compounds continues
because of the usefulness and importance of a method for
the preparation of optically active heteroaromatic com-
pounds.

Recently, we developed the first asymmetric hydrogena-
tion of quinolines using [{IrCl(cod)}2]/MeO-biphep/I2 (cod=
1,5-cyclooctadiene; MeO-biphep= (2,2’-dimethoxybiphenyl-
6,6’-diyl)bis(diphenylphosphine) as the catalyst system.[2f,g] It
was found that the substrate scope was limited to quinoline
derivatives and that the hydrogenation reaction cannot
proceed for isoquinolines under standard conditions. As
tetrahydroquinolines and tetrahydroisoquinolines are impor-
tant structural units in naturally occurring alkaloids and
biologically active compounds,[4] we are interested in explor-
ing a general strategy for the asymmetric hydrogenation of
aromatic compounds containing nitrogen. By analysis of the
possible mechanism of the reported hydrogenation of aro-
matic compounds, we envisioned that the key factor for such
reactions is to find a way to activate the substrate, and we
selected chloroformates as the activating reagent[5] for the
following reasons: 1) the aromaticity should be partially
destroyed by the formation of quinolinium and isoquinoli-
nium salts; 2) bonding of the activating reagent to the N atom
may avoid poisoning of the catalyst; and 3) the attached
CO2R group is probably important for coordination between
substrate and catalyst, and thus is beneficial to the control of
enantioselectivity. Herein, we present our preliminary results
on the asymmetric hydrogenation of quinolines and isoquino-
lines by this strategy (Scheme 1).

In our previous research work, iodine was necessary for
full conversion and high enantioselectivity. Without iodine,
the reaction only proceeded with very low conversion
(< 5%).[2f] Herein, we tried to hydrogenate 2-methylquino-
line (1a) in the absence of iodine using [{IrCl(cod)}2]/rac-
MeO-biphep as the catalyst and benzyl chloroformate as the
activating reagent. When the reaction was performed in
toluene under hydrogen (600 psi) at room temperature, only
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moderate conversion (55%) into 2-methyl-3,4-dihydro-2H-
quinolin-1-carboxylic acid benzyl ester (2a) was obtained.
Analysis of the mechanism and the experimental result
indicated that the hydrogen chloride produced might block
the reaction by the formation of the hydrogen chloride salt of
quinoline. Therefore, the addition of base to neutralize
hydrogen chloride is necessary for full conversion. A survey
of bases and solvents revealed that organic bases, such as Et3N
and iPr2NEt, are ineffective because of their strong coordi-
native ability. When using Li2CO3 as a base, the reaction in
THF could proceed completely to give the desired product
2a.

The effects of various activating reagents on enantiose-
lectivity and conversion were examined with (R)-MeO-
biphep (1 mol%) as the chiral ligand. As shown in Table 1

(entries 1–4), the hydrogenation of 1a activated by other
chloroformates (R=Me, Et, Ph) proceeds smoothly to afford
the corresponding products in high conversion with similar
enantioselectivity. Other reagents, such as ClCOPh,
BrCOCH3, and Ac2O, were ineffective (Table 1, entries 5–
7). Considering the easy deprotection of Cbz-protected
groups (Cbz= carbobenzyloxy), we chose benzyl chlorofor-
mate as the activating reagent throughout the following
reactions. The effect of the water produced in the reaction was
also investigated. Unexpectedly, by adding 4-C molecular
sieves, the conversion decreased greatly and the configuration
of the product was reversed (Table 1, entry 8), which demon-
strates that water might be important for the conversion and
enantioselectivity. The reason is unclear and awaits further
study. A change in hydrogenation pressure and reaction
temperature had no clear effect on enantioselectivity, but
conversion was decreased under lower pressure and temper-
ature (Table 1, entries 9–12).

To further improve the reaction, the amounts of Li2CO3

and the substrate concentration were investigated. Concen-

trations of Li2CO3 of 0.6–3.0 equivalents gave products of
similar conversion and enantioselectivity. The substrate con-
centration had almost no effect on the conversion and
enantioselectivity.

Other commercially available chiral ligands were also
tested under the optimal conditions. It was shown that
bisphosphine ligands with a biphenyl motif gave a higher
enantioselectivity than those with binaphthyl structures: (5,5’-
dichloro-6,6’-dimethoxybiphenyl-2,2’-bis(diphenylphos-
phino)1,1’-biphenyl (90% ee), (4,4’-bi-1,3-benzodioxole-5,5’-
diyl)bis(diphenylphosphine) (segphos, 90% ee), (2,3,2’,3’-
tetrahydro-5,5’-bis(1,4-benzodioxin)-6,6’-diyl)bis(diphenyl-
phosphine) (synphos, 83% ee), (2,2’-(1,6-dioxahexano)bi-
phenyl-6,6’-diyl)bis(diphenylphosphine) (C4-tunaphos,
84% ee), 1,1’-binaphthalene-2,2’-diylbis(diphenylphosphine)
(binap, 72% ee), 3,5-xylyl-binap (67% ee); other electron-
rich bisphosphine ligands gave poor results (1,2-bis(2,5-
dimethylphospholano)benzene (Me-duphos): < 5% conver-
sion; 2,3-O-isopropylidene-2,3-dihydroxy-l,4-bis(diphenyl-
phosphanylbutane (diop): 15% conversion, 39% ee); mono-
phosphine ligand 2-diphenylphosphanyl-2’-methoxy-1,1’-
binaphthalene (mop) and N,P ligands gave less than 10%
conversion. Thus, the best ligand for the reaction is segphos.

A variety of substituted quinoline derivatives were hydro-
genated under the optimized conditions with the Ir/(S)-
segphos/Li2CO3/ClCO2Bn/THF catalyst system. Several 2-
alkyl-substituted quinolines were hydrogenated with high
enantioselectivities regardless of the length of the chain
(Table 2, entries 1–5). The reaction is not very sensitive to the
substituent at the 6-position (Table 2, entries 6–8). Lower
conversion and enantioselectivity were obtained with 2-
phenyl-substituted quinoline (Table 2, entry 9), which is
probably attributable to the steric bulkiness of the phenyl

Table 1: Optimization of the reaction conditions for hydrogenation of 2-
methylquinoline 1a.[a]

Entry Activator T [oC] H2 [psi] Conversion [%][b] ee [%][c] (configu-
ration)

1 ClCO2Bn 25 600 >95 82 (R)
2 ClCO2Me 25 600 >95 83 (R)
3 ClCO2Et 25 600 >95 83 (R)
4 ClCO2Ph 25 600 >95 82 (R)
5 ClCOPh 25 600 <5 –
6 BrCOCH3 25 600 <5 –
7 Ac2O 25 600 <5 –
8[d] ClCO2Bn 25 600 17 �44 (S)
9 ClCO2Bn 25 900 >95 82 (R)
10 ClCO2Bn 25 300 69 82 (R)
11 ClCO2Bn 3 600 47 83 (R)
12 ClCO2Bn 50 600 >95 81 (R)

[a] See the Experimental Section for details. [b] Determined by 1H NMR
spectroscopic analysis. [c] Determined by HPLC with an AS-H column.
[d] 4-F molecular sieves (60 mg) were added.

Table 2: Hydrogenation of quinolines 1 activated by ClCO2Bn.
[a]

Entry 1/2 R’/R Yield [%][b] ee [%][c] (configuration)[d]

1 a H/Me 90 90 (S)
2 b H/Et 85 90 (S)
3 c H/nPr 80 90 (S)
4 d H/nBu 88 89 (S)
5 e H/n-pentyl 91 89 (S)
6 f Me/Me 90 89 (S)
7 g F/Me 83 89 (S)
8 h MeO/Me 92 90 (S)[e]

9 i H/Ph 41 80 (R)
10 j H/phenethyl 86 90 (S)

11 k 80 90 (S)

12 l 88 88 (S)

[a] See the Experimental Section for details. [b] Yields of the isolated
products based on quinolines. [c] Determined by HPLC analysis with
chiral column. [d] Determined by the described procedure; other
products determined by analogy with 2a or comparison with reported
data. [e] Reaction at 50 8C.
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group. 2-Arenethyl-substituted quinolines also gave good
asymmetric induction (Table 2, entries 10–12).

The absolute configuration of the quinoline hydrogena-
tion product was determined by the following chemical
transformation. Compound (+)-2a was converted iinto the
known (�)-3a[2f] with H2/Pd/C in THF [Eq. (1)]. On the basis
of the sign of optical rotation and absolute configuration (S)
of (�)-3a, (+)-2a was assigned as S. The configurations of the
other compounds are assumed by analogy with 2a.

Gratifyingly, we found that the reaction worked well when
the substrate was extended from quinolines to isoquinolines.
In the case of 1-methylisoquinoline (4a), only the partially
hydrogenated product dihydroisoquinoline (5a’) was
obtained in 87% yield with 76% ee under the above
conditions [Eq. (2)]. The reaction did not occur without
benzyl chloroformate.

To improve the enantioselectivity, the effects of solvent,
base, activating reagent, and chiral ligand were investigated.
The results indicated that THF/Li2CO3/ClCO2Bn/segphos is
the best combination in our screened conditions. An equiv-
alent amount of LiCl was produced during this reaction, and
hence the effect of lithium salts with different counterions on
the enantioselectivity was investigated.[6] Lithium salts influ-
enced the reaction: when 1.0 equivalent of LiSO3CF3 or
LiBF4 was used, the ee increased from 76 to 83% (see the
Supporting Information).

The results for the reaction of some isoquinolines under
optimal conditions are summarized in Table 3. 1-Alkyl-
substituted isoquinolines were hydrogenated with moderate
to good enantioselectivities regardless of the length of the
chain (Table 3, entries 1–4, 8, and 9). For 1-phenylisoquino-
line, 82% ee (5e, ClCO2Me as the activating reagent) and
83% ee (5e’, ClCO2Bn as the activating reagent) can be
obtained, but the conversions are moderate, which might be a
result of the steric effect of the bulky phenyl group. A low
enantioselectivity of 10% ee was obtained for 1-benzyliso-
quinoline (Table 3, entry 5); the reason is not yet clear.
Notably, to the best of our knowledge, this is the first example
of the asymmetric hydrogenation of isoquinoline derivatives.

The application of the present method to the enantiose-
lective synthesis of several biologically active compounds
proved its utility. For example, the reduction of 2c, 2e, and 2k
with LiAlH4 in Et2O gives the N-methylation[7] products in

high yield (Scheme 2), which are the naturally occurring
tetrahydroquinoline alkaloids 3c,[8] angustureine (3e),[4c,8]

and cuspareine (3k),[4e,8] respectively. Similarly, the naturally
occurring tetrahydroisoquinoline alkaloids 7a[4d,9] and carne-
gine (7 f)[10] were also synthesized in three steps starting from
isoquinolines.

In conclusion, a new strategy for the asymmetric hydro-
genation of quinolines and isoquinolines has been developed
by using chloroformates as activating agents, thus providing a
new avenue for the hydrogenation of heteroaromatic com-
pounds. This method has been successfully applied to the
asymmetric synthesis of several naturally occurring alkaloids.
Further work will be directed toward the development of the
hydrogenation of other heteroaromatic compounds.

Table 3: Asymmetric hydrogenation of activated isoquinolines 4.[a]

Entry R’/R R’’ Product Yield [%][b] ee [%][c] (configuration)[d]

1 H/Me Me 5a 85 80 (S)
2 H/Me Bn 5a’ 87 83 (S)
3 H/Et Me 5b 85 62 (S)[e]

4 H/nBu Me 5c 87 60 (S)[e]

5 H/Bn Me 5d 83 10 (S)[e]

6 H/Ph Me 5e 57 82 (S)
7 H/Ph Bn 5e’ 49 83 (S)
8 MeO/Me Me 5 f 57 63 (S)
9 MeO/Me Bn 5 f’ 46 65 (S)[f ]

[a] See the Experimental Section for details. [b] Yields of the isolated
products based on isoquinolines. [c] Determined by HPLC analysis with
a chiral column. [d] Determined by comparison of rotation sign with
reported data or by analogy. [e] Determined by conversion into
tetrahydroisoquinoline; see the Supporting Information for details.
[f ] Without LiBF4.

Scheme 2. Application of the enantioselective hydrogenation of quino-
lines and isoquinolines in the synthesis of naturally occuring alkaloids.
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Experimental Section
In a glove box, THF (3 mL) was added to a mixture of [{IrCl(cod)}2]
(3.4 mg, 0.005 mmol) and (S)-segphos (6.8 mg, 0.011 mmol). Simi-
larly, THF (2 mL) was added to a mixture of Li2CO3 (79 mg,
1.2 mmol) and substrate 1a (1.0 mmol). Both mixtures were stirred
at room temperature for 10 min, then benzyl chloroformate
(1.1 mmol) was added to the solution of Li2CO3 and substrate.
Next, the in situ prepared catalyst solution was added with a syringe.
The hydrogenation was performed at room temperature under H2

(600 psi) for 12–15 h. After carefully releasing the hydrogen, the
reaction mixture was diluted with diethyl ether (20 mL), and
saturated sodium carbonate aqueous solution (10 mL) was added.
After stirring for 15 min, the aqueous layer was extracted with diethyl
ether (3 G 15 mL), dried over sodium sulfate, and concentrated to
afford the crude product 2a. Clean up was performed on a column of
silica gel eluted with hexane/EtOAc (10:1) to give the pure product.
The enantiomeric excesses were determined by chiral HPLCwithAS-
H columns. Yield 90%, 90% ee, [a]8D=++105.2 (c= 0.98, CHCl3).
1H NMR (400 MHz, CDCl3): d= 1.18 (d, J= 6.4 Hz, 3H), 1.52 (m,
1H), 2.22 (m, 1H), 2.66 (m, 2H), 4.65 (m, 1H), 5.16, 5.29 (AB system,
J= 12.6 Hz, 2H), 7.02–7.15 (m, 3H), 7.31–7.37 (m, 5H), 7.56 ppm (d,
J= 8.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): d= 20.2, 25.8, 31.7,
50.3, 68.0, 125.0, 126.1, 126.7, 128.4, 128.5, 128.6, 129.2, 132.5, 137.2,
155.3 ppm; HRMS for C18H20NO2 [M+1]: m/z calcd 282.1489, found
282.1476; HPLC (AS-H, eluent: hexane/iPrOH 95:5, detector:
254 nm, flow rate: 0.5 mLmin�1): (S) t1= 5.5 min, (R) t2= 6.2 min.
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