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ABSTRACT: Substituted imidazoles and oxazoles were
respectively hydrogenated into the corresponding chiral
imidazolines and oxazolines (up to 99% ee). The highly
enantioselective hydrogenation was achieved by using the
chiral ruthenium catalyst, which is generated from Ru(η3-
methallyl)2(cod) and a trans-chelating chiral bisphosphine
ligand, PhTRAP. This is the first successful catalytic asym-
metric reduction of 5-membered aromatic rings containing
two or more heteroatoms.

Highly enantioselective hydrogenation of heteroaromatic
compounds would be a powerful approach to constructing

optically active heterocycles.1 Indoles,2,3 pyrroles,4 quinolines,5

quinoxalines,6 pyridines,7 and furans8 have been successfully
reduced with high enantioselectivity through asymmetric cata-
lysis. However, asymmetric hydrogenation of other heteroaro-
matics remains one of unsettled subjects in organic chemistry. To
the best of our knowledge, catalytic asymmetric hydrogenations
of 5-membered aromatic rings containing two or more heteroa-
toms are still unknown in literature. In this communication, we
disclose the first successful catalytic asymmetric hydrogenations
of imidazoles and oxazoles. The asymmetric transformations will
be a new straightforward access to optically active imidazolines9

and oxazolines,10 which are often present in various natural
products and biologically acitive molecules. Furthermore, the
imidazolines and oxazolines can be converted through hydro-
genolysis or acid hydrolysis to 1,2-diamines11 and β-amino
alcohols,12 respectively.

In our previous report, 2,3,5-trisubstituted N-Boc-pyrroles
were hydrogenated with high enantioselectivity by PhTRAP13

�ruthenium catalyst (Chart 1).4 The structure of 2,4,5-trisub-
stituted N-Boc-imidazole is closely related to that of the pyrrole
substrates. The structural similarity inspired us to apply the
ruthenium catalyst to the enantioselective hydrogenation of
N-Boc-imidazoles. At the initial attempt, we conducted the
hydrogenation of N-Boc-4,5-dimethyl-2-phenylimidazole (1)
under the conditions identical to those used for the asymmetric
hydrogenation of pyrroles,4 but no reaction was observed.
We were pleased that Ru(η3-methallyl)2(cod)�(R,R)-(S,S)-
PhTRAP catalyzed the selective hydrogenation of N-Boc-4-
methyl-2-phenylimidazole (2a), which has no substituent at its
5-position. The imidazole substrate 2a was quantitatively con-
verted to N-Boc-imidazoline (S)-3a with 97% ee (Table 1, entry
1). No overhydrogenation product such as imidazolidine was
detected in the reaction mixture. The enantiomeric product was

obtained from the reaction using (S,S)-(R,R)-PhTRAP (entry 2).
The PhTRAP�ruthenium catalyst exhibited high enantioselec-
tivities in the hydrogenations of N-Boc-imidazoles bearing a
secondary as well as primary alkyl group at the 4-position (entries
3�5). Electron-withdrawing trifluoromethyl group of 3e did not
decrease the reaction rate nor the stereoselectivity (entry 6).
Unfortunately, 2,4-diarylimidazoles were converted to the de-
sired imidazolines in less than 15% yield. The replacement of
phenyl by ethyl group at the 2-position resulted in deterioration
in the reaction rate as well as the stereoselectivity (entry 7).

As with the reaction of imidazoles, the asymmetric hydro-
genation of 2,4-disubstituted oxazoles 4 proceeded with high
enantioselectivity in the presence of PhTRAP�ruthenium cata-
lyst. 2,4-Diphenyloxazole (4a) was transformed into (R)-2,4-
diphenyloxazoline 5a with 98% ee when (S,S)-(R,R)-PhTRAP
was used as the chiral ligand (Table 2, entry 1). Variations in
reaction conditions barely disturbed the stereoselectivity, while
solvent affected the catalytic activity of the ruthenium complex.14

Isobutyl alcohol was the solvent of choice. Although the hydro-
genation of imidazoles 2 required a base for efficient production
of 3, the product 5a could be obtained from the oxazole 4a in
high yield without the additional base (entry 2). The substrate
4b, which has an electron-donating group on its 4-aryl ring, was
also hydrogenated to 5b in high yield under base-free conditions
(entry 3). However, the electron-deficient substrates 4c and 4d
required N,N,N0,N0-tetramethylguanidine (TMG) additive for
their rapid conversion (entries 4�6). The PhTRAP�ruthenium
catalyst is effective for the asymmetric hydrogenation of 4-alky-
lated as well as 4-arylated substrates. Use of TMG allowed the
reaction of 4e to produce the desired oxazoline in high yield
(entries 7 and 8). Cyclohexyl-substituted oxazole 4f was also
reduced to oxazoline 5f with 88% ee (entry 9). However, the
tertiary alkyl group in 4g caused a steric hindrance to the catalytic
hydrogenation (entry 10). The chiral catalyst could produce
oxazoline-4-carboxylate 5h from 4h, but the ee value was
moderate (entry 11). Use of base or protic solvent induced the
racemization of the chiral product 5h. The asymmetric hydro-
genation of 2-methyloxazole 4i proceeded at a rate comparable to
that of 2-phenyloxazole 4a (entry 12). However, the enantio-
meric excess of 5i was less than that of 5a.

PhTRAP�ruthenium complex is useful for the catalytic asym-
metric hydrogenation of 2,5-disubstituted oxazoles 6. The chiral
catalyst transformed 2,5-diphenyloxazole 6a into R-enriched
oxazoline 7a with 95% ee under the conditions optimized for
the hydrogenation of 4a regardless of the addition of TMG
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(Table 3, entries 1 and 2). The enantiomeric excess of 7a was
slightly enhanced to 97% ee by using toluene in place of isobutyl
alcohol, but the aprotic solvent caused a decrease in the catalytic
activity (entry 3). The desired product was obtained in high yield
by exposing the reaction mixture to hydrogen for 24 h (entry 4).
Electron-rich substrate 6b was converted to oxazoline 7b with
95% ee in high yield, but the reaction failed to reach full
conversion of the oxazoline at 4 h (entry 5). In this case,
prolonged reaction caused generation of an unidentified side
product. The electron-withdrawing substituents of 6c and 6d did
not cause significant deterioration of enantioselectivity (entries 6
and 7). 5-Methyloxazole 6e was transformed into (R)-7e with
86% ee by the chiral ruthenium catalyst (entry 8). The catalyst
loading can be reduced to 0.5 mol % without serious loss of the ee
value (entry 9). The asymmetric catalysis would be affected by the
size of the alkyl substituent on the 5-carbon. The reaction of
cyclohexyloxazole 6f produced 7f in high yield, but the enantio-
meric excess of 7f was considerably lower than that of 7e (entry
10). tert-Butyl group in 6g obstructed the catalytic hydrogenation
(entry 11). In contrast to the hydrogenation of 4, the 2-methyl
group of 6h caused low yield of 7h, while the enantioselectivity was
not affected by the replacement of the 2-substituent (entry 12).

The stereochemical features of the above asymmetric hydro-
genations are summarized as follows. First, the oxazoles 4 and 6
are hydrogenated with high enantioselectivity despite no Boc

group on their oxygen atom. Although amide carbonyl is
commonly known to function as a directing group to attain high
stereoselectivity in asymmetric hydrogenation of enamides,15 the
Boc group hardly participates in the chiral induction during the
PhTRAP�ruthenium-catalyzed hydrogenation of 2. Second,
the (S,S)-(R,R)-PhTRAP�ruthenium complex induces the at-
tack of hydrogen to 2 and 4 from below and to 6 from above,
when these substrates are arranged as shown in Figure 1, where
their Ph�CdN moieties overlap one another. The outcomes
suggest that the enantiofacial discrimination arises independently
of the electronic properties of two heteroatoms on each carbon
atom of the reduced C4�C5 double bond. The chiral catalyst
recognizes the relative positions of the substituent R and C4�C5
bond. The PhTRAP ligand on the ruthenium may create steric
hindrances to block the substituents on the 5-position of 2 in
Figure 1a. The steric hindrance might inhibit 4,5-disubstituted
imidazole 1 from undergoing the hydrogenation. In a similar
manner to 2, substrates 4 can approach to the ruthenium catalyst.
In contrast, the attack of the metal center to 6 from below is
obstructed by the steric repulsion between the 5-substituent and
the chiral ligand. To avoid the steric repulsion, the chiral catalyst
will attack on the heteroaromatic ring from above, leading to
preferential formation of the R-product in the asymmetric
hydrogenation of 6.

The optically active imidazoline 3a, which was obtained from
the catalytic asymmetric hydrogenation of 2a, was transformed
to acyclic chiral 1,2-diamine thorough palladium-catalyzed hy-
drogenolysis in high yield (Scheme 1). The hydrogenation of C�N
double bond in 2a occurred along with successive hydrogenolysis
of benzylidene moiety, affording the ring-opening product 8.

Chart 1. Structure of PhTRAP

Table 1. Catalytic Asymmetric Hydrogenation of
N-Boc-4-alkyl-2-phenylimidazoles 2a

entry R (2) product yieldb (%) eec (%)

1d Me (2a) 3a 97 97 (S)

2d,e Me (2a) 3a 85 97 (R)

3 Et (2b) 3b 99 96

4 n-C6H13 (2c) 3c 90 97

5 c-C6H11 (2d) 3d 97 97

6 CF3 (2e) 3e 89 99

7 Me (2f)f 3f f 35g 86
aReactions were conducted on a 0.2 mmol scale in 1.0 mL of EtOAc.
The ratio of 2:[Ru]:PhTRAP:Et3N was 40:1:1.1:10. The 1H NMR
analyses of the crude products indicated full conversion of 2 unless
otherwise noted. b Isolated yield. cDetermined by HPLC analysis.
dReactions were conducted at 60 �C. e (S,S)-(R,R)-PhTRAP was used.
fCompounds have an ethyl group in place of the phenyl one at the
2-position. gConversion of 2f was 45%.

Table 2. Catalytic Asymmetric Hydrogenation of
4-Substituted 2-Phenyloxazoles 4a

entry R (4) product convn.b (%) yieldc (%) eed (%)

1 Ph (4a) 5a 100 >99 98 (R)

2e Ph (4a) 5a 100 86 98 (R)

3e p-CH3OC6H4 (4b) 5b 100 93 97 (R)

4 p-FC6H4 (4c) 5c 100 92 97

5e p-FC6H4 (4c) 5c 23 13 97

6 p-CF3C6H4 (4d) 5d 100 90 93

7 Me (4e) 5e 100 88 91 (R)

8e Me (4e) 5e 23 �f 84 (R)

9 c-C6H11 (4f) 5f 100 91 88

10 t-Bu (4g) 5g 5 � �
11e,g CO2Me (4h) 5h 100 89 50 (S)

12h Ph (4i)i 5ii 100 78 90 (S)
aReactions were conducted on a 0.2 mmol scale in 1.0 mL of i-BuOH.
The ratio of 4:[Ru]:PhTRAP:TMG was 40:1:1.1:10. bDetermined by
1H NMR analysis. In all cases, no side product was detected.
c Isolated yield. dDetermined by HPLC or GC analyses. The absolute
configuration of major enantiomer is indicated in parentheses. eReac-
tions were conducted in the absence of TMG. f 5e could not separated
from 4e. gReaction was conducted in toluene for 24 h. h (R,R)-(S,S)-
PhTRAP was used. iCompounds have a methyl group in place of the
phenyl one at the 2-position.
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To isolate the ring-opening product in high yield, the amino
group of 8was treated with Boc2O to give Boc-protected diamine
9 in 92% yield.

Various β-amino alcohols, which are frequently used as chiral
auxiliaries16 in organic synthesis and medicinal drugs such as β
blockers, were prepared through the catalytic asymmetric hydro-
genation of oxazoles. The hydrolysis of the hydrogenation

products 5 with hydrochloric acid17 affordedN-benzoyl β-amino
alcohols 10, which possess a chiral center at the β-position
(Table 4, entries 1�4). Similarly, β-amido alcohols 11 having
a chiral R-carbon were obtained from 7 (entries 5�10). The
enantiopurities of the oxazolines were scarcely lost during the
course of the hydrolytic transformation in most cases. However,
complete racemization took place in the hydrolysis of oxazoline 7b.
Its electron-donating p-methoxy group may induce the dissocia-
tion of theC5�Obond to form the benzylic cation. Therefore, the
acid hydrolysis of 7b might proceed through SN1 pathway.

We successfully developed the highly enantioselective hydro-
genations of imidazoles and oxazoles by using the chiral catalyst,
Ru(η3-methallyl)2(cod)�PhTRAP complex. In the asymmetric
hydrogenation, the 5-membered heteroaromatic rings react with
one molar equivalent of hydrogen molecule, giving the corre-
sponding imidazolines or oxazolines with high enantiomeric
excess. The optically active hydrogenation products can be
converted to chiral 1,2-diamines or β-amido alcohols through
the hydrogenolysis or acidic hydrolysis without loss of their
enantiopurities. Further studies on the asymmetric hydrogena-
tion of other heteroaromatics are in progress.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental procedures and
characterization data for all compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
rkuwano@chem.kyushu-univ.jp

’ACKNOWLEDGMENT

This work was supported by Takeda Science Foundation,
Nagase Science and Technology Foundation, and a Grant-in-Aid
for the Global COE Program, “Science for Future Molecular
Systems” from MEXT.

Table 3. Catalytic Asymmetric Hydrogenation of
5-Substituted 2-Phenyloxazoles 6a

entry R (6)

time

(h) product

convn.b

(%)

yieldc

(%)

eed

(%)

1e,f Ph (6a) 2 7a 100 >99 95 (R)

2f Ph (6a) 2 7a 100 97 95 (R)

3 Ph (6a) 2 7a 50 40 97 (R)

4 Ph (6a) 24 7a 100 97 97 (R)

5 p-MeOC6H4 (6b) 4 7b 92 88 95

6 p-FC6H4 (6c) 24 7c 100 >99 93 (R)

7 p-CF3C6H4 (6d) 24 7d 100 >99 85 (R)

8 Me (6e) 4 7e 100 85 86 (R)

9g Me (6e) 4 7e 100 97 84 (R)

10 c-C6H11 (6f) 4 7f 100 99 72 (R)

11 t-Bu (6g) 4 7g 5 � �
12h Ph (6h)i 4 7hi 38 36 96

aReactions were conducted on a 0.2 mmol scale in 1.0 mL of toluene.
The ratio of 6:[Ru]:PhTRAP:TMG was 40:1:1.1:10. bDetermined by
1H NMR analysis. In all cases, no side product was detected.
c Isolated yield. dDetermined by HPLC analysis. The absolute config-
uration of major enantiomer is indicated in parentheses. eReaction was
conducted in the presence of TMG. fReactions were conducted in
i-BuOH. gReaction was conducted with 0.5 mol % catalyst loading.
h (R,R)-(S,S)-PhTRAP was used. iCompounds have a methyl group in
place of the phenyl one at the 2-position.

Figure 1. Stereochemistry of the asymmetric hydrogenations using
(S,S)-(R,R)-PhTRAP. (a) For the reaction of 4-substituted imidazoles 2.
(b) For the reaction of 4-substituted oxazoles 4. (c) For the reaction of
5-substituted oxazoles 6.

Scheme 1. Transformation of Imidazoline 3a to 1,2-Diamine

Table 4. Transformation of Oxazolines 5 and 7 to β-Amido
Alcoholsa

entry substrate R1 R2 product yieldb (%)

1 5a Ph H 10a >99

2 5b 4-MeOC6H4 H 10b 90

3 5e Me H 10e 28

4 5f Cy H 10f 67

5 7a H Ph 11a 98

6 7b H 4-MeOC6H4 11b 95c

7 7c H 4-FC6H4 11c 86

8 7d H 4-CF3C6H4 11d 81

9 7e H Me 11e 72

10 7f H Cy 11f 96
aReactions were conducted at 50 �C for 1 h. See the detailed conditions
and the enantiomeric excesses of the products in SI. b Isolated yield.
c 11b was obtained as racemic form.
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