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Abstract: The development of a novel heterogeneous
catalytic asymmetric cascade reaction for the synthe-
sis of tetrahydroquinolines from 2-nitrophenylpyru-
vates is reported. Optically enriched 3-hydroxy-3,4-
dihydroquinolin-2(1H)-ones are prepared by enan-
tioselective hydrogenation of the activated keto
group over a Cinchona alkaloid-modified Pt catalyst,
reduction of the nitro group and spontaneous cycli-
zation cascade. Acceleration of the enantioselective
hydrogenation of the activated keto group over the
catalyst modified by Cinchona alkaloids ensured
high tetrahydroquinolinone selectivities. The scope

of the reaction was checked using twelve substrates.
Both yields and enantioselectivities were significantly
influenced by the nature and position of the substitu-
ents on the phenyl ring. Substituents adjacent to the
nitro group considerably increased the product yield,
due to their effect on the nitro group’s reduction
rate; however, had only a limited effect on enantio-
selectivities.

Keywords: asymmetric synthesis; cascade reactions;
Cinchona alkaloids; enantioselective hydrogenation;
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Introduction

Optically pure N-heterocyclic compounds are versa-
tile chiral building blocks in the synthesis of natural
products and bioactive fine chemicals.[1] Partially satu-
rated quinoline derivatives have attracted much atten-
tion due to their prominent pharmaceutical activi-
ties.[2] Tetrahydroquinolone derivatives are used as
a heterocyclic scaffold in the preparation of drug can-
didates[3] or as intermediates in the synthesis of opti-
cally pure chiral tetrahydroquinoline derivatives (see
Figure 1).[4] The asymmetric catalytic methods devel-
oped for preparing chiral hydroquinolines[5] are based
on enantioselective catalytic hydrogenations of quino-
line derivatives[6] or assembly of the chiral heterocy-
clic ring using enantioselective catalytic cyclization.[7]

Recently developed sustainable and environmentally
benign technologies use heterogeneous catalytic sys-
tems for the production of chiral fine chemicals.[8]

However, in the asymmetric synthesis of hydroquino-
line derivatives heterogeneous catalysts have been ap-
plied scarcely.[9] Promising heterogeneous catalytic

methods are hydrogenations over chiral metal sur-ACHTUNGTRENNUNGfaces obtained by adsorption of optically pure com-
pounds, so-called chiral modifiers.[8,10] Although Pt
and Pd modified by Cinchona alkaloids were found to
be remarkably efficient in the enantioselective hydro-
genation of activated ketones and a,b-unsaturated
carboxylic acids, respectively, these catalysts are not
appropriate for the enantioselective hydrogenation of
N-heterocyclic compounds.[11]

Figure 1. Examples of potential pharmaceuticals prepared
from chiral 1,2,3,4-tetrahydro-2-quinolones.[3b,4b]
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More than a decade ago Murakami and co-workers
reported the formation of 3-hydroxy-3,4-dihydroqui-
nolin-2(1H)-ones as side products of the Reissert
indole synthesis, if the reduction step was carried out
with H2 over PtO2.

[12] Although, nitro group reduction
and spontaneous cyclization cascades over heteroge-
neous catalyst were used in the preparation of N-het-
erocyclic compounds,[13] until now only one enantiose-
lective reaction has been published.[9b] The present
study reports the development of a novel asymmetric
catalytic method for the preparation of optically en-
riched 3-hydroxy-3,4-dihydroquinolin-2(1H)-ones
using one-pot heterogeneous enantioselective hydro-
genation, catalytic nitro group reduction and intramo-
lecular amidation cascade of 2-nitrophenylpyruvates
over Pt catalyst modified by Cinchona alkaloids.

Results and Discussion

It is known that the hydrogenation of a-keto esters is
accelerated over Pt due to surface modification with
Cinchona alkaloids.[14] Accordingly, we started our
study hoping that the presence of the modifier will
have a double effect on the hydrogenation of 2-nitro-
phenylpyruvates, that is, inducing enantioselectivity
and increasing the selectivity of the hydroquinolones
by accelerating the ketone hydrogenation concomi-
tantly with decreasing the reduction rate of the nitro
group. Preliminary results with ethyl 2-nitrophenyl-
pyruvate (1a) over supported Pd and Pt catalysts and
cinchonidine (CD) as modifier are summarized in
Table 1.

Over Pd/Al2O3 ethyl indole-2-carboxylate (3a) was
obtained almost exclusively. Pt/Al2O3 provided a prod-
uct mixture containing N-hydroxyindole (2a) as the
most abundant component, which is formed by cycli-

zation of the partially reduced hydroxylamine inter-
mediate.[15] The presence of CD increased the amount
of the 3-hydroxy-3,4-dihydroquinolin-2(1H)-one (5a)
up to 36%. Both chiral products, 5a and the amino al-
cohol 4a, were obtained in identically low enantio-
meric excesses (ee). The results indicate that the acti-
vated keto group is hydrogenated before or at least si-
multaneously with the reduction of the nitro group
when the chiral amino alcohol and subsequently the
tetrahydroquinolone is formed, as was suggested by
Murakami and co-workers.[12] The initial either partial
or complete reduction of the nitro group leads to con-
comitant intramolecular cyclization by condensation
with the keto group and formation of 2a or 3a. Thus,
the formation of the hydroquinolone derivative is pos-
sible only if the keto group is not available, that is, is
already transformed, by the time when the nitro
group reduction occurs.

The ee values obtained in this preliminary study ex-
ceeded the reported ee obtained in the hydrogenation
of activated benzyl ketones over Pt modified by
CD.[16] Thus, we thought it worthwhile to examine the
effect of the reaction conditions. We note that in spite
of extensive studies of the hydrogenation of activated
ketones over Pt catalyst modified by Cinchona alka-
loids, the enantioselective hydrogenation of phenyl-
pyruvates has not yet been reported.[8,10,14] Murakami
and co-workers obtained higher 3-hydroxy-3,4-dihy-
droquinolin-2(1H)-one yields in reactions of 2-nitro-
phenylpyruvates substituted on the phenyl ring adja-
cent to the nitro group.[12] This was explained by a de-
crease in the reduction rate of the nitro group. Thus,
we continued our studies using 1a and ethyl 2-nitro-3-
methylphenylpyruvate (1b). Results obtained in vari-
ous solvents are summarized in Table 2. The best ee
values were obtained in toluene (T) with 2 or
10 vol% acetic acid (AcOH), however 1a and 1b

Table 1. Products formed in the hydrogenation of ethyl 2-nitrophenylpyruvate (1 a) over supported metal catalysts.[a]

Entry Catalyst[b] conc CD [mM] Sel. 2a [%][c] Sel. 3a [%][c] Sel. (ee) 4a [%][c] Sel. (ee) 5a [%][c]

1 Pd/Al2O3 – – 98 – <1
2 Pd/Al2O3 2 – 98 – <1
3 Pt/Al2O3 – 60 28 – 10 (rac)
4 Pt/Al2O3 2 36 18 8 (44) 36 (44)

[a] Reaction conditions : 50 mg catalyst, 5 cm3 methanol, conc 1a 80 mM, 4 MPa H2, room temperature, 3 h, complete conver-
sion of 1a.

[b] Pd/Al2O3 5% Engelhard 40692, Pt/Al2O3 5% Engelhard 4759.
[c] Selectivities determined by GC, enantiomeric excesses (ee) in brackets.
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showed different behaviours. The former in 9/1 T/
AcOH mixture over 50 mg catalyst provided better
results (75% ee), whereas for the latter compound the
49/1 mixture was found to be more advantageous (up
to 92% 5b in 72% ee). Optimization of the AcOH or
catalyst amount did not lead to further improvement
(not shown), however decreasing the H2 pressure to
1 MPa increased both the selectivities and ees (62%
5a in 81% ee, and 97% 5b in 80% ee). Decreasing the
substrate (1b) concentration had no effect, whereas,
increasing it over 80 mM resulted in a drop of the 5b
selectivity and accumulation of 4b in the reaction
mixture.

A study on the modifier concentration effect (see
Figure 2) showed the highest 5b selectivity at 4 mM
CD conc. However, the side products resulted at low
and high CD concs differed, that is, 2b and 4b, respec-
tively. This showed that the presence of adsorbed CD
decelerates the reduction of the nitro group. At low
modifier amount this is less accentuated, allowing the
formation of 2b. At high CD concs the intramolecular
amidation proceeds with low rate and the selectivity
of 4b increases. The latter observation shows that the
final step of the cascade reaction occurs on the cata-
lyst surface either immediately after the enantioselec-
tive hydrogenation–reduction sequence or following
the desorption and re-adsorption of the chiral amino
alcohol. To a similar conclusion pointed the increase
of the quinolone selectivity obtained by increasing the
catalyst amount (not shown). Spontaneous cyclization
was reported to occur during the enantioselective hy-
drogenation of 2-oxoglutaric acid over Pt, however,
esters of this acid needed an additional step catalyzed
by acids to result the cyclic product.[17]

The desorption–re-adsorption of the amino alcohol
was confirmed by examining the composition of the
mixture versus reaction time. These experiments
showed that the chiral amino alcohol 4b present in
the liquid phase is transformed only in the presence
of the catalyst, and is kept unaltered following filtra-
tion of the Pt/Al2O3. Furthermore, when solid acids
(Nafion� SAC-13, Amberlyst XN-1010, montmorillon-
ite K 10) were used either as support of Pt or as addi-
tive, the resins with strong Brønsted acidity increased
only slightly the selectivity of 5a as compared with Pt/
Al2O3 or PtO2, whereas the Lewis acidic clay had

Table 2. Solvent effect on the selectivities and ees obtained in the reaction of 1a/1b over Pt/Al2O3 modified by CD.[a]

Entry Solvent Sel. 3a/3b [%] Sel. 4a/4b [%] ee (4a/4b) [%] Sel. 5a/5b [%] ee (5a/5b) [%]

1 MeOH 36/2 8/40 44/35 36/49 44/35
2 i-PrOH 6/2 3/52 51/59 58/43 52/59
3 EtOAc 3/<1 14/92 55/73 58/5 57/71
4 THF 3/<1 13/92 67/71 55/3 68/70
5 DCM 10/1 1/51 nd/48 73/47 63/47
6 toluene (T) –[b]/<1 –[b]/70 –/72 –[b]/29 –/72
7 T+AcOH (9/1) 10/2 9/20 74/70 53/77 75/71
8 T+AcOH (9/1)[c] 17/10 5/<1 76/nd 54/89 75/72
9 T+AcOH (49/1)[c] 22/3 3/3 60/72 32/92 56/72

[a] Reaction conditions : 50 mg catalyst, 5 cm3 solvent, conc CD 2 mM, conc 1a or 1b 80 mM, 4 MPa H2, room temperature,
3 h, complete transformation of 1a or 1b.

[b] Reproduction problems due to low solubility of the products
[c] Reactions over 100 mg catalyst using CD conc 4 mM, 2 h.

Figure 2. Effect of CD conc on the reaction of 1b. Reaction
conditions: 100 mg Pt/Al2O3, 5 cm3 T/AcOH 49/1, conc 1b
80 mM, 1 MPa H2, room temperature, 2 h.
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a detrimental effect, indicating that the metal parti-
cles are catalyzing the final step of the cascade reac-
tion. It is difficult to demonstrate the relation be-
tween the rates of the first two steps of the cascade,
as the transformation of the reactive functional
groups is followed immediately by reaction steps in
which these are consumed or both are transformed si-
multaneously, thus, the intermediates cannot be isolat-
ed. However, under reaction conditions far from the
optimal needed for the preparation of the target hy-
droquinolone (over 5% Pt/MgO or Pt/montmorillon-
ite K 10 in T/AcOH 9/1) we were able to detect in
the liquid phase small amounts (up to 15%) of 2-hy-
droxy-3-(2-nitrophenyl)propionic acid ethyl ester by
GC-MSD (over Pt/MgO ee 40% identical with the ee
of 5a). This observation supports the assumption that
the hydrogenation of the keto group is the initial step
in the cascade reaction which leads to formation of
hydroquinolones.

Further increase of the selectivity and optical purity
of 5 was obtained by altering the structure of the
modifier (Figure 3). The Cinchona alkaloid methyl
ethers provided better results in both Cinchona series
(C-8S,C-9R and C-8R,C-9S); the best result was ob-
tained using dHMCD as modifier. Based on the ste-
reochemistry of the hydrogenations of a-keto esters
investigated up to now over Pt modified by CD,[10,14]

we assumed that the use of alkaloids from this series
results in excess formation of the R enantiomer. The
configuration of the product was checked by reducing
5a with LiAlH4 to 3-hydroxy-1,2,3,4-tetrahydroquino-

line with known specific rotation.[18] The S product
enantiomers were obtained by using cinchonine (CN)
and its derivatives, however, in lower selectivities and
optical purities as compared with the alkaloids from
the CD series.

The scope of the enantioselective heterogeneous
cascade reaction was investigated using a series of 2-
nitrophenylpyruvate derivatives (Table 3). The 3-hy-
droxy-3,4-dihydroquinolin-2(1H)-one derivatives were
prepared in good optical purities with the exception
of compounds substituted on the phenyl ring in the
position 6 (5h and 5k). The best optical purities were
obtained in reactions of 2-nitrophenylpyruvates with
the phenyl ring substituted in positions 3 and 6 (88–
90% ee), however substituents in position 6 decreased
the hydroquinolone yield (1e and 1l). The effect of
the substituent position on the hydroquinolone yield
was in accordance with their probable influence on
the reduction rate of the nitro group.

We also note that the high ees obtained in this reac-
tion are in contrast with the poor values previously
reached in the hydrogenation of trifluoromethyl
benzyl ketone.[16] Accordingly, one may assume that
the presence of the nitro group has a beneficial effect
on the enantiodifferentiation. To ascertain that the
nitro group has indeed a beneficial effect we investi-
gated the hydrogenation of phenylpyruvate ethyl
ester (Scheme 1). Under identical conditions both
conversions and ees were much lower than in the hy-
drogenation of 1a. Accordingly, the presence of the
nitro group was found to be essential for the enantio-

Figure 3. Selectivities and ees of 3-hydroxy-3,4-dihydroquinolin-2(1H)-ones obtained in reactions of 1a and 1b using various
Cinchona alkaloids as modifiers. Reaction conditions: conc substrate 80 mM, 1 MPa, room temperature; (1a) 50 mg Pt/Al2O3,
5 cm3 T/AcOH 9/1, conc modifier 2 mM, 3 h; (1b) 100 mg Pt/Al2O3, 5 cm3 T/AcOH 49/1, conc modifier 4 mM, 2 h.
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selective hydrogenation of these activated ketones,
possibly playing a role in the formation of the surface
intermediate responsible for the enantioselective hy-
drogenation either by interaction with the Pt surface
(co-adsorption with the nitro group) or/and with the
adsorbed Cinchona alkaloid. Thus, the nitro group
contributes to the stereoselective anchoring of the
substrate in the chiral surface pocket.

Conclusions

We developed the first heterogeneous catalytic asym-
metric cascade reaction for the efficient synthesis of
tetrahydroquinoline derivatives starting from 2-nitro-

phenylpyruvates. The method is based on influencing
the rates of the enantioselective hydrogenation and of
the aromatic nitro group reduction by modification of
supported Pt surface with Cinchona alkaloids. Fortu-
nately, the enantioselection was improved by partici-
pation of the nitro group in the interaction of the phe-
nylpyruvates with the surface chiral site, making it
possible to obtain good ees. The significant influence
of substituents situated on the aromatic ring on the
hydroquinolone yields was explained by their effect
on the reduction rate of the nitro group. It was also
found that the final cyclization step of the cascade re-
action occurs on the catalyst surface. Although, de-
tailed mechanistic studies are still needed, the collect-
ed observations allow us to propose a reaction se-
quence with the assumed steps illustrated schemati-
cally in Scheme 2. Finally, the heterogeneous cascade
reaction disclosed here is a novel application of the
Orito reaction and could also be a starting point for
developing attractive strategies for the synthesis of
various optically pure N-heterocyclic compounds.

Experimental Section

General Remarks

The commercial 5% Pd/Al2O3 (Engelhard, 40692) and 5%
Pt/Al2O3 (Engelhard, 4759), with known properties,[19] were
pre-treated in an H2 flow at 523 K and 673 K, as described
earlier.[20] Cinchona alkaloids were purchased from Alfa

Table 3. Scope of the asymmetric heterogeneous catalytic cascade reaction.[a]

Entry Substrate X Y R Reaction conditions Yield 5 [%][b] ee 5 [%] (R)

1 1a H H Et 50 mg Pt/Al2O3, T/AcOH 9/1 65 90
2 1b 3-Me H Et 100 mg Pt/Al2O3, T/AcOH 49/1 97 90
3 1c 3-Me H Me 50 mg Pt/Al2O3, T/AcOH 9/1 95 86
4 1d 5-Me H Et 50 mg Pt/Al2O3, T/AcOH 9/1 88 86
5 1e 6-Me H Et 50 mg Pt/Al2O3, T/AcOH 9/1 55 89
6 1f 4-Me 5-Me Et 50 mg Pt/Al2O3, T/AcOH 9/1 80 88
7 1g 3-MeO H Et 50 mg Pt/Al2O3, T/AcOH 9/1 97 88
8 1h 5-MeO H Et 50 mg Pt/Al2O3, T/AcOH 9/1 75 69
9 1i 3-i-PrO H Et 100 mg Pt/Al2O3, T/AcOH 49/1 97 85
10 1j 4-F H Et 50 mg Pt/Al2O3, T/AcOH 9/1 50 82
11 1k 5-F H Et 100 mg Pt/Al2O3, T/AcOH 9/1[b] 55 68
12 1l 6-F H Et 100 mg Pt/Al2O3, T/AcOH 9/1[b] 35 90

[a] Reaction conditions : 5 cm3 solvent, dHMCD 0.2 mmol g�1 Pt/Al2O3, conc substrate 80 mM, 1 MPa H2, room temperature,
2–3 h.

[b] Isolated yields of the corresponding hydroquinolone derivatives.
[c] CD was the modifier.

Scheme 1. Hydrogenation of phenylpyruvate ethyl ester
over modified Pt/Al2O3. Reaction conditions: 50 mg catalyst,
5 cm3 T/AcOH 9/1, conc modifier 2 mM, conc substrate
80 mM, 1 MPa H2, room temperature, 3 h, conversions de-
termined by GC, 2-hydroxy-3-phenylpropionic acid ethyl
ester was the sole product.
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Aesar or Sigma–Aldrich or prepared by known proce-
dures.[21] Analytical grade solvents and reagents were used
as received. 2-Nitrophenylpyruvic acid and 2-nitrotoluene
derivatives were purchased from Sigma–Aldrich. Products
were identified by NMR spectroscopy (1H and 13C) recorded
on an AVANCE DRX 400 NMR instrument using (CH3)4Si
as internal standard and by gas chromatography coupled
with mass selective detector (GC-MSD): Agilent Techn.
6890N GC-5973 inert MSD, column: HP-1MS 60 m�
0.25 mm i.d., oven temperature: 100 8C for 10 min,
10 8C min�1 to 200 8C and 200 8C for 100 min, head pressure
22 psi. The products resulted in the cascade reactions were
analyzed using GC equipped with flame ionization detector
(FID): Agilent Techn. 6890N GC-FID equipped with Cyclo-
dex-B 30 m� 0.25 mm i.d., chiral capillary column. Optical
rotation measurements were carried out using Polamat A
polarimeter in MeOH (c 1, l 0.5, l 546 nm).

Preparation of 2-Nitrophenylpyruvic Acid Esters (1a–
1l)

Ethyl 2-nitrophenylpyruvate (1a) was prepared by esterifica-
tion of 2-nitrophenylpyruvic acid. To 0.55 g (3.2 mmol) p-tol-
uenesulfonic acid dissolved in 100 cm3 EtOH was dropped
in 2 h a solution of 3 g (14.3 mmol) 2-nitrophenylpyruvic
acid dissolved in 50 cm3 EtOH. The solution was refluxed
overnight, the solvent was evaporated, and the oily residue
was dissolved in 100 cm3 diethyl ether, washed twice with
10% Na2CO3 solution, once with brine and dried over
Na2SO4. The ether was evaporated to give ethyl 2-nitrophe-
nylpyruvate as a pale yellow oil which according to
1H NMR, GC-MSD and GC-FID analysis was of � 97 %
purity and was used without further purification; yield:
3.26 g (96%).

Substituted 2-nitrophenylpyruvates (1b–1l) were prepared
by a literature method according to the Reissert indole syn-
thesis.[12] In a typical reaction to a vigorously stirred suspen-
sion of 9 g (80 mmol) t-BuOK in 200 cm3 diethyl ether,
11 cm3 (80 mmol) diethyl (or dimethyl) oxalate were added
and after 10 min stirring 80 mmol of the corresponding 2-ni-
trotoluene derivative were introduced dropwise. The suspen-
sion was stirred at room temperature for 24–48 h. The reac-
tion was quenched by addition of 150 cm3 saturated NH4Cl
solution, the ethereal solution was separated, the aqueous
phase was washed with 2 �100 cm3 ethyl acetate and the
combined organic phases were dried overnight over Na2SO4.
The solvents were removed by evaporation and the 2-nitro-
phenylpyruvates were purified by flash chromatography
using petroleum ether/ethyl acetate mixtures as eluent (8/1–
6/1). Products of at least 97% purity (unless otherwise
noted) were obtained in 30–60% yields (see the Supporting
Information). The preparation of few derivatives was carried
out on a 40-mmol scale.

Typical Procedure for the Asymmetric Cascade
Reactions

The cascade reactions were carried out using a stainless
steel high-pressure autoclave equipped with a glass tube of
45 cm3 and two gas inlets. The reaction slurry was stirred
magnetically at 1000 rpm. In a typical reaction the given
amount of catalyst was suspended in 5 cm3 of the corre-
sponding solvent followed by addition of the modifier and
the 2-nitrophenylpyruvate derivative. The tube was placed
in the autoclave, flushed with H2 five times and pressurized
to the desired H2 pressure. The reaction was commenced by
stirring the slurry. After the given reaction time the catalyst
was filtered and washed twice with 3 cm3 solvent and the
unified solutions were analyzed by GC-MSD for product
identification and by GC-FID using a chiral capillary
column for determination of conversions, selectivities and
ees; ee[%]=100 � jR-5�S-5 j / ACHTUNGTRENNUNG(R-5+S-5). Following product
analysis the hydroquinolone derivatives 5 were isolated by
flash chromatography using petroleum ether/ethyl acetate
eluent (4/1–2/1) for determination of yields, characterization
by NMR spectroscopy and determination of the sign of the
optical rotations (see the Supporting Information).
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Szőllősi, I. Kun, M. Bart�k, Chirality 2001, 13, 619–624;
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[20] a) M. Bart�k, Gy. Szőllősi, K. Bal�zsik, T. Bart�k, J.
Mol. Catal. A: Chem. 2002, 177, 299–305; b) Gy. Szőllő-
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