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The asymmetric heterogeneous catalytic cascade reaction of ethyl 2-nitro-3-methylphenylpyruvate has been investigated
over platinum modified by cinchonidine in continuous-flow system using a fixed-bed reactor. The high selectivities and
enantioselectivities of the (R)-3-hydroxy-3,4-dihydro-8-methylquinolin-2(1H)-one obtained in previous studies in batch
reactor were not reached. The catalyst was in situ prehydrogenated and premodified with cinchonidine, and the reaction
conditions optimized for batch reactor were changed in order to increase the yield and enantioselectivity of the desired
product under flow conditions. Results obtained in the flow apparatus contributed to the understanding of the reaction
pathway through which the quinolone is formed. It was shown that, at low conversions, the intermediate amino-
hydroxyester desorbs preferentially and is further transformed by readsorption and cyclization to the quinolone derivative
after complete disappearance of the 2-nitrophenylpyruvate. However, at high conversion, the formation of the quinolone
may also occur instantaneously on the Pt surface following the two competitive reduction steps. The ratio of the product
formed through these two pathways is determined by the reaction conditions and the system used.
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1. Introduction

During the last decades, flow chemistry became a preferred
methodology for improving and simplifying the synthesis of fine
chemicals [1]. The continuous-flow operation mode besides the
possibility of process intensification also allows carrying out haz-
ardous reactions via highly reactive intermediates. The use of
fixed-bed reactors packed with a heterogeneous catalyst further
enhances the advantages associated with continuous-flow systems
by saving the catalyst removal step from the product mixture.
Reduction of the necessary safety precautions during their oper-
ation and the space, time, and energy saving associated with such
methods further contribute to their wide-spread application in the
development of green and sustainable procedures for preparing
fine chemicals, natural products and intermediates used in the
pharmaceutical industry [2]. Recent strict regulations of utilizing
single stereoisomers as pharmaceuticals increased the demand for
optically pure compounds. As a consequence, among reactions
examined in continuous-flow operation mode are the heterogene-
ous asymmetric catalytic processes developed for obtaining opti-
cally pure chiral intermediates [3]. These investigations were
accelerated by the rapidly growing number of efficient heteroge-
neous chiral catalysts obtained either by immobilization of homo-
geneous organometallic compounds and optically pure
organocatalysts [4, 5] or by chiral modification of catalytically
active solid surfaces [6].
Continuous-flow systems also give the opportunity of conven-

iently preparing complex organic compounds by domino or cas-
cade processes [7], during which several consecutive reactions
with the ulterior transformation of functional groups formed in
previous steps may be performed by a single passage of the
reactants solution over an appropriate catalyst bed. Although
numerous asymmetric catalytic cascade reactions have been devel-
oped for the synthesis of chiral fine chemicals [8], only few were
carried out over heterogeneous chiral catalysts [9–12]. Moreover,
up to our knowledge, reports on the application of heterogeneous
chiral catalyst to promote asymmetric cascade reactions in a flow
system are very scarce [13].
Inspired by previous findings obtained over PtO2 catalyst [14],

we have developed the transformation of 2-nitrophenylpyruvates

to optically enriched 3-hydroxy-3,4-dihydroquinolin-2(1H)-one
derivatives by an asymmetric cascade reaction catalyzed by sup-
ported Pt particles modified by cinchona alkaloids in the presence
of H2 [12]. It was shown that 3-hydroxy-3,4-dihydroquinolin-2
(1H)-one derivatives are formed via a sequence of enantioselective
hydrogenation of keto group, nitro group reduction and intramo-
lecular amidation. The relative rates of the first two competitive
steps are essential for obtaining high quinolone selectivities. The
fast reduction of the nitro group will initiate the Reissert indole
synthesis pathway; thus, use of catalysts, such as Pd, favoring the
reduction of the nitro group led to high indole derivative yields [14].
This was shown in a recent study in continuous-flow system over
Pd catalyst in which high yields of substituted indoles were
achieved [15]. The stereospecific step of the cascade reaction
leading to quinolone derivatives is the enantioselective hydroge-
nation of the activated keto group over Pt modified by cinchona
alkaloids [6]. However, we have shown that the cinchona alkaloid
used as chiral surface modifier in the above reaction also influences
the out-come of the reaction by accelerating the keto group hydro-
genation, due to a ligand acceleration effect [6, 16], and by decreas-
ing the rate of the nitro group reduction due to occupying surface
active sites.
Encouraged by numerous reports on successful enantioselective

hydrogenations in continuous-flow systems over modified catalysts
[17, 18], we set as the aim of our present investigation the prepa-
ration of optically enriched 3-hydroxy-3,4-dihydroquinolin-2(1H)-
ones from 2-nitrophenylpyruvates under flow conditions using a
fixed-bed reactor. Moreover, studies in continuous-flow systems
may help identifying the elementary steps of a reaction and path-
ways leading to the desired product and side-products [19]. Accord-
ingly, we also attempted to obtain in the flow system new
mechanistic details or confirmation of the suggestions based on
batch experiments. Clarifying unknown mechanistic aspects of the
reaction may open the possibility of developing other efficient
asymmetric cascades.

2. Results and Discussion

According to our recent study, the transformation of
2-nitrophenylpyruvates over Pt catalyst modified by cinchona
alkaloids resulted in preferential formation of optically enriched
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3-hydroxy-3,4-dihydroquinolin-2(1H)-one derivatives [12]. The
selectivity of this product was significantly influenced by the
presence of other substituents on the phenyl moiety; thus,
almost quantitative yields could be obtained in reactions of
2-nitrophenylpyruvates substituted in the third position of the
ring [12]. Accordingly, during the present study, we examined
the reaction of ethyl 2-nitro-3-methylphenylpyruvate (1), which
was transformed over commercial Pt–Al2O3 modified by cincho-
nidine (CD), according to Scheme 1. The competitive hydrogena-
tion of the two reducible groups (keto and nitro) may lead to either
the amino-hydroxyester 2 or the indole derivative 4, the former
being further cyclized to the quinolone derivative 3. This reaction
was studied using H-Cube® continuous-flow hydrogenation
system, which includes a H2 generator and a cartridge used as a
fixed-bed reactor, as shown in Figure 1. This experimental set-up
allows mixing the H2 gas with the solution of the reactant and
modifier under a system pressure set by a back-pressure regulator.
The system previously was thoroughly tested in enantioselective
hydrogenations over chirally modified metal catalysts [18].
2.1. Effect of Reaction Conditions. Initial results obtained in

the flow system are shown in Figure 2. The reaction was carried
out using the solvent mixture, H2 pressure, temperature, modifier,
and substrate concentrations found appropriate for obtaining high
conversions and excellent 3 selectivities in batch experiments [12].
However, in contrast to results obtained in batch system, under
flow conditions, only low conversions (≈20%) were obtained. The
lack of 4 formation indicated that the hydrogenation of the keto

group was faster than that of the nitro group under these conditions
in the flow system, too. However, very low 3 selectivities were
obtained, the main product was the amino-hydroxyester 2. This
confirmed that the final cyclization step of the cascade occurs only
at higher conversions of 1, which was interpreted by desorption
and readsorption of 2 based on the results obtained in batch
experiments [12c]. The enantioselectivity of the keto group hydro-
genation, i.e., the ee of 2, was much lower as in batch system (less
than 60%).
According to these results, the reaction conditions in flow

system have to be changed for obtaining higher conversions,
which could be accompanied by higher 3 selectivities, while keep-
ing the rate of the nitro group reduction low, to avoid formation of
the indole derivative 4. Thus, we have studied the effect of reaction
conditions, found to be crucial in batch experiments such as the H2

pressure, substrate, and modifier concentrations, and also the effect
of parameters specific for the flow systems such as the flow rate
and recirculation of the product solution. As decrease of the
reaction temperature had detrimental effect on the cyclization step
(resulting in formation of 2 instead of 3 [12c]) even in batch
system and increase of the temperature could result in deteriorated
enantioselectivities due to possible transformation of CD in less
efficient derivatives [20], all the following studies were carried out
at room temperature. The effect of the H2 pressure is shown in
Figure 3. In this experiment, the flow rate and the concentration of
1 (c(1)) were also lower as compared with the previous experi-
ment, which could help to obtain higher conversions and presum-
ably higher 3 selectivities.

Under 4 MPa H2 pressure, the conversion could be increased to
over 70%, which ensured over 20% 3 selectivity. Unfortunately,
under these conditions, the 4 selectivity also increased, though this
value decreased during time on stream concomitantly with increase
in 2 selectivity. Thus, a change in the relative rates of the two
reduction steps occurred during time on stream in favor of the
enantioselective hydrogenation, which could be due to loss in activ-
ity or decrease in the number of active sites responsible for the
reduction of the nitro group. The close to constant enantioselectivity
of the formation of both chiral products (2 and 3) hardly exceeded
60%. Although decreasing the H2 pressure to 1 MPa increased the
ee up to 70%, both the conversion and the selectivity of 3 decreased.
Because no full conversion and relatively low 3 selectivities

were reached by passing once the solution of the substrate through

Scheme 1. Transformation of 2-nitro-3-methylphenylpyruvate (1) over
Pt–Al2O3 modified by cinchonidine (CD) in presence of H2

Figure 1. Scheme of the H-Cube® continuous-flow hydrogenation apparatus
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the catalyst bed, the resulting product mixture was continuously
recirculated over the catalyst (the same vessel was used as supplier
and collector, see Figure 1) under 4 MPa H2 pressure and the
mixture sampled at regular time intervals.
During the recirculation (see Figure 3), besides increase in the

conversion to over 85%, the selectivity of 2 slightly decreased and
that of 3 increased. However, the increase of the latter did not
exceed the observed conversion increase. Accordingly, even if the
conversion was relatively high, the transformation of the desorbed
2 to 3 did not occur; the formation of 3 was probably due to
instantaneous cyclization over the metal surface without desorption
of the reduced intermediate 2. This could be the consequence of
the gradually decreasing 1 concentration in the solution. As effect,
1 could not replace the adsorbed surface products at such a rate as
at the beginning of the reaction (when the concentration of 1 was
much higher). However, the significant amount of 2 accumulated
earlier in the product mixture confirmed our earlier proposal that
3 is formed mainly by desorption–readsorption pathway on the
Pt surface following complete consumption of 1 and in smaller
part directly without desorption of the intermediate. We presume
that the extent on which the instantaneous cyclization occurs
depends greatly on the reaction conditions. As the optimal con-
ditions differ in batch and continuous-flow fixed-bed system, it is
understandable that, in these two kinds of systems, the two path-
ways may contribute in different extent to the formation of 3.

During this recirculation, small decrease in the ee of 3 was also
observed. The most plausible reason of the ee decrease is the
alteration of the enantiodifferentiation ability of the chiral surface,
as a consequence of the transformation of CD by partial hydro-
genation of the quinoline moiety, demonstrated to occur in batch
system [20]. This observation also answers the question what
would happen if the modifier feed were stopped, i.e., the ee would
decrease gradually as the adsorbed modifier is transformed. How-
ever, besides a probable decrease in the ee, deterioration of the
selectivities is also expected to occur based on the multiple role of
the cinchona modifier shown previously [12].
2.2. Reactions over Catalyst Premodified by Cinchonidine.

Next, we tried to improve the results obtained in the flow
system by premodifying the catalyst with CD and using lower
modifier concentration during the reaction, as the presence of
excess modifier may also hinder the cyclization step [12].
During these experiments the solvent composition was
changed to toluene–AcOH 9:1, whereas the flow rate and the
substrate concentration were further decreased. Representative
results are shown in Figure 4. Indeed, under such conditions
high, over 90% conversions and around 40% 3 selectivities
were reached. However, high amounts of 4 were also detected.

Passing the product solution for the second time over the
catalyst bed led to almost complete disappearance of 1 and 2 from
the mixture, resulting practically in a 1:1 mixture of 3 and 4.
Increase in the enantioselectivity, as compared with the previously
shown results, was also observed; however, the difference in the ee
of 2 and 3 indicated that kinetic resolution may occur during the
cyclization step, which confirmed the involvement of the Pt sur-
face in this final step. The second passage of the mixture increased
the 3 selectivity together with slightly decreasing the ee of this
compound. Thus, this experiment clearly showed that, at complete
conversion of 1, the desorbed 2 is transformed to 3. The ee
decrease may be explained as discussed in the previous subsection,
i.e., by the transformation of CD (which this time was used in
lower concentration) in less efficient partially hydrogenated deriv-
atives [20]. However, the above suggested racemization during
cyclization may also be a plausible explanation of this ee decrease,
which, as mentioned, would be a confirmation of the surface
cyclization step.
Finally, selected results of our attempts to improve the yield and

optical purity of the quinolone derivative 3 by further changing the
reaction conditions are summarized in Table 1. The substrate
concentration was kept at the value used in the previous experi-
ment, as this concentration already allowed high conversions and
low 2 selectivities. Based on results obtained in batch system
[12c], decrease under a certain value of the substrate concentra-
tion had no effect on the 3 selectivity and ee. However, under

Figure 2. Reaction of 1 in H-Cube® continuous-flow system. Catalyst:
375 mg 5% Pt–Al2O3, prehydrogenation in 0.5 mL/min toluene flow
under 1 MPa H2 pressure, 30 min. Reaction conditions: toluene–AcOH,
49:1; c(CD), 4 mM; c(1), 80 mM; p, 1 MPa H2; flow rate, 0.5 mL/min;
rt. Sel(2) and Sel(3) are the selectivities of products 2 and 3

Figure 3. Hydrogen pressure effect and results obtained by recirculation of the product mixture. Catalyst: 360 mg 5% Pt–Al2O3, prehydrogenation:
toluene, 0.3 mL/min; p, 4 MPa H2; 30 min. Reaction conditions: toluene–AcOH, 49:1; c(CD), 4 mM; c(1), 27 mM; flow rate, 0.3 mL/min; rt
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flow conditions, such change could lead to increase in 4 selec-
tivity, as shown by the relatively high 4 amount obtained in the
experiment shown in Figure 4.

Although high conversions were reached in most of these
attempts summarized in Table 1, the products contained high
amounts of side-products 2 and 4, unlike in the reaction
carried out in batch reactor (entry 7). Thus, one of the most
significant advantage of using heterogeneous catalyst in a flow
system was diminished as the quinolone derivative 3 had to
be purified by flash chromatography, unlike using batch setup,
where this product was obtained in satisfactory purity follow-
ing the removal of the modifier by aqueous acidic washings
and solvent removal. Due to the low quinolone selectivity, the
yield of 3 obtained in 2 h operation in continuous-flow system
(the same reaction time as used in the batch experiment) was
always lower than in batch system, though by increasing
the selectivity, it would be possible to outperform the latter.
Moreover, the enantioselectivities were also below those
obtained in batch system using the same modifier. Interest-
ingly, the enantioselectivity of the amino-hydroxyester was
higher in all these experiments, which indicated a slight
kinetic resolution during cyclization, unlike in batch system
[12]. Although, presently, the continuous-flow system was
proved to be less appropriate to carry out this reaction, we
cannot exclude that further improvements will be reached both
in the enantioselectivity and the yield of the desired quinolone
3 either by tuning the reaction condition or by designing
special catalysts for use under flow conditions.

3. Conclusions

The recently described asymmetric heterogeneous catalytic reac-
tion of 2-nitrophenylpyruvates was studied in a continuous-flow
system over Pt–Al2O3 modified by cinchonidine. The catalyst
introduced in a fixed-bed reactor was in situ prehydrogenated
and premodified in order to increase the yield and the enantiomeric
excess of the desired 3-hydroxy-3,4-dihydro-8-methylquinolin-2
(1H)-one. It was necessary to change the reaction conditions
optimized for batch system in order to obtain satisfactory results
under flow conditions. Results obtained in the flow apparatus
contributed to the understanding of the reaction pathway through
which the quinolone is formed. It was shown that, until complete
conversion of the 2-nitrophenylpyruvate, the formation of the
quinolone occurs instantaneously on the Pt surface following the
two competitive reduction steps. However, especially at low con-
versions, the intermediate amino-hydroxyester desorbs preferen-
tially and is further transformed by readsorption to the quinolone
derivative only after complete disappearance of the 2-nitrophenyl-
pyruvate (see Scheme 2). The ratio between desorption and instan-
taneous cyclization is determined by the reaction conditions; in
flow operation mode, the latter has a larger contribution to the
reaction out-come, as compared with the batch system. This also
explained the difference in the enantioselectivities of the amino-
hydroxyester and the quinolone derivative in the flow system; as at
the same time with the cyclization, a slight resolution of the chiral
alcohol also occurred. Although results obtained in the flow system
did not compete with those achieved in batch reactor [12], further

Figure 4. Cascade reaction of 1 over Pt–Al2O3 premodified with CD. Catalyst: 365 mg 5% Pt–Al2O3, prehydrogenation: toluene, 0.2 mL/min; p, 4 MPa H2;
30 min followed by premodification: c(CD), 5 mM in toluene–AcOH, 9:1; flow rate, 0.2 mL/min; p, 4 MPa H2; 30 min. Reaction conditions: toluene–AcOH,
9:1; c(CD), 1 mM; c(1), 20 mM; p, 4 MPa H2; flow rate, 0.2 mL/min; rt

Table 1. Effect of the reaction conditions on the transformation of 1 in continuous-flow system over Pt–Al2O3 premodified by CDa

Entry Flow rate
(mL/min)

c(CD)
(mM)

p H2

(MPa)
Conversion

(%)
Sel(2),

ee(2) (%)
Sel(4)
(%)

Sel(3),
ee(3) (%)

Yield(3)b

(mmol)

1 0.2 1 4 91 ± 2 13 ± 2, 85 (R) 46 ± 3 43 ± 2, 77 (R) 0.18
2c 0.2 1 4 92 ± 2 10 ± 2, 80 (R) 50 ± 3 38 ± 2, 68 (R) 0.16
3 0.2 2 4 88 ± 2 30 ± 2, 81 (R) 34 ± 3 36 ± 2, 72 (R) 0.15
4 0.1 2 4 94 ± 2 17 ± 3, 80 (R) 40 ± 2 43 ± 2, 72 (R) 0.09
5 0.2 2 6 98 ± 1 4 ± 1, 78 (R) 46 ± 2 49 ± 2, 73 (R) 0.22
6 0.5 2 6 80 ± 2 45 ± 2, 80 (R) 30 ± 2 23 ± 2, 72 (R) 0.22
7d – 4 1 100 <1 2 97 ± 1, 80 (R) 0.38

aCatalyst: 360 ± 20 mg 5% Pt–Al2O3, prehydrogenation: toluene under the given H2 pressure, 30 min, followed by premodification: 30 min with CD
solution of 5 mM in toluene–AcOH 9:1 using the given flow rate and H2 pressure. Reaction conditions: toluene–AcOH, 9:1; c(1), 20 mM; rt; results obtained at
30 min time on stream.

bYields obtained in 2 h.
cReaction carried out in toluene–AcOH 4:1.
dResult obtained in batch reactor [12].
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increase of the selectivity could result in higher productivity of the
flow setup. Future research will aim at improving results using the
flow apparatus in order to develop an attractive, sustainable, and
environmentally benign method of obtaining optically pure
hydroquinolones through this interesting asymmetric heteroge-
neous cascade reaction.

4. Experimental

4.1. Materials and Methods. Commercial 5% Pt–Al2O3

(Engelhard, 4759), with known properties [21], was pretreated in
H2 flow at 673 K, as described earlier [16c] before loading into the
fixed-bed reactor. Cinchonidine (CD, Alfa-Aesar, 99%) was used
as received. 1,3-Dimethyl-2-nitrobenzene, diethyl oxalate, and
potassium tert-butoxide used for the preparation of ethyl 2-nitro-
3-methylphenylpyruvate were purchased from Sigma-Aldrich.
Analytical grade solvents and reagents were used as received.
Preparation of ethyl 2-nitro-3-methylphenylpyruvate according

to a literature method has been described recently [12a]. Identifi-
cation of the products, analysis of the product mixtures, and
isolation of 3-hydroxy-3,4-dihydro-8-methylquinolin-2(1H)-one
has been described in our previous report [12a]. Products were
identified by their mass spectra recorded using gas chromatogra-
phy and mass selective detection (GC–MSD): Agilent Techn.
6890 N GC-5973 inert MSD, column: HP-1MS 60 m, and by
1H and 13C NMR spectroscopy using an AVANCEDRX 400 NMR
instrument. Quantitative analysis of the product mixtures was
carried out using gas chromatograph (GC) equipped with flame
ionization detector (FID): Agilent Techn. 6890 N GC-FID amd
Cyclodex-B 30 m chiral capillary column. Isolated yields of 3
were determined after purification by flash chromatography as

described previously [12a] using hexane isomers–ethyl acetate
4:1 solvent mixture as eluent.
4.2. Continuous-Flow Reactions and Product Analysis.

The reactions were carried out in H-Cube® high-pressure contin-
uous-flow system (see Figure 1) purchased from Thales Nano-
technology Inc. [22] equipped with a HPLC pump (Knauer
WellChrom HPLC-pump K-120).
In a typical experiment, the given amount of catalyst pre-

treated at 673 K in H2 flow was placed in the tubular catalyst
cartridge of 2 mm inner diameter and 30 mm length. The
catalyst was prehydrogenated with toluene flow and H2 under
the given pressure for 30 min and premodified with a flow of
CD dissolved in toluene–AcOH mixture and H2 for 30 min.
Continuous-flow reactions were carried out by pumping
through the system the solution of the substrate and the modifier
at the desired flow rate and under the given H2 pressure at room
temperature. Samples were collected at regular time intervals
and analyzed by GC-FID. Conversions, selectivities, and enan-
tiomeric excesses were calculated with the formulae:

Conversion %ð Þ ¼ 100� Σc ið Þ=c0 1ð Þ;
Sel ið Þ %ð Þ ¼ 100� c ið Þ=Σc ið Þ;

ee ið Þ %ð Þ ¼ 100� c R−ið Þ−c S−ið Þð Þ= c R−ið Þ þ c S−ið Þð Þ;

where i=2, 3, or 4; c0(1) is the initial concentration of the
substrate; c(i) is the concentration of products i; Sel(i) is the
selectivity of products i; and c(R-i) and c(S-i) are the con-
centrations of product i enantiomers. The absolute configu-
ration of the excess enantiomer was R over catalyst modified
by CD [12a].

Scheme 2. Reaction pathways of 3 formation after the competitive reduction steps

Asymmetric Catalytic Cascade Reaction

214



Acknowledgments. Financial support of the Hungarian
National Science Foundation through OTKA Grant K 109278 is
highly appreciated.

References

1. For recent reviews on use of continuous-flow systems in chemical synthesis,
see: (a) Mason, B. P.; Price, K. E.; Steinbacher, J. L.; Bogdan, A. R.; McQuade, D. T.
Chem. Rev. 2007, 107, 2300–2318; (b) Sahoo, H. R.; Kralj, J. G.; Jensen, K. F.
Angew. Chem., Int. Ed. 2007, 46, 5704–5708; (c) Webb, D.; Jamison, T. F. Chem. Sci.
2010, 1, 675–680; (d) Hartman, R. L.; McMullen, J. P.; Jensen, K. F. Angew. Chem.,
Int. Ed. 2011, 50, 7502–7519; (e) Noël, T. Buchwald, S. L. Chem. Soc. Rev. 2011, 40,
5010–5029; (f) Wegner, J.; Ceylan, S.; Kirschning, A. Adv. Synth. Catal. 2012,
354, 17–57; (g) Anderson, N. G. Org. Process Res. Dev. 2012, 16, 852–869;
(h) Baxendale, I. R. J. Chem. Technol. Biotechnol. 2013, 88, 519–552; (i) Wiles, C.;
Watts, P. Green Chem. 2014, 16, 55–62.

2. For reviews of continuous-flow processes applied in the preparation of
natural products and pharmaceutical intermediates: (a) Watts, P.; Haswell, S. J.
Drug Discovery Today 2003, 8, 586–593; (b) Wiles, C.; Watts, P. Expert Opin.
Drug Discovery 2007, 2, 1487–1503; (c) Baumann, M.; Baxendale, I. R.; Ley,
S. V. Mol. Diversity 2011, 15, 613–630; (d) Malet-Sanz, L.; Susanne, F. J. Med.
Chem. 2012, 55, 4062–4098; (e) Baraldi, P. T.; Hessel, V.Green Process Synth. 2012,
1, 149–167; (f) Pastre, J. C.; Browne, D. L.; Ley, S. V. Chem. Soc. Rev. 2013, 42,
8849–8869.

3. For recent reviews on continuous-flow asymmetric catalytic reactions, see:
(a) Mak, X. Y.; Laurino, P.; Seeberger, P. H. Beilstein J. Org. Chem. 2009, 5, No. 19;
(b) Burguete, M. I.; García-Verdugo, E.; Luis, S. V. Beilstein J. Org. Chem. 2011, 7,
1347–1359; (c) Rasheed, M.; Elmore, S. C.; Wirth, T. Asymmetric Reactions in Flow
Reactors. In Catalytic Methods in Asymmetric Synthesis, Advanced Materials,
Techniques, and Applications; Gruttadauria, M.; Giacalone, F., Eds.; John Wiley
& Sons, Inc.: Hoboken, New Jersey, 2011; Chapter 8, pp. 345–371; (d) Tsubogo, T.;
Ishiwata, T.; Kobayashi, S. Angew. Chem., Int. Ed. 2013, 52, 6590–6604;
(e) Zhao, D.; Ding, K. ACS Catal. 2013, 3, 928–944; (f) Puglisi, A; Benaglia, M.;
Chiroli, V. Green Chem. 2013, 15, 1790–1813.

4. (a) Handbook of Asymmetric Heterogeneous Catalysis; Ding, K.; Uozumi,
Y., Eds.; Wiley-VCH: Weinheim, 2008; (b) Enantioselective Homogeneous Sup-
ported Catalysis; Šebesta, R., Ed.; RSC Green Chem. No. 15; RSC Publ.: Cam-
bridge, 2012.

5. For reviews on utilization of immobilized chiral metal complexes and
organocatalysts, see: (a) Corma, A.; Garcia, H. Adv. Synth. Catal. 2006, 348, 1391–
1412; (b) Kobayashi, S.; Sugiura, M. Adv. Synth. Catal. 2006, 348, 1496–1504;
(c) Heitbaum, M.; Glorius, F.; Escher, I. Angew. Chem., Int. Ed. 2006, 45, 4732–
4762; (d) Ding, K.; Wang, Z.; Wang, X.; Liang, Y.; Wang, X. Chem. Eur. J. 2006, 12,
5188–5197; (e) Benaglia, M. New J. Chem. 2006, 30, 1525–1533; (f) Thomas, J. M.;
Raja, R. Acc. Chem. Res. 2008, 41, 708–720; (g) Fraile, J. M.; García. J. I.; Mayoral,
J. A. Coord. Chem. Rev. 2008, 252, 624–646; (h) Ni, B.; Headley, A. D. Chem. Eur. J.
2010, 16, 4426–4436; (i) Yoon, M.; Srirambalaji, R.; Kim, K. Chem. Rev. 2012, 112,
1196–1231; (j) He, Y.-M.; Feng, Y.; Fan, Q.-H. Acc. Chem. Res. 2014, 47, 2894–2906;
(k) Fernandes, A. E.; Jonas, A. M.; Riant, O. Tetrahedron 2014, 70, 1709–1731; (l) El
Kadib, A. ChemSusChem 2015, 8, 217–244.

6. For reviews on application of asymmetric heterogeneous catalysts
obtained by adsorption of chiral modifiers, see: (a) Studer, M.; Blaser, H.-U.;
Exner, C. Adv. Synth. Catal. 2003, 345, 45–65; (b) Murzin, D. Yu.; Mäki-Arvela, P.;
Toukoniitty, E.; Salmi, T. Catal. Rev. Sci. Eng. 2005, 47, 175–256; (c) Osawa, T.;
Harada, T.; Takayasu, O. Curr. Org. Chem. 2006, 10, 1513–1531; (d) Bartók, M.
Curr. Org. Chem. 2006, 10, 1533–1567; (e) Mallat, T.; Orglmeister, E.; Baiker, A.
Chem. Rev. 2007, 107, 4863–4890; (f) Zaera, F. Acc. Chem. Res. 2009, 42, 1152–
1160; (g) Margitfalvi, J. L.; Tálas, E. Asymmetric hydrogenation of activated ketones.
In Catalysis; Spivey, J. J.; Dooley, K. M., Eds.; RSC Publ.: Cambridge, 2010; vol. 22,
pp. 144–278; (h) Yasukawa, T.; Miyamura, H.; Kobayashi, S. Chem. Soc. Rev. 2014,
43, 1450–1461.

7. (a) Tietze, L. F.; Brasche, G.; Gericke, K. M. Domino Reactions in Organic
Synthesis; Wiley-VCH: Weinheim, 2006; (b) Nicolaou, K. C.; Edmonds, D. J.;
Bulger, P. G. Angew. Chem., Int. Ed. 2006, 45, 7134–7186; (c) Poulin, J.; Grisé-Bard,
C. M.; Barriault, L. Chem. Soc. Rev. 2009, 38, 3092–3101; (d) Alba, A.-N.;
Companyo, X.; Viciano, M.; Rios, R. Curr. Org. Chem. 2009, 13, 1432–1474;
(e) Barluenga, J.; Rodríguez, F.; Fañanás, F. J. Chem. Asian J. 2009, 4, 1036–1048;
(f) Pellissier, H. Chem. Rev. 2013, 113, 442–524.

8. For reviews on asymmetric catalytic domino or cascade reactions, see:
(a) Chapman, C. J.; Frost, C. G. Synthesis 2007, 1–21; (b) Grondal, C.; Jeanty, M.;
Enders, D. Nature Chem. 2010, 2, 167–178; (c) Pellissier, H. Adv. Synth. Catal. 2012,
354, 237–294; (d) Clavier, H.; Pellissier, H. Adv. Synth. Catal. 2012, 354, 3347–3403;
(e) Grossmann, A.; Enders, D. Angew. Chem., Int. Ed. 2012, 51, 314–325;
(f) Pellissier, H. Asymmetric Domino Reactions. RSC Catalysis Series No. 10;
RSC Publ.: Cambridge, 2013; (g) Volla, C. M. R.; Atodiresei, I.; Rueping, M.
Chem. Rev. 2014, 114, 2390–2431.

9. For examples of asymmetric cascade reactions catalysed by immobilized
chiral catalysts, see: (a) Choudary, B. M.; Chowdari, N. S.; Madhi, S.; Kantam,
M. L. Angew. Chem., Int. Ed. 2001, 40, 4620–4623; (b) Choudary, B. M.;
Chowdari, N. S.; Jyothi, K.; Kumar, N. S.; Kantam, M. L. Chem. Commun.
2002, 586–587; (c) Yang, S.; He, J. Chem. Commun. 2012, 48, 10349–10351;
(d) Akagawa, K.; Umezawa, R.; Kudo, K. Beilstein J. Org. Chem. 2012, 8, 1333–
1337; (e) Jiang, X.; Zhu, H.; Shi, X.; Zhong, Y.; Li, Y.; Wang, R. Adv. Synth.
Catal. 2013, 355, 308–314; (f) Deiana, L.; Ghisu, L.; Afewerki, S.; Verho, O.;
Johnston, E. V.; Hedin, N.; Bacsik, Z.; Córdova, A. Adv. Synth. Catal. 2014, 356,
2485–2492; (g) Yadav, J.; Stanton, G. R.; Fan, X.; Robinson, J. R.; Schelter, E. J.;
Walsh, P. J.; Pericas, M. A. Chem. Eur. J. 2014, 20, 7122–7127; (h) An, Z.;
Guo, Y.; Zhao, L.; Li, Z.; He, J. ACS Catal. 2014, 4, 2566–2576.

10. Felföldi, K.; Szöri, K.; Bartók, M. Appl. Catal. A: Gen. 2003, 351, 457–460.
11. Szőllősi, Gy.; Bartók, M. Arkivoc 2012, 16–27.
12. (a) Szőllősi, Gy.; Makra, Zs.; Kovács, L.; Fülöp. F.; Bartók, M. Adv. Synth.

Catal. 2013, 355, 1623–1629; (b) Szőllősi, Gy.Magyar Kém. Foly. 2014, 120, 77–82;
(c) Szőllősi, Gy.; Kovács, L.; Makra, Zs. Catal. Sci. Technol. 2015, 5, 697–704.

13. Alza, E.; Sayalero, S.; Cambeiro, X. C.; Martín-Rapún, R.; Miranda, P. O.;
Pericàs, M. A. Synlett 2011, 464–468.

14. Suzuki, H.; Gyoutoku, H.; Yokoo, H.; Shinba, M.; Sato, Y.; Yamada, H.;
Murakami, Y. Synlett 2000, 1196–1198.

15. Colombo, E.; Ratel, P.; Mounier, L.; Guillier, F. J. Flow Chem. 2011, 2, 68–73.
16. (a) Garland, M.; Blaser, H.-U. J. Am. Chem. Soc. 1990, 112, 7048–7050;

(b) Vargas, A.; Bürgi, T.; Baiker, A. New J. Chem. 2002, 26, 807–810; (c) Szőllősi, Gy.;
Cserényi, Sz.; Fülöp, F.; Bartók, M. J. Catal. 2008, 260, 245–253; (d) Szőllősi, Gy.;
Cserényi, Sz.; Bucsi, I.; Bartók, T.; Fülöp, F.; Bartók,M. Appl. Catal. A: Gen. 2010, 382,
263–271.

17. (a) Künzle, N.; Hess, R.; Mallat, T.; Baiker, A. J. Catal. 1999, 186, 239–241;
(b) Li, X.; Li, C. Catal. Lett. 2001, 77, 251–254; (c) Toukoniitty, E.; Nieminen, V.;
Taskinen, A.; Päivärinta, J.; Hotokka, M.; Murzin, D. Yu. J. Catal. 2004, 224,
326–339.

18. (a) Szőllősi, Gy.; Hermán, B.; Fülöp, F.; Bartók, M. React. Kinet. Catal. Lett.
2006, 88, 391–398; (b) Hermán, B.; Szőllősi, Gy.; Fülöp, F.; Bartók, M. Appl. Catal. A:
Gen. 2007, 331, 39–43; (c) Szőllősi, Gy.; Cserényi, Sz.; Bartók, M. Catal. Lett. 2010,
134, 264–269.

19. (a) Ellison, P.; Feinberg, M. J. Mol. Catal. A: Chem. 2000, 154, 155–167;
(b) Toukoniitty, E.; Mäki-Arvela, P.; Nieminen, V.; Salmi, T.; Murzin, D. Yu.
Kinet. Catal. 2003, 44, 562–571; (c) Ciambelli, P.; Sannino, D.; Palma, V.;
Vaiano, V.; Bickley, R. I. Appl. Catal. A: Gen. 2008, 349, 140–147; (d) Fuchs, M.;
Goessler, W.; Pilger, C.; Kappe, C. O. Adv. Synth. Catal. 2010, 352, 323–328;
(e) Cantillo, D.; Kappe, C. O. ChemCatChem 2014, 6, 3286–3305.

20. (a) Morawsky, V.; Prüße, U.; Witte, L.; Vorlop, K.-D. Catal. Commun.
2000, 1, 15–20; (b) Bartók, M.; Szőllősi, Gy.; Balázsik, K.; Bartók, T. J. Mol.
Catal. A: Chem. 2002, 177, 299–305; (c) Szőllősi, Gy.; Forgó, P.; Bartók, M.
Chirality 2003, 15, S82–S89.

21. Baiker, A. J. Mol. Catal. A: Chem. 1997, 115, 473–493.
22. ThalesNano. H-Cube® Continuous-flow Hydrogenation Reactor.

http://thalesnano.com/h-cube (accessed 21 March 2015).

L. Kovács et al.

215


