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1. INTRODUCTION AND AIMS

Nowadays, the demand for the production of optically pure enantiomers is continuously
growing. Optically pure partially saturated quinoline derivatives are intermediates in the
preparation of natural products and pharmaceuticals. The asymmetric catalytic methods
developed for preparing chiral hydroquinolines are based on enantioselective catalytic
hydrogenations of quinoline derivatives or assembly of the chiral heterocyclic ring using
enantioselective catalytic cyclization.

Sustainable and environmentally benign technologies required nowadays in the
production of chiral fine chemicals tend to apply heterogeneous catalytic systems, due to the
inherent practical advantages connected with separation, reuse, and stability of the catalyst
and the opportunity of continuous process operation. Detailed examination of these systems is
in the forefront of chemical research. Possibilities to obtain heterogeneous chiral catalysts are
the immobilization of homogeneous catalysts and the chirality transfer to the surface of
known and active heterogeneous metal particles. Although Pt catalysts modified by cinchona
alkaloids were found to be remarkably efficient in the enantioselective hydrogenation of
activated ketones, these catalysts are not appropriate for the enantioselective hydrogenation of
N-heterocyclic compounds.

A cascade reaction, also known as domino reaction or tandem reaction, is a chemical
process in which at least two consecutive steps occur, therefore incorporate multiple bond-
forming events carried out in one-pot manner. Furthermore, in cascade reactions, isolation of
intermediates is not required, as each reaction composing the sequence occurs spontaneously.
In spite of their numerous advantages, asymmetric catalytic cascade reactions over
heterogeneous chiral catalysts were scarcely reported and only few reactions are known in
which the stereoselective step occurs on the solid catalyst surface.

Combination of hydrogenation and continuous-flow technology could be widely used
in the pharmaceutical industry for the synthesis of bioactive molecules. Huge advantage of
flow systems is the opportunity of the reagent mixture recycling. Due to the fixed catalyst
bed, the reaction mixture is separated from the catalyst instantaneously, unlike during batch
production. Due to its advantageous characteristics flow chemistry became preferred for
industrial application even in fine chemical synthesis. A current trend in the synthetic organic
chemistry is the use of continuous-flow processes, which can be performed most

advantageously by using modern immobilized reagents or catalysts.



More than a decade ago it was reported the formation of 3-hydroxy-3,4-
dihydroquinolin-2(1H)-ones as side products of the Reissert indole synthesis, if the reduction
step was carried out with gaseous H, over PtO, catalyst. It was highlighted in the above
report that during the reaction under reducing conditions, the hydrogenation of the keto group
and the reduction of the nitro group are competing reactions and both are catalysed on the Pt
surface, therefore the rate of these two steps determine the ratio of the two main products, i.e.
the hydroquinoline and the indole derivatives. Thus, the reaction over Pt catalysts could be
used for the enantioselective preparation of valuable hydroquinolines using a heterogeneous
catalytic system if the step in which the chiral centre is formed could be made
enantioselective.

Inspired by these previous findings obtained over PtO; catalyst, we have developed the
transformation of 2-nitrophenylpyruvates to 3-hydroxy-3,4-dihydroquinolin-2(1H)-one
derivatives by an asymmetric cascade reaction over supported Pt catalyst modified by
cinchona alkaloids in the presence of H,. We thought that it deserves to study the effect of the
reaction conditions on the rates of the two key competitive steps. As heterogeneous catalysts
are suitable for use in continuous processes, we also examined the reaction in continuous-flow
system using a fixed-bed reactor, in order to test whether these compounds may be efficiently
and enantioselectively hydrogenated in a continuously operated experimental set-up. Thus,
our aim was to develop a novel asymmetric heterogeneous catalytic cascade reaction, which
may be used for the efficient, environmentally benign and sustainable preparation of valuable
N-heterocyclic chiral building blocks, with possible application for the preparation of

pharmaceuticals.



2. LITERATURE SURVEY

Optically pure N-heterocyclics and their substituted derivatives are essential
pharmaceuticals or chiral building blocks used in the preparation of biologically active
compounds [1,2]. Chiral quinoline derivatives such as hydroquinolines have increased
importance in the preparation of a range of drug candidates applied for curing Parkinson's
disease [3] or schizophrenia [4] (Figure 1). Various methods are available for the preparation
of the quinoline moiety [5,6]. Traditionally, optically pure quinoline including hydroquinoline
derivatives needed in the pharmaceutical industry were either prepared by resolution of
racemic mixtures [7] or by asymmetric synthesis using chiral materials as substrates or
auxiliaries [8]. Recent trends of decreasing the environmental impact of the processes used for
the preparation of fine chemicals motivated the development of asymmetric catalytic methods
for the preparation of high added value chiral building blocks used in the pharmaceutical
industry. Moreover, developing environmentally benign and long term sustainable processes
requires the application of reusable, highly active and selective, long life heterogeneous
catalytic systems [9-11]. Accordingly, the development of such catalytic systems for the
preparation of chiral hydroquinoline derivatives may accelerate the investigation and

application of pharmaceuticals bearing this heterocyclic moiety.
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Figure 1. Chiral drugs containing hydroquinoline moieties [3,4].

2.1. Asymmetric catalytic synthesis of chiral hydroquinolines

The asymmetric catalytic methods developed for preparing chiral hydroquinolines [12]
are based on enantioselective catalytic hydrogenations of quinoline derivatives [13-18] or the
assembly of the chiral heterocyclic ring using enantioselective catalytic cyclization [19-22].

Following the development of chiral metal complexes highly effective in the

enantioselective hydrogenation of a wide range of prochiral compounds [23], the
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enantioselective hydrogenation and transfer hydrogenation of quinolines become frequently
applied for the preparation of optically pure hydroquinolines (Scheme 1) [24,25]. However,
during the last fifteen years catalysis by optically pure organic compounds so-called
,organocatalysts” also proved to be efficient for preparing chiral compounds [26,27]. These
catalysts are convenient alternatives of chiral metal complexes, due to their lower costs, their
availability from natural sources, less difficulties in their use as compared with the sensitive
complexes and due to avoiding the possible contamination of the products with metal traces.
Accordingly, efficient organocatalysts were developed for use to catalyse many organic
reactions in which chiral products are formed. Moreover, these catalysts tolerate the presence
of other catalytically active species in the system, which make them suitable for applications
in reactions in which several transformations are carried out consecutively in one-pot manner,

such as domino or cascade reactions [28,29].

®

MeO PPh,

MeO l PPh,

+
[I(COD)Cl], ee =92 -96%

N +H, X
R'— R'—F
NN R +HCOONa = NTR
©”'~ NH o ee =90 - 98%

Cp: Pentamethylcyclopentadiene

Scheme 1. Enantioselective synthesis of tetrahydroquinolines by hydrogenation or
transfer hydrogenation (ee: enantiomeric excess) [24,25].

According to the modern trends of today’s organic synthetic chemistry, several
organocatalyzed asymmetric reactions have been developed for the preparation of chiral
hydroquinoline derivatives affording good yields and excellent enantioselectivities [19,30].
An outstanding example is the domino reaction catalysed by a chiral pyrrolidine derivative
easily prepared from L-proline, which is consisted of an initial enantioselective hetero-

Michael addition followed by an aldol condensation (Scheme 2) [19].
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Scheme 2. Enantioselective synthesis of dihydroquinoline derivatives by
organocatalyzed domino reaction [19].

2.2. Heterogeneous catalytic preparation of hydroquinolines

Sustainable and environmentally benign technologies required nowadays in the
production of chiral fine chemicals tend to apply heterogeneous catalytic systems, due to their
multiple advantages as compared with the homogeneous catalytic methods, among which the
reuse of the catalyst or its application in flow systems are very significant from economic
point of view [11,31]. Besides homogeneous complexes found efficient in the hydrogenation
of quinoline derivatives, the use of heterogeneous, skeletal or supported transition metal
catalysts were also applied for preparing hydroquinolines from quinoline derivatives [32].

More than a decade ago in the reaction of 2-nitrophenylpyruvates over PtO,
heterogeneous catalysts in H, atmosphere the formation of 3-hydroxy-3,4-dihydroquinolin-
2(1H)-ones was observed by Murakami and co-workers [33]. The transformation of 2-
nitrophenylpyruvates using Zn + acetic acid or even heterogeneous Pd + H, leads to the

formation of indole derivatives as reported by Reissert [34].

N COOEt . N OH | \
R—T g o> RT + Rt COOEt
/ 2 /
NO, N0 N

H
major product

N\ /

Scheme 3. Products formed from 2-nitrophenylpyruvates over PtO,
catalyst in the presence of H, [33].

Accordingly, the reaction over Pt catalysts may be used for the enantioselective
preparation of valuable hydroquinolines using a heterogeneous catalytic system if the step in

which the chiral centre is formed could be carried out enantioselectively. The authors of the



above research highlighted that during the reaction under reducing conditions, the
hydrogenation of the keto group and the reduction of the nitro group are competing reactions
and both are catalysed on the Pt surface, therefore the rate of these two steps determine the
ratio of the two main products, i.e. the hydroquinoline and the indole derivatives. The reaction
pathways according to which these products are formed are illustrated on Scheme 4. If the
first step is the reduction of the nitro group, the condensation of the formed amino and the
keto group will lead to the usual indole derivative. However, if the hydrogenation of the a-
keto group occurs initially, the amino group formed by the consequent reduction of the nitro
group may and will react with the ester moiety forming the racemic hydroxyquinolone

derivative by intramolecular amidation [33].

EtOOC COOEt

—0
NH, 7 "NH

+3H,,Pt —
EtOOC / -H,0
-2H,0

—0
NO,
HO

HO HO O
+\H2\ COOEt COOEt
Pt N02 +3H2,Pt NH2 NH
—
2,0 -EtOH

Scheme 4. Reaction pathways leading to indole or hydroquinoline derivatives [33].

According to these pathways the fast and enantioselective hydrogenation of the a-keto
ester moiety may assure the preparation of the optically enriched hydroquinolone products by
this heterogeneous catalytic cascade reaction. Thus, we aimed the development of a
heterogeneous asymmetric catalytic system for the production of enantio-enriched
hydroquinoline derivatives by the above cascade reaction of 2-nirtophenyl pyruvates. As the
two key competitive steps of the reaction are the enantioselective hydrogenation of the
activated keto group and the reduction of the nitro group, results obtained so far on the
enantioselective heterogeneous catalytic hydrogenations and the heterogeneous catalytic
reduction of the nitroaromatics will be shortly overviewed in the followings.

2.3. Heterogeneous enantioselective hydrogenations



The area of catalytic hydrogenation continues to develop fast, due to its wide
application in organic synthesis [32]. Moreover, the asymmetric hydrogenation of prochiral
unsaturated compounds, such as alkenes, ketones, and ketimines, is one of the most efficient
methods for the preparation of optically active compounds. Since 1968, when the groups of
Knowles and Horner published independently pioneering examples of asymmetric
hydrogenations using chiral metal complexes as catalysts [35], homogeneous enantioselective
hydrogenations become a widely applied method for the preparation of optically pure
compounds. The development of various metal complexes for industrially relevant
applications such as Ru complexes with BINAP (2,2'-bis(diphenylphosphino)-1,1'-binaphthyl)
or Ts-DPEN (N-p-tosyl-1,2-diphenylethylenediamine) complexes reported by Noyori and co-
workers demonstrated the versatility of the homogeneous catalytic hydrogenations and
transfer hydrogenations [36]. The outstanding results obtained in the asymmetric catalytic
hydrogenations were recognized even by awarding Noble prize in chemistry in 2001 to
Knowles and Noyori [35,36].

Due to the inherent practical advantages of the heterogeneous catalytic systems
connected with separation, reuse, and stability of the catalyst and the opportunity of
continuous operation [9-11], detailed examination of these systems is in the forefront of
chemical research. The development of enantioselective heterogeneous -catalysts for
asymmetric hydrogenations was among the earliest attempt of researchers working on
catalytic transformations. Immobilization of chiral metal complexes over solid supports by
various methodologies proved to be a viable method for obtaining heterogeneous catalysts,
however, the obtained catalysts often couldn’t reproduce the efficiency of the soluble metal
complexes. Although, few examples are known of highly efficient immobilized chiral metal
complexes [37], their laborious preparation by few additional steps make them less favoured
in the preparative laboratory routine. Moreover, some of the disadvantages of using metal
complexes, such as their high costs, difficult handling and metal leaching were also kept.

Another approach to obtain heterogeneous chiral catalysts for enantioselective
hydrogenations is the chirality transfer to the surface of catalytically active heterogeneous
metal particles. Early attempts by Akahori reported the asymmetric hydrogenation of
azalactones in the presence of heterogeneous catalyst made of palladium deposited on silk
(Scheme 5) [38]. However, by far the most important class of enantioselective heterogeneous
catalysts were obtained by surface modification of metallic catalysts using chiral natural

compounds, so-called modifiers. The chiral modifiers which induce enantio-differentiation
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during the reaction by interaction with the substrate can be fixed on the surface of the active

metals through simple adsorption.

Ph
N

N Pd/Silk-fibroin Ph™ \—N HCI/HO NH
Y—Me + H, -  H] S>Me ———— Ph X °
O O ~N

O o H CO,H

up to 70% ee
Scheme 5. Asymmetric hydrogenation of an azalactone catalysed by silk-fibroin-supported palladium.

Historically the optically pure tartaric acid modified Ni catalysts were the first chirally
modified heterogeneous catalysts described, which following extensive studies and
optimization of the reaction conditions, catalyst preparation method and the substrate
structure, permitted the highly selective preparation of optically enriched products through
hydrogenation of -keto esters, B-diketones and later that of simple aliphatic prochiral methyl
ketones, too (Scheme 6) [39-41].

O ] OH
+H,, Raney-Ni-(R,R)-BS R
JK/COOMe —— RM
R NaBr, 60-100°C COOMe
HO OH R=Me: ee=91%; R=Et: ee=94%;

\ R='Pr: ee=96%; R=cPr: ee=98%
(R,R)-BS:HOOC  COOH

Scheme 6. Enantioselective hydrogenation of [-keto esters over
tartaric acid-modified Ni catalyst [40,41].

Similarly, Pt catalysts modified by cinchona alkaloids have been successfully applied
for the enantioselective hydrogenation of several activated ketones, such as a-ketoesters, o-
ketoacids, a-ketoamides, a-diketones, a-keto acetals, a-ketoethers, trifluoromethyl ketones,
ketopantolactone, and others [42-45]. However, most of the knowledge about this catalytic
system has been collected using the enantioselective hydrogenation of methyl or ethyl
pyruvate and benzoate, originally reported by Orito and co-workers (Scheme 7) [46,47]. The
chiral modification was carried out by simply adding cinchona alkaloids to the catalyst or
even better, to the reaction mixture. As in the case of the enantioselective hydrogenation on
Ni catalysts, a variety of factors influenced the enantioselectivity, including: temperature, the

properties of the solvent, modifier concentration, and the size of the Pt particles [44,45]. The
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knowledge gathered since the discovery of this catalytic system has been covered in various
reviews, whereas detailed investigations led to over 90% ee obtained in the hydrogenations of

a variety of a-keto esters and to significantly extended scope of the reaction.

0] i o OH
)j\ +H,, Pt-cmchonldme;

o - ‘IIH
COOMe/Et  solvent, 22°C Me/Ph™ N~ 5oMe/Et

total conversion,
ee > 80%; (eemax = 98%)

Me/Ph

Scheme 7. Enantioselective hydrogenation of o-keto esters [42-47].

After discovery of the chiral Pt catalysts modified by cinchona alkaloids it was shown
that these modifiers may induce enantioselectivity also in the hydrogenation of unsaturated
acids over Pd catalysts [48]. Cinchonidine-modified Pd proved to be the most effective
catalyst for enantioselective hydrogenations of prochiral C=C groups in o,p-unsaturated
carboxylic acids, studied extensively by Nitta and co-workers and later by our research group
[49-51]. High enantioselectivities were obtained in the hydrogenation of a-phenylcinnamic
acid and its various substituted derivatives (Scheme 8), whereas, the hydrogenation of
aliphatic unsaturated acids resulted in lower enantioselectivities [52]. Excellent
enantioselectivities were also obtained in the partial hydrogenations of substituted 2-pyrones
over these chiral Pd catalysts [53]. Although Pt and Pd catalysts modified by cinchona
alkaloids were found to be remarkably efficient in the enantioselective hydrogenation of
activated ketones and a,B-unsaturated carboxylic acids, respectively, these catalysts were less

appropriate for the enantioselective hydrogenation of N-heterocyclic compounds [54-56].

« X
_ COOH Pd-cinchonidine S COOH

X=F, R=2-Methoxyphenyl: ee = 96%
O/R O/R X=Methoxy, R=Isopropyl: ee = 86%
72 +H,, 1 atm =
—_—
Pd-cinchonine R=H: ee = 85%
0 0 9) 0" R R=Methyl: ee = 94%

Scheme 8. Enantioselective hydrogenations of prochiral C=C groups over
cinchona alkaloid-modified Pd catalysts [49-53].
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In the latter two heterogeneous asymmetric catalytic systems The most efficient chiral
modifiers for obtaining chiral Pt or Pd catalysts were the readily available and inexpensive
natural cinchona alkaloids with the pseudoenantiomeric forms, cinchonidine (CD) and
cinchonine (CN) or quinine (QN) and quinidine (QD), their C9-O methyl ethers and the
10,11-dihydro derivatives (Figure 2), which are among the most privileged chirality inducers
in the area of asymmetric catalysis [57]. Cinchona alkaloids are extracted from the bark of the
cinchona trees, which occur in Africa, Latin America, and Indonesia. Approximately 700
metric tons of cinchona alkaloids are harvested annually. The main feature responsible for
their successful use in asymmetric catalysis is their chiral skeleton (Figure 3) and the

functional groups which are easily tuneable for diverse types of reactions.

cinchonidine (CD): X=H, R=Vinyl, R'=H cinchonine (CN): X=H, R=Vinyl, R'=H
dihydrocinchonidine: X=H, R=Ethyl, R'=H dihydrocinchonine: X=H, R=Ethyl, R'=H
cinchonidine methyl ether: X=Methyl, R=Vinyl, R'=H cinchonine methyl ether: X=Methyl, R=Vinyl, R'=H
quinine (@N): X=H, R=Vinyl, R'=MeO quinidine (@D): X=H, R=Vinyl, R'=MeO

Figure 2. Structures of the most effective cinchona alkaloid chiral modifiers.

R Nitrogen of quinuclidine,

contact with substrate
V’}/

defim(a: 2L%2t$2i;aét?aigfcrﬁémistry — 8 N
T~ 9

OR H-Bond donor or acid
R\

*

R Aromatic quinoline ring,

X
<~ interaction with metal surface

N
Figure 3. Role of the cinchona alkaloid molecule features in the Orito reaction [44,57].

2.4. Heterogeneous catalytic reduction of aromatic nitro compounds

The reduction of aromatic nitro compounds is a synthetically important reaction both
in the laboratory and in industry, being among the convenient ways of introducing amino
group in organic molecules and preparing N-heterocyclic compounds. Due to its importance
several methods have been developed for this purpose. Among the reduction methods of the

13



nitro group catalytic hydrogenation has been frequently employed as the most preferred
processes for the synthesis of amines from nitro compounds, because in most cases the nitro
group is hydrogenated readily over usual transition metal catalysts, separation of the products
and catalysts are relatively simple, and very pure amines are obtained in high yields.
Accordingly, the hydrogenation of aromatic nitro compounds with heterogeneous catalysts is
in many cases the method of choice for the production of the corresponding anilines [32,58].
The catalytic hydrogenation of nitroarenes occurs easily under low hydrogen pressure
at room temperature in liquid phase. The hydrogenations are accomplished generally in
ethanol and addition of more than 10% water to the mixture may increase the hydrogenation
rate, similarly to the use of one equivalent hydrochloric acid, acetic acid or the presence a
small amount of sodium hydroxide. The most frequently used catalysts for the hydrogenation
of nitro groups are the noble metals Pt and Pd supported on active carbon due to their high
activity and selectivity, however, the cheaper Raney nickel, and supported Ni catalysts are
also frequently applied [32]. More than a century ago Leipzig [59] proposed a reaction
network to explain the results of the electrochemical reduction of nitrobenzene. Since then the
intermediates he suggested have all been verified and it has been shown that catalytic

hydrogenation reactions proceed via the suggested routes (Scheme 9).

NHOH
+H2
-H20 -HZO
n|tro mtroso -H2O hldroxylamlne amlne

| N X | \
—R
/ / =
-O\+/N +H2 +H2
/ > HN~
/
R— |
\
azoxy hydrazo

Scheme 9. Hydrogenations of aromatic nitro compounds over heterogeneous catalysts [35].



It is of paramount importance from the selectivity viewpoint that nitroarenes are
adsorbed rather strongly by the catalyst surface, reduction of the other reducible groups
normally starts only when the nitro groups have been transformed. The application of organic
modifiers and additives is an important strategy for influencing the properties, mainly
selectivity, of heterogeneous catalysts as summarized by Freifelder [60] and later by
Nishimura [32]. The hydrogenation to aromatic amines occurs through several stable
intermediates as shown in Scheme 9, among which are also condensed products, which by
further reduction may give the final amino compounds, however these intermediates are
isolable under the appropriate reaction conditions. The possibility of formation of several
stable intermediates and side-products makes exceedingly significant the proper choice of the
reaction conditions for specific tasks and also makes necessary optimization studies for each
substrate to find the appropriate reactant structure-reaction conditions correlation.

The selectivities in the hydrogenation of functionalized nitroarenes was studied by
Blaser and co-workers a few years ago [61]. The performance of new catalyst types was
described, most notably of gold-based catalysts, but also of modified classical Pt, Pd, and Ni
catalysts, as well as homogeneous catalysts. These catalytic systems were capable of reducing
nitro groups with very high chemoselectivity in substrates containing carbon-carbon or
carbon-nitrogen double or triple bonds, carbonyl or benzyl groups, and multiple halogen
substituents (Figure 4). Accordingly, the selective hydrogenation of a keto group near the

nitro group is a very demanding task.

NO,
Pd/C-Ph,S Y=97%
Pt/C,ano S=98% C=100%
1% Au/SiO, S$=95% C=100%
Au/Fe(OH),, CO/H,0 S=99.6% C>99%
(@)

Figure 4. Selected results for the hydrogenation of a nitroarene incorporating carbonyl group
(Y: yield, S: selectivity of the keto-aniline derivative, C: conversion) [61].

The hydrogenation of the aromatic nitro derivatives bearing certain functional groups
in appropriate positions may lead to ring closure after the reduction of the nitro group to
amino group. Thus the preparation of N-heterocycles, such as indole or quinoline derivatives
is possible in a one-pot process. The most effective functional groups for performing such

reactions are halogens, carbonyl groups, carboxylic acids and esters. Cyclization of the last
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two compounds results in the formation of quinoline derivatives, as shown in Scheme 10
[32,62,63]. However, until now only one example of asymmetric formation of N-heterocyclic
compounds has been described using one-pot cascade reduction of a nitro group and
spontaneous cyclization, which was performed over cinchona alkaloid modified Pd catalyst
and resulted in moderate, up to 37% enantioselectivities, of 3-phenyl-3,4-dihydroquinolin-
2(1H)-ones products (Scheme 11) [64].

OoN
PtO,, 1 atm H,
6 EtOAc, 22°C, 3 h > 6 O
COOH

0]

NH
X COOEt
©\/\/ + H,, Raney-Ni ©\/t\l\
NO EtOH, 22°C N e
H

Y

2

Scheme 10. Ring closing reactions after reduction of aromatic nitro compounds [32].

O X'+ 3H, Pd-CD O +Hy O
P — = P
COOH - 2H,0 COOH s ~COOH
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Scheme 11. Asymmetric preparation of quinolone derivatives over
cinchonidine-modified Pd catalyst [64].

2.5. Asymmetric hydrogenations in continuous-flow systems

One of the most important advantage of heterogeneous catalytic systems is their easy
feasibility to continuous processes. The use of continuous-flow systems in which the catalyst
is placed in fixed-bed reactors makes possible to save the catalyst removal step from the

product mixture. Moreover, there are other significant advantages of continuous-flow systems



such as the possibility of easy automation, good reproducibility, increased safeness and
process reliability by allowing constant reaction parameters (time, temperature, amount of
reagents, solvent, etc.) [65]. The continuous-flow operation mode besides the possibility of
process intensification also allows carrying out hazardous reactions via highly reactive
intermediates. A current trend in the synthetic organic chemistry is the use of continuous-flow
processes, which can be performed most advantageously by using modern immobilized
reagents or catalysts [66-68].

Asymmetric  reactions, especially enantioselective heterogeneous catalytic
hydrogenations, were also attempted in continuous-flow reactor systems. The first study on
the Orito reaction in a continuous-flow system was reported by Wells and co-workers, who
studied the enantioselective hydrogenation of methyl pyruvate [69]. Following this study
Baiker’s group investigated the reactions of ethyl pyruvate and ketopantolactone in a
continuous-flow system [70]. While the hydrogenation of a-keto esters was successful in
continuous systems over Pt catalysts, in the enantioselective hydrogenations of prochiral
olefins over modified Pd catalyst, lower enantioselectivities [71], or good enantioselectivities
in the hydrogenations of 2-pyrone derivatives accompanied by low yields were reported [72].

During the last decade flow chemistry became a technique for improving and
simplifying the synthesis of fine chemicals [73-76]. To satisfy the need for easily operated
flow systems several producers developed and commercialized flow apparatus for carrying
out reactions at laboratory scale. Such a system is the H-Cube system a revolutionary bench-
top standalone continuous-flow hydrogenator equipped with a fixed bed reactor (Figure 5).

Figure 5. H-Cube continuous-flow apparatus.
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The apparatus combined continuous-flow microchemistry with adjustable hydrogen
generation and a disposable catalyst cartridge system. Continuous production of hydrogen,
generated through the electrolysis of deionized water was mixed with the substrate stream and
passed into reactor. This apparatus allowed fast and cost-efficient hydrogenation with superior
yields when compared to conventional methods as reported in the first publications appeared
in 2005 on its successful utilization to carry out heterogeneous hydrogenations [77-79].

In our research group the enantioselective hydrogenations of ethyl pyruvate,
ketopantolactone and methyl benzoylformate in the H-Cube continuous-flow system using
fixed-bed reactor over Pt catalyst modified by cinchona alkaloids was studied, previously not
attempted in this apparatus [80]. Later the enantioselective hydrogenation of a,p-unsaturated
carboxylic acids of various structures was also studied in the same reactor system over Pd
catalysts [71]. It was found, that studies on the enantioselective hydrogenation of activated
ketones in continuous flow system may shed light on additional details of the reaction
mechanism, which couldn’t be observed in batch reactor. These experimental results showed
that the H-Cube flow hydrogenator is also feasible for studying the mechanism of

heterogeneous catalytic asymmetric hydrogenations or other catalytic reactions.

2.6. Heterogeneous asymmetric cascade reactions

Our research was commenced hoping the development of a novel asymmetric
heterogeneous cascade reaction for the preparation of optically enriched 3-hydroxy-2-
hydroquinolone derivatives based on the report of Murakami and co-workers discussed
previously [33]. A cascade reaction, also known as domino reaction or tandem reaction, is a
chemical process in which at least two consecutive steps occur, therefore incorporate multiple
bond-forming events carried out in one-pot manner [81]. Furthermore, no additional reagents,
catalysts, or additives are added to the reaction vessel, nor the reaction conditions are changed
[27]. Isolation of intermediates is not required, as each reaction composing the sequence
occurs spontaneously. In 1917 synthesis of tropinone (a precursor of cocaine) by Robinson,
was the earliest example of a cascade reaction [82]. Since then a huge interest in the use of
cascade reactions was observed, reflected by the numerous relevant review articles published
on cascade sequences [27,83-87]. A rapidly growing area is the development of asymmetric
catalytic cascade processes which employ chiral organocatalysts or chiral transition-metal
complexes [83,87]. Although, numerous asymmetric catalytic cascade reactions have been
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developed for the synthesis of chiral fine chemicals, only few enantioselective cascade or
domino reactions over heterogeneous chiral catalysts are known [64,88-97].

A highly efficient cascade over Pt catalyst modified by cinchona alkaloids was
observed by the hydrogenation of 2-ketoglutaric acid, which was followed by spontaneous
cyclization to optically enriched 5-oxotetrahydrofuran-2-carboxylic acid in quantitative yield
(Scheme 12) [97]. High enantioselectivities, typical to the hydrogenation of a-keto esters and

acids were obtained in this enantioselective hydrogenation-cyclization cascade even in water.

COOH * Ha, PUAIO; COOH
H->0, 0°C, 60 min

HooCc” o M HOOCY 5 ~OH
N \:IZO

AOMe
H s 5 TVH

> 5&
N Hooc” Mo~ ©
dihydrocinchonidine

to 92%
methyl ether upto °ee

Scheme 12. Asymmetric cascade reaction of 2-ketoglutaric acid [97].

Recently, several research groups developed highly efficient asymmetric cascade
reactions in which the use of surface-bonded heterogenized chiral organocatalysts, such as the
cinchona alkaloid derivatives bonded to Fe;O4 nanoparticles used in inverse electron demand
Diels-Alder cascade reaction for the preparation of cyclohexene derivatives in high yields and
excellent optical purities [93]. Interesting asymmetric cascade reaction was developed by
using the synergistic catalytic system obtained by immobilization of a chiral organocatalysts,
i.e. diphenylprolinol trimethylsilyl ether, and Pd(IlI) by complexation to achiral surface
aminoalkyl groups. The catalyst was used in a Michael reaction/carbocyclization cascade,
which resulted in highly substituted cyclopentenes in high enantioselectivities [94].

Domino or cascade processes were also attempted in continuous-flow systems which
gives the opportunity of convenient preparation of complex organic compounds [86,98-101].
In such systems several consecutive reactions with the ulterior transformation of functional
groups formed in a previous step may be performed by a single passage of the reactant
solution over a suitable catalyst bed. However, only one report was published until now on the
application of heterogeneous chiral catalyst to promote asymmetric cascade reactions in a
flow system [102]. In this study the authors used diarylprolinol trimethylsilyl ether
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immobilized on polystyrene resin as catalyst for the batch or flow preparation of optically
enriched cyclohexanone by a Michael-Knoevenagel cascade reaction. The chiral product was
subsequently reduced by NaBH, to obtain cyclohexanol derivatives with four chiral centres in

the molecule (Scheme 13).

=
SFScHo CO,Me CO,Me
+ catalyst NaBH,
—_— > .
R o) RY OH
Meooc\)J\/COOMe CO,Me CO,Me

Scheme 13. Enantioselective synthesis of cyclohexane derivatives by heterogeneous
cascade reaction in flow system [102].

These experimental results indicated that heterogeneous asymmetric domino or
cascade reactions are among the novel, modern, environmentally benign procedures, which
may assure the sustainable preparation of optically pure building blocks necessary in the
pharmaceutical industry. Accordingly, our aim was to develop a novel heterogeneous cascade
method for the enantioselective preparation of chiral tetrahydroquinolone derivatives using
supported Pt catalysts modified by cinchona alkaloids. The inspiration to begin this research
was given by the method described recently using unmodified PtO, as catalyst [33]. Having in
sight several characteristics of the enantioselective hydrogenation of activated ketones over
cinchona alkaloid modified Pt catalysts, such as the high enantioselectivities obtained and the
intrinsic feature of acceleration of the chiral hydrogenations we hoped that in this system the
asymmetric heterogeneous catalytic cascade reaction of 2-nitrophenylpyruvate derivatives
will afforded optically enriched 3-hydroxy-3,4-dihydroquinolin-2(1H)-one derivatives in
good yields and high enantioselectivities. We also planned to investigate this cascade reaction

both in batch and flow systems.
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3. EXPERIMENTAL
3.1 Materials and methods

Commercial 5% Pt/Al,O3 (Engelhard, 4759), with known properties [103,104] was
pre-treated in H, flow at 673 K before use. Cinchona alkaloids were purchased from Alfa
Aesar or Sigma-Aldrich or prepared by known procedures [105]. 2-Nitrophenylpyruvic acid,
2-nitrotoluene derivatives, diethyl oxalate and potassium tert-butoxide used for the
preparation of ethyl 2-nitrophenylpyruvates substituted in various positions were purchased
from Sigma-Aldrich. Analytical grade solvents and reagents were also purchased from Sigma-
Aldrich and were used as received.

Products resulted in preparative reactions and catalytic studies were identified by gas
chromatography coupled with mass spectroscopy (GC-MSD) using Agilent Techn. 6890N GC
- 5973 inert MSD equipped with HP-1IMS 60 m x 0.25 mm i.d. capillary column. Analysis
conditions were: oven temperature 100 °C for 10 min, 10 °C min™ to 200 °C and 200 °C for
100 min, head pressure 22 psi. The purified compounds were also identified by NMR
spectroscopy (*H and 3C) recorded on an AVANCE DRX 400 NMR instrument using
(CH3)4Si as internal standard in CDCl3 solvent. The chiral products resulted in the cascade
reactions were analysed using GC equipped with flame ionization detector (FID): Agilent
Techn. 6890N GC-FID. The enantiomeric separation was accomplished by using Cyclodex-B
30 m x 0.25 mm i.d. chiral capillary column. Optical rotation measurements were carried out

using Polamat A polarimeter in MeOH (c 1, 1 0.5, 4 546 nm).
3.2. Preparation of 2-nitrophenylpyruvic acid esters

Ten 2-nitrophenylpyruvic acid esters (1a-1j, see Figure 6) were prepared according to

literature procedures from commercially available materials.

6
5 COOEt

SY
4 NO,

3
R=1a: H
1b: 3-Me 1c:5-Me 1d: 6-Me
1e: 3-OMe 1f: 5-OMe 1g: 3-i-OPr
1h: 4-F 1i: 5-F 1j: 6-F

Figure 6. The structure of synthetized 2-nitrophenylpyruvates.
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Ethyl 2-nitrophenylpyruvate (1a) was prepared by esterification of 2-
nitrophenylpyruvic acid as follows. To 0.55 g (3.2 mmol) para-toluenesulfonic acid dissolved
in 100 cm® EtOH a solution of 3 g (14.3 mmol) 2-nitrophenylpyruvic acid dissolved in 50 cm®
EtOH was added. The solution was refluxed overnight, the solvent was evaporated, and the
oily residue was dissolved in 100 cm?® diethyl ether, washed twice with 10% Na,CO; solution,
once with brine and dried over Na,SO,. The ether was evaporated to give ethyl 2-
nitrophenylpyruvate as a pale yellow oil which according to *H NMR, GC-MSD and GC-FID
analysis was of over 97% purity and was used without further purification; yield: 3.26 ¢
(96%).

Substituted 2-nitrophenylpyruvates (1b-1j) were prepared by a literature method
according to Scheme 14 [33].

Me +KO'B COOEt COOEt
u
R . ?ooa R +NH,Cl |
COOEt EtO OK > le}
NO, NO, NO

2

Scheme 14. Preparation of substituted 2-nitrophenylpyruvates.

In a typical reaction to a vigorously stirred suspension of 9 g (80 mmol) KO'Bu in 200
cm?® diethyl ether, 11 cm® (80 mmol) diethyl oxalate was added followed after 10 min stirring
by dropwise addition of 80 mmol of the corresponding 2-nitrotoluene derivative. The
suspension was stirred at room temperature for 24 - 48 h. The reaction was quenched by
addition of 150 cm?® saturated NH,CI solution, the ethereal solution was separated, the
aqueous phase was washed with 2 x 100 cm?® ethyl acetate and the combined organic phases
were dried overnight over Na;SO4. The solvents were removed by evaporation and the 2-
nitrophenylpyruvates 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. The preparation of a few derivatives was carried out only

on a 40 mmol scale.
3.3. Typical procedure of the asymmetric catalytic cascade reaction

The cascade reactions were carried out using a stainless steel high-pressure autoclave
equipped with a glass tube of 45 cm® and two gas inlets (Figure 7). The reaction slurry was

stirred magnetically at 1000 rpm. In a typical reaction the given amount of catalyst was
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suspended in 5 cm® of the corresponding solvent followed by addition of the modifier and the
2-nitrophenylpyruvate derivative. The tube was placed in the autoclave, flushed with H; five
times and pressurized to the desired H; pressure.

Figure 7. Stainless steel high-pressure autoclave.

The reaction was commenced by stirring the slurry. After the given reaction time the
catalyst was filtered and washed twice with 3 cm® solvent and the unified solutions were
analysed by GC-MSD for product identification and by GC-FID using a chiral capillary
column. Based on the later analysis conversions, selectivities and enantiomeric excesses (ee)
were calculated with the formula:

Conversion (%) = 100 x Zc(P;)/co;

Sel(P;) (%) = 100 x c(P;)/Zc(P));

ee(P;) (%) = 100 x [c(R-P;) — c(S-P;)]/[c(R-P;) + c(S-Py)],
where ,,Pi” is the corresponding product; ,,Co~ IS the initial concentration of the substrate; c(P;)
are the concentrations of products P; determenid by GC; Sel(P;) are the selectivities of
products P;; c(R-P;) and ¢(S-P;) are the concentrations of P; product enantiomers.

Following product analysis, the hydroquinolone derivatives were isolated by flash
chromatography using petroleum ether/ethyl acetate eluent (4/1 - 2/1) for determination of
isolated yields, characterization by NMR spectroscopy and determination of the sign of the
optical rotations. Based on the stereochemistry of the hydrogenations of o-keto esters
investigated up to now over Pt modified by CD [42-45], we assumed that the use of alkaloids
from this series results in excess formation of the product enantiomer having R absolute

configuration. However, the configuration of the product was checked by reducing the
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purified product using LiAIH4 to 3-hydroxy-1,2,3,4-tetrahydroquinoline with known specific
rotation [106].

3.4. Hydrogenation procedure in flow system

The flow experiments were carried out using a H-Cube® continuous-flow
hydrogenation system, purchased from Thales Nanotechnology Inc. [107] equipped with a
high pressure pump (Knauer WellChrom HPLC-pump K-120). This apparatus includes a H;

generator and a cartridge used as a fixed-bed reactor, as shown in Figure 8.

. H-Cube

excess Hp

k10

H, generator
fixed-bed reactor

back- 1
pressure !
regulator,

1

product
solution

_______________________________

Collector

HPLC pump

1+CD
solution

Supplier

Figure 8. Scheme of the H-Cube® continuous-flow hydrogenation apparatus.

In a typical experiment the given amount of catalyst pre-treated at 673 K in H, flow
was placed in the tubular catalyst cartridge of 2 mm inner diameter and 30 mm length. The
catalyst was pre-hydrogenated in toluene flow under the given H; pressure for 30 min and
premodified with a flow of CD dissolved in toluene/AcOH mixture in presence of H, 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 give H, pressure at
room temperature. Samples were collected at regular time intervals and analysed similarly as

samples obtained in batch reactor.
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4. RESULT AND DISCUSSION

According to our aim based on the results published by Murakami and co-workers and
relying on the accumulated experience in the research group on using chirally modified metal
catalysts in the hydrogenation of various prochiral unsaturated compounds, we initiated a
study on applying such catalysts for the asymmetric preparation of 3-hydroxy-
hydroquinolones. These studies were commenced by using the ester without any additional
substituent, i.e. ethyl 2-nitrophenylpyruvate (1a), as test molecule, which according to the

above mentioned report may provide only satisfactory results in a racemic reaction [33].
4.1. Hydrogenation of 2-nitrophenylpyruvates in batch reactor

The product mixture resulted in the reaction of 1 over Pt/Al,O3; modified by CD four
compounds were identified, as shown in Scheme 15. According to the Reissert indole
synthesis, the corresponding indole (3) and oxindole (2) derivatives formed by complete or
partial reduction of the nitro group to amino or aminohydroxyl groups and condensation of
these with the keto group. The unmodified Pt/Al,O3 catalyst provided a product mixture
containing N-hydroxyindole (2) as the most abundant component (60%), which is formed by
cyclization of the partially reduced hydroxylamine intermediate [108]. The presence of CD
increased the amount of our target product, i.e. the 3-hydroxy-3,4-dihydroquinolin-2(1H)-one
derivate (5) from 10% to 36% in the reaction of 1a. In the reaction mixture we also identified
the amino-alcohol derivate (4), which remained due to incomplete cyclization to 5. Both
chiral products were formed in identical, but low ee (44% in the reaction of 1a).

~©f\>—cooa + R~©\/\>~COOEt
COOEt.
R | 2 (2) OH
O PUA|203
NO, + COOEt + OH
NH; N Xo
(4) (5)

Scheme 15. Products formed in the asymmetric catalytic cascade reaction
of 2-nitrophenylpyruvates over Pt/Al,O;.



According to these initial results, similarly as pointed out by Murakami and co-
workers [33], the preparation of the hydroquinoline derivatives was possible over supported
Pt catalyst, moreover chiral modification by cinchona alkaloids increased the selectivity of the
desired product 5. Although, low ee was obtained in this preliminary study the ee value
exceeded the one reported in the hydrogenation of activated benzyl ketones over Pt modified
by CD [109]. Thus, based on both the selectivity and the ee obtained, we thought worth
studying the effect of the reaction conditions for finding possibilities of increasing these

values in this novel asymmetric cascade reaction.

4.1.1. Solvent effect

The solvent may have a significant effect on the hydrogenation rate of the functional
groups, as well as on the ee obtained in the hydrogenation of activated ketones over Pt
catalysts modified by cinchona alkaloids [42-45]. Accordingly, initially we have studied the
effect of different solvents on the reaction out-come. In the report of Murakami and co-
workers higher 3-hydroxy-3,4-dihydroquinolin-2(1H)-one yields were obtained in reactions of
2-nitrophenylpyruvates substituted next to the nitro group on the phenyl ring [33]. This was
explained by steric reasons, namely, the adjacent substituent decreases the reduction rate of
the nitro group. Thus, in our studies on the effect of the reaction conditions besides non-
substituted l1a the 3-methyl substituted 1b (ethyl 2-nitro-3-methylphenylpyruvate) was also
used. Results obtained in various solvents are summarized in Table 1.

In several polar protic and aprotic solvents good over 50% 5a selectivities were
obtained. It is known that toluene (T) and acetic acid (AcOH), and their mixtures are the best
performing and most often used in the enantioselective hydrogenation of a-keto esters over Pt
catalysts modified with cinchona alkaloids [42-45]. Therefore, we decided to investigate the
reaction in T and T with addition of small amount of AcOH, which was used because of low
solubility of some products in pure T. On the other hand, the indole (3) selectivity increased
to 38% in pure AcOH (not shown in Table 1). The best enantioselectivities were obtained in
these solvent mixtures in the reaction of both test compounds (up to 75%). However, the
examined la and 1b compounds showed different behaviours, the best selectivities and ee
values were obtained under slightly different reaction conditions in the reaction of the two
compounds. Thus, the reaction of 1a was most efficient in 10 vol% AcOH containing mixture,
in contrast to the reaction of 1b, in which the best results (Sel(5b) 92% and ee 72%) were

obtained in a mixture containing only 2 vol% AcOH.
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Table 1. Solvent effect on the selectivities and ee obtained in the reaction of 1a; 1b over
Pt/Al,0; modified by €D."

COOEt * 4OH
OI %;O: N—cooEt .
NO, N N o
R R R

R=H (1a); CH; (1b) 3aor3b 4aor 4b 5a or 5b
Entry Solvent Sel(3a); (3b) Sel(4a); (4b) ee(4a); (A4b)  Sel(5a); (5b) ee(5a); (5b)
1. MeOH 36; 2 8; 40 44; 35 36; 49 44; 35
2. 2-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. T Pl bl 70 - 72 bl 29 - 72
7. T+ACOH (9/1) 10; 2 9; 20 74; 70 53; 77 75; 71
8.l T+AcOH (9/1) 17; 10 5; <1 76; nd 54; 89 75; 72
9. T+AcOH (49/1) 22;3 3;3 60; 72 32; 92 56; 72

ol Reaction conditions: 50 mg catalyst, 5 cm’ solvent, CD concentration 2 mM, 1a or 1b concentration 80 mM, 4
MPa H, pressure, room temperature, 3h, complete transformation of 1a or 1b. Results are given in (%).

[P] Reproducibility problems due to low solubility of the products in this solvent.

[l Reactions over 100 mg catalyst using 4 mM CD concentration and 2 h reaction time.

4.1.2. Influence of the AcOH and catalyst amount.

Due to the important role of AcOH in determining the selectivities and ee obtained in
the cascade reaction, the effect of the AcOH amount was investigated in more detail. Results
obtained in the reaction of 1b are showed in Figure 9. Complete conversion of 1b was always
obtained under these experimental conditions. A small increase in the ee was obtained by
increasing the amount of AcOH up to 5 vol%; however, the ee values did not change
considerably when the AcOH content of the solvent was further increased. The selectivities
obtained indicated that the presence of the acid promotes cyclization shown by the obtained
amount of 3b without addition of AcOH. The acid also has an accelerating effect on the
reduction of the nitro group, as indicated by the selectivity for 4b. On the basis of these

results, 2 vol% AcOH was sufficient to obtain the best 5b selectivity and enantioselectivity.
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Figure 9. Effect of the AcOH amount on the

Sel(4b) Sel(3b) product selectivities and ee in the reaction of

1b.
0 ’ * & Reaction conditions: 100 mg Pt/Al,O3, 5 cm’ of
0 5 10 15 20 solvent, c(CD) 4 mM, c(1b) 80 mM, p H, 4 MPa,
AcOH amount in toluene (VOI%) 25 OC, 3h, fU“ conversion Of 1b.

The next experiments were designed to investigate the role of the catalyst in the
individual steps of the cascade reaction. We have used the above solvent mixture, and focused
on examining the effect of the catalyst amount while keeping the CD/surface Pt ratio constant
at 2.89 (the Pt dispersion according to literature data is 0.27 [110]).

As shown in Figure 10 over small amounts of catalyst (10 or 30 mg) both reducible
groups (C=0 and NO,) were completely hydrogenated and the main products were 4b and 5b
even when 1b was not completely transformed. Over the whole range of the catalyst amount,
the indole (3b) selectivity was low. The ee values of the two chiral compounds 4b and 5b
were within the limit of the determination error. Over lower than 50 mg catalyst when the
conversion of 1b wasn’t complete a significant decrease in the ee of 5b was detected. This
decrease was probably due to lower CD concentration, which may diminish the ee even when
the CD/surface Pt ratio is kept constant, as effect of the dilution effect; thus, a higher ratio of

surface sites is available for the racemic hydrogenation of the strongly adsorbing 1 [111,112].

100 - (5b)
(%)
80 -

60 -

40 1 Figure 10. Effect of the catalyst amount

on the product composition and ee in the
reaction of 1b.

Reaction conditions: Pt/Al,O; catalyst, 5 cm’®
toluene with 2 vol% AcOH, 2 x 10" mmol CD/g
catalyst, c(1b) 80 mM, p H, 4 MPa, 25 °C, 3h.

20 A

0 20 40 60 80 100
Pt/Al,0; amount (mg)
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Although the effect of diffusion on the two reduction steps is difficult to examine due
to fast competitive occurrence of these steps, the constant ee over larger amounts of catalyst (
over 50 mg) is indicative of enantioselective hydrogenation without hydrogen diffusion
limitation; otherwise, a decrease in ee would be observed [113]. We also mention that once
formed, the chiral centre is not further affected in the successive transformations; thus, the
obtained ee values cannot provide further information on the kinetics of the following steps.
However, an increase in the amount of 5b at the expense of 4b over a larger catalyst amount

showed that the intramolecular amidation took place on the catalyst surface.

4.1.3. Effect of the catalyst support

According to the above results the final step of the cascade reaction, i.e. the
intramolecular amidation, maybe catalysed by acids in liquid phase or may also occur on the
catalyst surface following the consumption of 1b. Hence, we examined the possible
involvement of the catalyst support in the final cyclization, as the support may have acidic
character, similar to the Pd catalyst supported over y-Al,O3 of the same origin [114]. In order
to study the role of the support, the reaction was carried out over Pt deposited on different
supports, including a Lewis and Brensted acidic clay (montmorillonite K-10) or Brensted

acidic Nafion® SAC-13. Results obtained are summarized in Table 2.

Table 2. Influence of catalyst support on the reaction of 1b."

Entry Catalyst (mg) Sel(4b) (%) Sel(5b) (%) ee(5b) (%)
1 5% Pt/Al,O3 (50) 20 77 71
2 5% Pt/Al,03 (100) 6 90 76
3 5% Pt/C (100) <1 71 36
4 10% Pt/C (50) <1 77 36
5. 3% Pt/SiO, (100) 29 68 36
6 PtO, (50) <1 88 24
7 5% Pt/K-10 (100) 65 3 10
8 5% Pt/SAC-13 (50) 95 3 23
9. 5% Pt/AlLO; (50) + SAC-13 (50) 57 42 59

2l Reaction conditions: given amount of catalyst, 5 cm?® toluene with 2 vol% AcOH, 2 x 10" mmol
CD/g catalyst, c(1b) 80 mM, p H, 4 MPa, 25 °C, 3h, complete transformation of 1b.
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Large variations in enantioselectivities were obtained over the tested catalysts. The
best values were attained over Pt/Al,O3, whereas the worst with Pt supported over solid acids.
Although the enantioselectivity is strongly influenced by the particle size and the morphology
of Pt [44,115], the decrease in ee observed after addition of Nafion® SAC-13 to the mixture
using Pt/Al,O3 indicated that a significant part of the modifier was bonded to the acidic
material surface, impeding its adsorption on the metal. The selectivity of the quinolone 5b
was very low over catalysts using acidic supports, whereas good selectivities were obtained
over carbon or silica supported catalysts or even over in situ reduced PtO,. Accordingly, the
support was not required to obtain the cyclic compound 5b. The high 4b selectivities observed
after addition of acidic material to the Pt/Al,O3 containing slurry indicate an unfavourable
effect of such materials on the cyclization. Thus, one may exclude the cyclization of 4b to 5b
over the acidic support and consequently over Al,Os, and at this point we suggested that this
final step also proceeds on the metal surface. This suggestion is also supported by known
literature procedures, in which such lactams are prepared in neutral solvents by intramolecular
amidation of esters with in-situ formed amino groups [32,33,116]. The significant effect of
the support characteristics observed in this reaction may be attributed to the electronic charge
transfer that occurred between metal and support, as was suggested to be the reason for the

selectivities obtained in the competitive hydrogenation of different functional groups [117].
4.1.4. Influence of the H, pressure

Confirmation of the suggestion that all three steps of the cascade reaction proceed over
the Pt particles covered by chemisorbed hydrogen was obtained from studies on the effect of

H, pressure on the product formation shown in Figure 11.

100 -~

(%) -G Gt S .
%0 _lé Sel(5b)

60 - ee(5b)

401 Figure 11. Effect of the H, pressure on the
reaction of 1b.

20 g Reaction conditions: 50 mg Pt/Al,O3, 3 h (solid line)

Sel(4b) or 100 mg Pt/Al,0s, 2 h (dotted line), 5 cm’ toluene

) with 2 vol% AcOH, 2 x 10 mmol CD/g catalyst,
0 1 2 3 4 5 & ¢(1b) 80 mM, 25°C, complete conversion of 1b.
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The best results were obtained under 1 MPa H; pressure. The increase in pressure over
this value resulted in an increase in the selectivity of the unreacted 4b and a decrease in
quinolone 5b selectivity. Similarly, under pressures over 1 MPa the ee also slightly decreased
by increasing the pressure, as observed in enantioselective hydrogenations of activated
ketones [115]. The most plausible explanation for the decrease in ee is the consumption of the
modifier by hydrogenation of the anchoring quinoline moiety of the cinchona alkaloid,
resulting in formation of partially hydrogenated cinchonidine derivatives with lower
enantiodifferentiating ability [118]. Considering that the selectivity for 5b followed the same
trend as that of ee as a function of H, pressure, one may speculate that the cyclization is also
unfavourably affected by the hydrogenation of CD. Possible interaction of 4b with partially
hydrogenated CD on the Pt surface may decrease the cyclization rate by faster desorption of
these molecules and may lead to higher concentration of the amino-alcohol product in the
mixture following identical reaction time. Although this supposition should be verified in
future experiments, if confirmed, these results support the assumption of the third step taking
place on the Pt surface.

The selectivities obtained under low H, pressure (0.1 MPa) also worth discussing. The
high amount of 4b detected in the reaction mixture should be due to low rates of the first two
steps; thus, the third cyclization step of the cascade reaction was not complete following the
given reaction time. This may also explain the low 5b selectivities obtained over home-made
Pt/K 10 and Pt/SAC-13, which could have the same origin. These catalysts are probably less
active in the reduction steps as compared with the commercial catalysts. Accordingly, the
third step over these materials was not complete after identical reaction times as was used in

experiments over commercial catalysts.

4.1.5. Effect of the modifier structure and concentration

Further increase of the selectivity and optical purity of the desired hydroquinolone
derivatives was obtained by altering the structure of the modifier as shown in Figure 12. The
best result was obtained using dHMCD (dihydrocinchonidine methyl ether) as modifier,
although cinchona alkaloid methyl ethers provided better results as compared with the parent
alkaloids in both cinchona series (C®S-C°R and C®R-C®S). Based on the stereochemistry of the
hydrogenations of o-keto esters investigated up to now over Pt modified by CD [42-
45,119,120] we supposed 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 the product
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formed in the cascade reaction of ethyl 2-nitrophenylpyruvate with LiAlH, to 3-hydroxy-
1,2,3,4-tetrahydroquinoline with known specific rotation [106]. The S product enantiomers
were obtained by using cinchonine (CN) and its derivatives, however, in lower selectivities

and enantioselectivities as compared with the alkaloids from the CD series.

CD MCcD dHMCD
(5a) 62%, ee = 81% (R) (5a) 60%, ee = 83% (R) (5a) 70%, ee = 90% (R)
(5b) 97%, ee = 80% (R) (5b) 94%, ee = 61% (R) (5b) 99%, ee = 82% (R) (5b) 99%, ee = 90% (R)

MCN
(5a) 45%, ee = 69% (S) (5a) 64%, ee = 82% (S)
(5b) 93%, ee = 61% (S) (5b) 99%, ee = 70% (S)

Figure 12. Selectivities and ees of 3-hydroxy-3,4-dihidroquinolin-2(1H)-ones obtained
in reactions of 1a and 1b using various cinchona alkaloids as modifiers.

Reaction conditions: ¢(1) 80 mM, 1 MPa H, pressure, 25°C; in reactions of 1a: 50 mg Pt/Al,O3, 5 cm?
toluene with 10 vol% AcOH, c(modifier) 2 mM, 3h; of 1b: 100 mg Pt/Al,0;, 5 cm? toluene with 2 vol%
AcOH, c(modifier) 4 mM, 2h.

A study on the modifier concentration effect in the reaction of 1b showed the highest
5b selectivity at 4 mM CD concentration (Figure 13). However, the side products resulted at
low and high CD concentrations differed, namely, 2b and 4b, respectively. This phenomenon
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 amount,
the intramolecular amidation proceeds with lower rate, due to the smaller number of available
active sites and the selectivity of 4b increases. The latter observation shows that the final step
of the cascade reaction occurs on the catalyst surface either immediately after the
enantioselective 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.
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Figure 13. Effect of CD concentration on the
reaction of 1b.
Reaction conditions: 100 mg Pt/Al,O3, 5 cm’ toluene
——— —&  with 2 vol% AcOH, c(1b) 80 mM, 1 MPa H, pressure,
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Figure 14. Effect of CD concentration on the
reaction of 1b.
o0 4 . - ISeI(3Ib) A Reaction conditions: 50 mg Pt/Al,O3, 5 cm® toluene

0 2 4 6 8 10 12 14 16 18 20 with 2 vol% AcOH, C(lb) 80 mM, 1 MPa H, pressure,
c(cp) (mm)  25°C, 3 h, complete conversion of 1b.

20 A

Spontaneous cyclization was reported to occur during the enantioselective
hydrogenation of 2-oxoglutaric acid over Pt [121]. Data obtained over lower catalyst amounts
are presented in Figure 14. These results showed better the tendencies visible in the previous
figure, due to amplification of the CD concentration effect by increasing the modifier/catalyst
ratio.

An increase in the modifier coverage by increasing the CD concentration up to 2 mM
caused a shift of the reaction pathway from the partial formation of 3b to the exclusive
formation of 5b, whereas a further increase in the concentration of CD resulted in a gradual
decrease in the hydroquinolone (5b) selectivity and the formation of increasing amounts of
amino-alcohol (4b). The ee value also increased up to 2 mM c¢(CD) followed by constant
values upon further increasing the concentration of CD. It should be mentioned that in these
experiments the ee of 4b (not shown in the Figure 14) was always equal or very close to the

ee of 5b. Based on these results one may reach to the conclusion that the presence of CD
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hindered the fast reduction of the nitro group and the formation of indole. However, the
adsorbed modifier also hindered the cyclization step over a certain CD concentration.
Although, one may speculate that this could occur due to alterations in the adsorption mode of
the cinchona alkaloids as a function of coverage [122-124], the most plausible explanation is
that for the adsorption of the intermediate product 4b in order to obtain 5b, the surface of the
metal should be only partially covered by the modifier. This confirms that it is highly
probable that cyclization occurs on the metal surface, as was suggested previously.

4.1.6. Effect of the substrate concentration and structure

The effect of the 2-nitrophenylpyruvate 1b concentration on the product selectivities

and the ee of 5b is presented in Figure 15.

100
(%)
80 -

Sel(5b)
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Figure 15. Effect of 1b initial concentration on

Sel(4b) the reaction.
0 ° Z S 4 . , Reaction conditions: 100 mg Pt/Al,O3, 5 cm®
0 40 80 120 160  toluene with 2 vol% AcOH, ¢(CD) 4 mM, 1 MPa H,
Co(1b) (mM) pressure, 25°C, 2 h, complete conversion of 1b.

Up to 80 mM cy(1b) an almost exclusive formation of hydroquinolone was detected,
however, over this concentration cyclization was not complete and the intermediate 4b was
also detected in the product mixture. As the reduction steps were complete in these
experiments, even when the highest co(1b) was used, product selectivities were governed by
the cyclization rate of amino-alcohol 4b. Thus, under these conditions, the enantioselective
hydrogenation and the reduction of the nitro group, the first two steps of the cascade, occurred
without desorption of partially reduced intermediates even at a ratio of 8 mmol of substrate
per gram of catalyst (corresponding to the highest initial concentration used in our
experiments). The decrease in 5b selectivity over a certain co(1b) (80 mM) showed that the
cyclization rate was not influenced significantly by the co(1b) and longer reaction times are

necessary for the complete transformation of larger amounts of 4b to 5b.
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The 3-methyl-substituted ethyl 2-nitrophenylpyruvate (1b) was chosen as test
substrate for these examinations on the basis of results obtained over unmodified Pt [33] and
our preliminary experiments. The 3-methyl substituent was suggested to hinder to some extent
the reduction of the nitro group, which altered the ratio of the —C=0 hydrogenation/-NO,
group reduction rates. Accordingly, the position of the methyl substituent may affect the
reactivity of the functional groups, especially that of the -NO, group bonded to the phenyl
ring, by change the adsorption strength and mode of the substrate to the metal surface. This
was the reason of carrying out a study on the influence of the position of the methyl
substituent, evidenced by comparison of results obtained under identical conditions in the
reaction of the three methyl derivatives (1b, 1c, 1d) and the compound lacking a methyl

substituent on the phenyl ring (1a). Results obtained are summarized in Table 3.

Table 3. Influence of the methy substituent position on the asymmetric cascade reaction of
2-nitrophenylpyruvates.®

Entry  Substrate Sel(3a-3d) Sel(4a-4d) Sel(5a-5d) ee(5a-5d)
COOEt
,
(0]
1 NO, 1a 20 1 55 80
COOEt
|
2.0
3 NO,
2 Me 1b 2 <1 97 80
Me COOEt
5 |
O
3 2 NGO, 1c 20 1 65 52

5 COOEt
|
o)
2 NO,

e Reaction conditions: 100 mg Pt/Al,03, 5 cm’ toluene with 2 vol% AcOH, ¢(CD) 4 mM, cy(1a-1d) 80 mM, 1 MPa
H, pressure, 25°C, 2h, complete transformation of 1a-1d. Results are given in (%).

4. 1d 45 8 35 79

Variations in the amount of indole derivatives (3a-3d) formed during the reactions
may be considered as an indication of the effect of the substituent on the reduction rate of the
—NO, group, considering that the methyl substituent has less effect on the rate of the
enantioselective hydrogenation of the —C=0 group. Accordingly, the data showed that the 3-
methyl substituent decelerated the reduction of the —-NO, group, whereas the substituent in
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position 5 has no influence when compared with the non-substituted compound 1a. On the
contrary, the methyl substituent in position 6 increased the selectivity for 3d. This may be
explained by tilting of the adsorbed substrate on the metal due to steric repulsions between the
methyl group and the surface, thus allowing easier interaction of the -NO, group with the Pt
and the chemisorbed hydrogen in the case of substrate 1d. The selectivities for the
hydroquinolone derivatives (5a-5d) increased in the presence of the methyl substituent in
positions 5 or 3; in the case of the latter, an almost exclusive formation of the target product
was obtained. Only in the reaction of the compound substituted in position 6 the amount of
hydroquinolone 5d decreased. It must be noted that very similar ee values were obtained with
the exception of the reaction of 1c, which may be ascribed to possible hindering of the CD-
substrate interaction on the surface by the methyl group in this position. However, this
assumption and the way the substituent in this later position influences the modifier-substrate
interaction must be determined by addition, future studies. One can also observe that under
these conditions only the reaction of 1d resulted in a significant amount of reduced uncycled
product (4d). A possible explanation of this effect is that the methyl group only in this
position hindered the re-adsorption of the amino-alcohol intermediate, which also confirmed
the previous suggestion that the cyclization also occurs on the metal surface.

Further the scope of this enantioselective heterogeneous cascade reaction was
investigated using a larger series of 2-nitrophenylpyruvate derivatives, which included besides
the previously studied methyl substituted compounds, also some alkoxy and fluorine
substituted derivatives. As this time the scope of the experiments was to evidence the scope of
the reaction, the measurements were carried out using the most efficient modifiers and under
several reaction conditions. The best results obtained in the experiments of each compound
are summarized in Table 4.

With the exception of compounds substituted on the phenyl ring in the position 5 (5f
and 5i), 3-hydroxy-3,4-dihydroquinolin-2(1H)-one derivatives were prepared in good ee
values. 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 (see entries 4 and 10). The effect of the substituent
position on the hydroguinolone yield was explained by the steric effect of these substituents,
namely their influence on the reduction rate of the nitro group. However, the anchoring effect
of the substituents, i.e. their interaction with the surface may also be partially responsible for
the obtained results. Lower yields were obtained generally with the fluorine substituted

derivatives, which may be explained by such anchoring effect.
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Table 4. Scope of the asymmetric heterogeneous catalytic cascade reaction.”

6 5

5 COOEt 4+ 1 MPa H,, PYAI,O; 6 R ,OH
R | modifier, /AcOH = R
4 : NOZO _EtOH o 7 NN
(1a-1j) (5a - 5j)

Entry Substrate R Reaction conditions Yield(5)® ee(5) (R)
1. la H 50 mg Pt/Al,O;, T + 10 vol% AcOH 65 90
2. 1b 3-Me 100 mg Pt/Al, 05, T + 2 vol% AcOH 97 90
3. 1c 5-Me 50 mg Pt/Al,O;, T + 10 vol% AcOH 88 86
4, 1d 6-Me 50 mg Pt/Al,O;, T + 10 vol% AcOH 55 89
5. le 3-OMe 50 mg Pt/Al,O3, T + 10 vol% AcOH 97 88
6. 1f 5-OMe 50 mg Pt/Al,O3, T + 10 vol% AcOH 75 69
7. 1g 3-OPr 100 mg Pt/Al,Os, T + 2 vol% AcOH 97 85
8. 1h 4-F 50 mg Pt/Al,O3, T + 10 vol% AcOH 50 82
9. 1i 5-F 100 mg Pt/Al,Os, T + 10 vol% AcOH' 55 68
10. 1] 6-F 100 mg Pt/Al,Os, T + 10 vol% AcOH' 35 90

@ Reaction conditions: 5 cm’ solvent, dHMCD 0.2 mmol g’1 catalyst, cy(1) 80 mM, 1 MPa H, pressure, room
temperature, 2-3h. Results are given in (%).
1 |solated yields of hydroquinolone derivatives. I ¢D was used as modifier.

4.1.7. Reaction pathways in the asymmetric heterogeneous catalytic cascade

According to the results of racemic reaction published by Murakami and co-workers it
is known that the cascade reaction studied here starts with the competitive hydrogenation of
the keto and nitro groups. For obtaining hydroquinolone derivative the activated keto group is
hydrogenated before or at least simultaneously with the reduction of the nitro group. The
initial either partial or complete reduction of the nitro group leads to concomitant
intramolecular cyclization by condensation with the keto group and formation of hydroxyl-
indole or indole derivative. Hence, the formation of the hydroquinolone derivative is possible
only if the keto group is not available, that is, is already transformed, by the time when the
nitro group reduction occurs.

The method developed by us using Pt catalysts modified by cinchona alkaloids was
efficient due to influencing the rates of the enantioselective hydrogenation and of the aromatic
nitro group reduction by modification of the Pt surface. Accordingly, the presence of the

modifier had double effect on the hydrogenation of 2-nitrophenylpyruvates, that is, induced
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enantioselectivity and increased the selectivity of the hydroquinolone by accelerating the
ketone hydrogenation concomitantly with decreasing the reduction rate of the nitro group.
Fortunately, the enantioselection was also improved in the cascade reactions, possibly by
participation of the nitro group in the interaction of the 2-nitrophenylpyruvates with the
surface chiral site, as shown by the much higher ee obtained in these reactions as compared
with the phenylpyruvic acid ethyl ester (up to 38% ee under identical conditions using CD
modifier). A further important aspect of the reaction over the modified catalyst is that all three
steps are taking place on the Pt surface, i.e. the final cyclization step of the cascade reaction
also occurs on the metal surface. According to these interpretations the possible reaction
pathways leading to the formation of the desired product and the side-products are shown in
Scheme 16.

A\ +H,, Pt
COOEt > A\
pathway hindered by the m TZO> . COOEt

. . o \
cinchona alkaloid modifier bH  Oxindole H Indole
/—Hzo /—HZO

0 +H, 0
—_—
+2H, COOEt | M0 COOEt
=g NH NH;
_0 H0 OH ads L __|ads
COOEt
NO, *Hz\

[ o] [ OH
OH +3H, OH —
W’ i COOEt
COOEt 2 COOEt NH,
N02 NHZ
. | L J ads B
-EtOH

slow

ads EtOH ¢ Amino-alcohol
pathway accelerated by the OH
cinchona alkaloid modifier @E\/[
N~ S0
H

3-Hydroxy-3,4-dihydroquinolin-2(1H)-one

Scheme 16. Reaction pathways in the developed asymmetric cascade reaction.
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4.2. Hydrogenation of 2-nitrophenylpyruvates in continuous flow system

Encouraged by numerous reports on successful enantioselective hydrogenations in
continuous-flow systems over modified catalysts [70-72,80,125,126], next we investigated the
developed asymmetric heterogeneous catalytic cascade reaction of 2-nitrophenylpyruvates to
optically enriched 3-hydroxy-3,4-dihydroquinolin-2(1H)-ones in a continuous-flow system
under flow conditions using a fixed-bed reactor. It is known that studies in continuous-flow
systems may help identifying the elementary steps of catalytic reactions [127]. Accordingly,
we also attempted to obtain new mechanistic details or confirmation of the suggestions based
on batch experiments using a flow system. Clarifying unknown mechanistic aspects of the
reaction may open the possibility of developing other efficient asymmetric catalytic cascades.

The reaction was studied using H-Cube® continuous-flow hydrogenation system
presented in Figure 8 [107]. This experimental set-up allows mixing the H, gas with the
solution of the reactant and modifier under a system pressure set by a back-pressure regulator
and passing the mixture through a catalyst bed. The system previously was thoroughly tested
in enantioselective hydrogenations over chirally modified metal catalysts in our research
group [71,80,125,126].

4.2.1. Effect of reaction conditions

Initial results obtained in the flow system using 1b as substrate are shown in Figure
16. The reaction was carried out using the solvent mixture, H, pressure, temperature, modifier
and substrate concentrations found appropriate for obtaining high conversions and excellent
5b selectivities in batch experiments. However, in contrast to results obtained in batch system,
under flow conditions only low (=20%) conversions were obtained. The lack of 3b 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 5b selectivities were
obtained, the main product was the amino-alcohol 4b. This confirmed that the final
cyclization step of the cascade occurs only at higher conversions of 1b, which was interpreted
by desorption and re-adsorption of 4b based on the results obtained in batch experiments. The
enantioselectivity of the keto group hydrogenation, i.e. the ee of 4b, was much lower as in
batch system (slightly less than 60%).
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According to these results the reaction conditions in flow system have to be changed
for obtaining higher conversions, which could be accompanied by higher 5b selectivities,
while keeping the rate of the nitro group reduction low, to avoid formation of the indole
derivative 3b. Hence, we have studied the effect of reaction conditions, found to be crucial in
batch experiments such as the H, 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 4b instead of 5b) even in batch system and increase
of the temperature could result in deteriorated ee values due to possible transformation of CD
in less efficient derivatives [118, 128], all the following studies were carried out at room
temperature. The effect of the H, pressure is shown in Figure 17. In this experiment the flow
rate and the concentration of 1b was also lower as compared with the previous experiment,

which could help to obtain higher conversions and presumably higher 5b selectivities.

100 1 Sel(4b) ]
(%) conversion - conversion
80 A o
ee(db) -§
60 < - aR— — R A e — 4
oo o 9o O——O0—0o0——0 4
i ee(5b)
40 1 1MPaH, |3| _ 4MPaH, cel(5h
<2 2l=< el(5b)
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b . Sel(3b)‘
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Time on stream (min) Recirculation time (min)

Figure 17. Hydrogen pressure effect and results obtained by recirculation
of the product mixture in H-Cube® system.

Reaction conditions: 360 mg Pt/Al,O; pre-hydrogenated in 0.3 cm’/min toluene under 4
MPa H, pressure 30 min; reaction in toluene with 2 vol% AcOH, ¢(CD) 4 mM, co(1b) 27
mM, 1 MPa H, pressure, flow rate 0.3 cm3/min, 25°C.

40



Under these conditions the conversion could be increased to over 70% under 4 MPa
H, pressure, which resulted in over 20% 5b selectivity. Unfortunately, under these conditions
the 3b selectivity also increased, though this value decreased during time on stream
concomitantly with increase in 4b selectivity. Thus, a change in the relative rates of the two
reduction steps occurred during time on stream in favour of the enantioselective
hydrogenation, which could be due to loss in activity 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 (4b and 5b) hardly exceeded 60%. Although, decreasing the
H, pressure to 1 MPa increased the ee up to 70%, both the conversion and the selectivity of
5b decreased. Because no full conversion and relatively low 5b selectivities were reached by
passing once the solution of the substrate through the catalyst bed, the resulting product
mixture was continuously recirculated over the catalyst (the supplier and collector was the
same vessel) under 4 MPa H pressure and the solution was analysed.

During the recirculation (see Figure 17) besides increase in the conversion to over
85% the selectivity of 4b slightly decreased and that of 5b increased. However, the increase
of the latter didn’t exceed the observed conversion increase. Accordingly, even if the
conversion was relatively high the transformation of the desorbed 4b to 5b didn’t occur, the
formation of 5b was probably due to instantaneous cyclization over the metal surface without
desorption of the reduced intermediate 4b. This could be the consequence of the progressively
decreasing 1b concentration in the solution. As effect 1b couldn’t replace the adsorbed
surface products at such a rate as at the beginning of the reaction. However, the significant
amount of 4b accumulated earlier in the product mixture confirmed our earlier proposal that
5b is formed mainly by desorption — re-adsorption pathway on the Pt surface following
complete consumption of 1b 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 conditions differ in batch and
continuous-flow system, it is understandable that in these two kinds of systems the two
pathways may contribute in different extent to the formation of 5b.

During the recirculation small decrease in the ee of 5b was also observed. The most
plausible reason of the ee decrease is the alteration of the enantio-differentiation ability of the
chiral surface, as a consequence of the transformation of CD by partial hydrogenation of the
quinoline moiety. This observation also answers the question what would happen if the

modifier feed is stopped, i.e. the ee would decrease gradually as the adsorbed modifier is
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transformed. However, beside a probable decrease in the ee, deterioration of the selectivities

are also expected to occur based on the multiple role of the cinchona modifier.
4.2.2 Reactions over catalyst pre-modified by cinchonidine

Next we tried to improve the results obtained in the flow system by pre-modifying the
catalyst with CD and using lower modifier concentration during the reaction, as the presence
of excess modifier during the reaction may also hinder the cyclization step. The solvent
composition was changed to toluene with 10 vol% AcOH during these experiments, whereas
the flow rate and the substrate concentration was further decreased. Representative results are
shown in Figure 18. Indeed, under such conditions high, over 90% conversions and around
40% 5b selectivities were reached. However, the formation of high amounts of 3b was also
detected.
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Figure 18. Results of cascade reaction of 1b over Pt/ 03 pre-modified by €D in
H-Cube® system.

Reaction conditions: 365 mg Pt/Al,O; prehydrogenated in 0.2 cm’/min toluene under 4
MPa H, pressure 30 min followed by pre-modification with CD solution in tolune with 10
vol% AcOH, ¢(CD) 5 mM, flow rate 0.2 cma/min, 4 MPa H, pressure, 30 min; reaction in
toluene with 10 vol% AcOH, ¢(CD) 1 mM, cy(1b) 20 mM, 4 MPa H, pressure, flow rate 0.2
cm’/min, 25°C.

Passing the product solution for the second time over the catalyst bed led to almost
complete disappearance of 1b and 4b from the mixture, resulting practically in a 1/1 mixture
of 5b and 3b. Increase in the enantioselectivity, as compared with the previously shown
results was also observed, however, the difference in the ee of 4b and 5b indicated that kinetic

resolution may occur during the cyclization step, which confirmed the involvement of the Pt
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surface in this final step. The second passage of the mixture increased the 5b selectivity
together with slightly decreasing the ee of this compound. Thus, this experiment clearly
showed that at complete conversion of 1b the desorbed 4b is transformed to 5b. The ee
decrease may be explained as discussed in the previous subsection, i.e. by the transformation
of CD. 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 5b by further changing the reaction conditions are summarized in Table
5. The substrate concentration was kept at the value used in the previous experiment, as this
concentration already allowed high conversions and low 4b selectivities. Based on results
obtained in batch system decrease under a certain value of the substrate concentration had no
effect on the 5b selectivity and ee. However, under flow conditions such change could lead to
increase in 3b selectivity, as shown by the relatively high 3b amount obtained in the

experiment shown in Figure 18.

Table 5. Effect of the reaction conditions on the transformation of 1b in continuous-flow system
over Pt/Al,O; pre-modified by CD."!

Entry Flow c(CD) pH, Conv.  Sel(4b), Sel(3b) Sel(5h), Yield(5b)
rate®  (mM)  (MPa) (%)'?  ee(db) (%) (%) ee(5b) (%)  (mmol)
1. 0.2 1 4 9142 1342, 85 46+3 43+2,77 0.18
2. 02 1 4 9242  10+2, 80 5043 38+2, 68 0.16
3. 0.2 2 4 88+2  30%2,81 3443 3642, 72 0.15
4. 0.1 2 4 94+2  17+3,80 4042 4342, 72 0.09
5. 0.2 2 6 98+1 441,78 4612 4942, 73 0.22
6. 0.5 2 6 80+2  45+2,80 3042 2342, 72 0.22
7.1 4 1 100 <1 2 97+1, 80 0.38

tal Catalyst: 360 + 20 mg Pt/Al,O3, pre-hydrogenation in toluene under the given H, pressure 30 min followed by pre-
treatment with 5 mM CD solution in toluene with 10 vol% AcOH for 30 min using the given flow rate and H,
pressure. Reaction conditions: toluene with 10 vol% AcOH, cy(1b) 20 mM, room temperature, results obtained
after 30 min time on stream.

Flow rate in cm®/min. [ Conversion. [d] Yield of 5b obtained in 2 h. ) reaction in Toluene with 20 vol% AcOH.

M Results obtained in batch system.

[b]

Although high conversions were reached in most of these attempts summarized in
Table 5, the products contained high amounts of side-products such as 4b and 3b, unlike in

the reaction carried out in batch reactor (entry 7). Thus, one of the most significant advantage
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of using heterogeneous catalyst in a flow system was diminished as the hydroquinolone
derivative 5b had to be purified by flash chromatography, unlike using batch setup, where this
product was obtained in satisfactory purity following the removal the modifier and solvent.
Due to the low hydroquinolone selectivity, the yield of 5b 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. Interestingly, the enantioselectivity of the amino-
hydroxyester 4b was higher in all these experiments as compared with 5b, which indicated a
slight kinetic resolution during cyclization, unlike in batch system. 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 hydroquinolone 5b either by tuning the reaction condition or by designing
special catalysts for use under flow conditions.

In conclusion we developed the first heterogeneous catalytic asymmetric cascade
reaction for the efficient synthesis of hydroquinolone derivatives starting from 2-
nitrophenylpyruvates in high yields and good enantioselectivities. 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.
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5. SUMMARY

We have developed a novel method for the enantioselective preparation of chiral
hydroquinolone derivatives using supported Pt catalysts modified by cinchona alkaloids. The
asymmetric heterogeneous catalytic cascade reaction of a 2-nitrophenylpyruvate derivatives
afforded (R)-3-hydroxy-3,4-dihydroquinolin-2(1H)-one derivatives in good yields and high
enantioselectivities when cinchonidine or its methyl ethers were used as chiral modifier. It
was shown that the cascade leading to these products started with the enantioselective

hydrogenation of the activated keto group, followed by the reduction of the nitro group and

finally the intramolecular amidation, all three steps occurring on the Pt surface, according to

COOEt
N

Scheme 17.

(4b)

\ high conversions
following complete conversion of 1b R_OH
04

(Sb)

Scheme 17. Steps of the studied asymmetric heterogeneous catalytic reaction.
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This method is based on influencing the rates of the two competitive steps, the
enantioselective hydrogenation of the activated keto group and the aromatic nitro group
reduction. According to the Reissert indole synthesis these compounds provide indole
derivatives, which are formed by cyclization of the amino group resulted by reduction of the
nitro group and the keto group. However, the main products in our reactions were the
corresponding hydrogenated amino-alcohol derivative (4) and the hydroquinolone (5)
derivate, according to Scheme 17.

We found that tuning the reaction conditions has a major influence on the product
composition, as the enantioselective hydrogenation and the reduction of the nitro group are
competing reactions, both catalysed on the Pt surface. Substituents on the aromatic ring have
important influence on the hydroquinolone yields, which was explained by their effect on the
reduction rate of the nitro group. It was demonstrated, that the final cyclization step of the
cascade reaction occurs on the catalyst, i.e. metal surface. The effect of the substrate
concentration indicated, that the reaction proceeded without desorption of the partially
reduced intermediates between the steps. Results of examining the influence of the catalyst
amount indicated that the third and final step of the reaction also proceeded on the catalyst.
The latter conclusion was supported by the influence of H, pressure, modifier and substrate
concentrations on the selectivities of the products. The accumulation of the intermediate 4b in
the reaction mixture showed that the cyclization takes place on the Pt surface following
desorption and re-adsorption of this intermediate. Eventually, it was concluded that all three
steps of this unique cascade reaction, which leads to optically enriched N-heterocyclic
compounds, take place on the Pt surface.

We have investigated the possibility of carrying out the reaction in a continuous-flow
system using a fixed-bed reactor filled with Pt/Al,O; modified by cinchonidine. However, the
high selectivities and enantioselectivities of the main (R)-3-hydroxy-3,4-dihydroquinolin-
2(1H)-one products obtained in batch reactor were not achieved, due to perturbed rate balance
of the first two competitive steps. Pre-modification of the Pt/Al,O3 catalyst with the cinchona
modifier enhanced the product selectivity, whereas recirculation of the product mixture
besides increasing the conversion and selectivity, didn’t cause a drastic change in ee.

This study highlighted, that 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 advantageous optically pure N-heterocyclic

compounds.
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