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From the Contents

one of the most efficient ways to synthesize optically active

compounds, and, accordingly, many chiral catalysts for these reactions
have been developed in the past two decades. However, the efficiency

of the catalysts in terms of turnover number (TON) is often lower than

that of some other reactions, such as asymmetric hydrogenation, and
this has been one of the obstacles for industrial applications. Although
there are some difficulties in increasing the efficiency, the issues might
be solved by using continuous flow in the presence of chiral hetero-
geneous catalysts. Indeed, continuous-flow systems have several

advantages over conventional batch systems. Here we summarize the

recent progress in asymmetric C—C bond-forming reactions under

continuous-flow conditions with chiral heterogeneous catalysts.

1. Introduction

Continuous-flow systems have several advantages over
conventional batch systems.? Significant space, time, and
energy are saved by using continuous-flow systems. Scale-up
is also easy by increasing the column size or number of
columns (numbering-up). Moreover, unique reactivities and
selectivities are sometimes observed under continuous-flow
conditions. As a result of the outflow of products, over-
reactions are avoided, and pseudostoichiometric catalyst/
substrate conditions in continuous-flow systems can increase
the reactivity and selectivity. The separation of catalysts and
products is very easy when heterogeneous catalysts are
packed in continuous-flow columns.

Asymmetric catalysis is a major field in organic synthesis,
and many enantioselective reactions based on chiral catalysts
have been developed.’ Among them, catalytic asymmetric
carbon—carbon bond-forming reactions, which can construct
basic carbon skeletons of target molecules, provide one of the
most efficient ways to synthesize optically active compounds
such as pharmaceuticals, liquid crystals, and agrochemicals.
Through this catalytic process, the desired optically active
compounds are obtained by using small amounts of chiral
sources, and, accordingly, many chiral catalysts for asymmet-
ric C—C bond-forming reactions have been developed over
the past two decades.”™ However, the efficiency of the
catalysts is often lower than that of some other reactions, such
as asymmetric hydrogenation.”*®” For example, the turnover
number (TON) is an index for evaluating the efficiency of
catalysts, and the development of a catalyst with a high TON
is a key factor for industrial applications. Although high
TONSs have been attained for some asymmetric hydrogena-
tions,® the TONSs of asymmetric C—C bond-forming reactions
are generally lower.®

Fast catalytic cycles are required for the catalysts to be
highly efficient.”! Moreover, the issue of catalyst destruction
must be addressed. Although many chiral catalysts have been
developed, most catalysts are not stable in air and/or
moisture, and hence most reactions must be carried out
under strictly anhydrous conditions.”! The development of
robust catalysts that are tolerant to both water and oxygen is
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required so as to prevent destruction of the catalyst. Another
issue to be addressed, and probably the most serious, in order
to obtain high catalyst efficiency is product inhibition.
Scheme 1 shows typical 1,2-additions of carbonyl compounds
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Scheme 1. Possible product inhibition.

(aldol and Mannich reactions). The reactions are catalyzed by
chiral metal/metalloid Lewis acids/bases or organocatalysts to
afford optically active products. Ideally, in these reactions, the
catalysts interact with the starting carbonyl compounds
through covalent bonds or coordinate bonds. The problem
is that the products also have carbonyl groups, which may
interact with the chiral catalysts. The interactions depend on
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steric and electronic factors; however, these product inhib-
itions cannot be avoided in these systems. On the other hand,
if the inhibition occurs under coordination equilibrium, the
issue might be solved by using continuous flow with chiral
heterogeneous catalysts, because the products are automati-
cally separated from the chiral catalysts in continuous-flow
systems.

This Review describes studies on asymmetric C—C bond
formation under continuous-flow conditions in the presence
of chiral heterogeneous catalysts (Figure 1).' Continuous
flow with chiral homogeneous catalysts!""! will not be dis-
cussed.

Continuous
Flow

7\

Asymmetric Heterogeneous
Catalysis Catalyst

Figure 1. The “magic triangle” in asymmetric continuous-flow
reactions.

2. Early Continuous-Flow Systems

Early studies on continuous-flow systems did not use
pumps, such as peristaltic, syringe, or plunger pumps. The
reactions were conducted under atmosphere pressure as
a kind of gravity filtration. In this case, the system consisted of
a column and a dropping funnel, so the systems were simple
and easy to handle. However, these systems had disadvan-
tages in terms of the temporal and spatial efficiencies of the
system. The product amount per hour could not be increased.
In addition, the solution eluted from the bottom of the
column could not be recycled to the top of the column and
reenter the column to allow any remaining starting substrates
to react.

Itsuno et al.l'"” reported the ethylation™'! of p-chloro-
benzaldehyde to form an optically active alcohol by using
a cross-linked, polystyrene-based, polymer-supported chiral
amino alcohol catalyst 1 (Scheme 2b). In this ethylation,
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Scheme 2. Ethylation of p-chlorobenzaldehyde in the presence of
diethylzinc.

diethylzinc and p-chlorobenzaldehyde were added slowly to
an ice-cooled, jacketed column containing insoluble polymer
catalyst 1 (prepared by copolymerization) pretreated with p-
chlorobenzaldehyde (Scheme 2c). A solution of the chiral
product was eluted continuously into a flask at the bottom of
the column. The TON was 83, and high enantioselectivities of
up to 94% ee were achieved. Key to this reaction is the
formation of an intermediate imine derived from an aldehyde
and a polymer-supported chiral amino alcohol catalyst.
Therefore, pretreatment of the aldehyde was required to
overcome reproducability problems and achieve high enan-
tioselectivities.

The sequential synthesis of a chiral p-lactam starting from
a carboxylic acid chloride and an iminoester under flow
conditions was reported by Lectka and co-workers
(Scheme 3).%) In this system, the columns, which were filled
with PS-supported organocatalysts, were connected sequen-
tially. The carboxylic acid chloride and a-chloro glycinic
esters were introduced into the parallel columns, the bottoms
of which were connected to the next column, to afford the
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Scheme 3. Sequential synthesis of chiral -lactams starting from
carboxylic acid chlorides and an iminoester.

desired chiral B-lactams!'® in good yields and with high
diastereo- and enantioselectivity. The chiral catalyst 3 was
prepared from Wang resin (100-200 mesh, 2.53 mmolg ') and
quinine. Notably, an unstable ketene can be introduced into
the second column directly, and it does not require isolation.
Packed polymer-supported catalysts (catalysts 2 and 3) can be
recovered easily, simply by washing with an appropriate base
solution, and the catalyst column was used 60 times without
significant loss of yield or selectivity. Furthermore, purifica-
tion steps can be simplified by using a scavenger column.
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ence University of Tokyo in 2000, received
his MS in Chemistry from Saitama Univer-
sity in 2002, and then joined Tokyo Chem-
ical Industry Co., Ltd. He is currently a visit-
ing scientist at The University of Tokyo. His
research involves the development of immo-
bilized catalysts for asymmetric carbon—
carbon bond formation and their applica-
tions to flow reactors.

Angew. Chem. Int. Ed. 2013, 52, 6590 — 6604

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

3. Asymmetric 1,2-Addition Reactions in
a Continuous-Flow System

Asymmetric 1,2-addition reactions have been extensively
studied and explored with homogeneous catalysts.”! There are
several types of asymmetric reactions, such as alkylation,'>*!
arylation,"” aldol,™®! Mannich,'™ and cyanation® reactions.
Alkylation, aldol, Mannich, and cyanation reactions have
been reported in continuous-flow systems. Organocatalysts,
such as proline derivatives, have also been employed in those
reactions.

3.1. Asymmetric Addition of Organozinc Reagents to Aldehydes

Kragl and Dreisbach®! reported a catalytic asymmetric
addition™ ¥ of diethylzinc to benzaldehyde in the presence
of a cross-linked, polymethacrylate-based polymer containing
a chiral amino alcohol (Table1, entry 1; Figure?2). The
authors reported a continuous asymmetric synthesis in
a membrane reactor by using a soluble homogeneous catalyst
(5). An advantage of this method is that fresh catalyst can be
supplemented as required. A chiral ligand, an a,a-diphenyl-L-
prolinol derivative, was coupled with a copolymer (Mw:
ca. 96000 u; OH group: 0.75 mmolg™") derived from 2-
hydroxyethyl methacrylate and octadecyl methacrylate and
retained by an ultrafiltration membrane within the reaction
vessel.”!! The solutions of benzaldehyde and diethylzinc in n-
hexane were pumped separately into the reactor by means of
two piston pumps. For the given concentrations of benzalde-
hyde (14 mm) and of diethylzinc (36 mm), the product, (S)-1-
phenyl-propan-1-ol, was obtained in 50 % ee. The maximum
conversion was 30 % at 0°C for a residence time of 2.5 h; the
TON was 500.

Hodge and co-workers™ reported the asymmetric reac-
tion* of an aldehyde with diethylzinc catalyzed by PS-
ephedrine 6 or PS-camphor derivatives 7 in toluene in bench-
top flow systems (Table 1, entries 2 and 3; Figure 3). The
immobilized catalysts were prepared from chloromethyl-
functionalized polystyrene by using grafting methods.*!
This reaction was carried out by placing the PS catalyst (70—
120 mesh), preswollen in toluene, in a round-bottomed tube
(incubated at 20°C) and solutions of the aldehyde (0.2M) and
diethylzinc (0.5M) in toluene were introduced into the bottom
of the beads bed by peristaltic pumps. The product solution
was collected at the top of the column and quenched with
dilute hydrochloric acid. At the optimum flow rate
(20 mLh™") with catalyst 6, chiral 1-phenylpropan-1-ol was
obtained in high yield (98%) and high enantioselectivity
(98%). When the homogeneous catalyst (1R,25)-N-benzyle-
phedrin was used in the batch systems, the product was
obtained with 80 % ee. The increase in the ee value with the
flow system may be explained by the relatively high concen-
trations of the substrates and removal of the product, which
might interact negatively with diethylzinc to promote a race-
mic reaction under the conditions. The PS-camphor derivative
7 afforded the product in a high yield and a high enantiose-
lectivity at the first stage of the reaction. After the catalyst
had been used for 275 h, the yields dropped to 50-60 % and
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Table 1: Asymmetric ethylation of benzaldehyde with diethylzinc in the presence of alcohol catalysts under continuous flow.

S. Kobayashi et al.

0 1) Cat., Solvent, Temperature, Flow rate OH
)j\ ZnEt Continuous-Flow Conditions )\*
+ 2
R™ "H 2) Hy0* R” “Et
H HQ Hpn @
SRaV: N-CH j Ph "
N 3 Ph PA N (N
o N ) N
Ph*o OH aH J OoH N OH
Ph
Cat5 Cat6 Cat7 Cat 8 Cat9 Cat 10
Loading of catalyst Loading of catalyst Loading of catalyst Loading of catalyst Loading of catalyst
1.78 mmol g 0.64 mmol g 0.63 mmol g”' 0.65 mmol g’ 0.78 mmol g”!
Entry Cat. T[°q] Flow rate [mLh™] Conc [mM] Yield [%]* ee [%] Config. Ref.
RCHOM Et,Zn total RCHOQOM Et,Zn
16 5 0 - - - 14 36 30 (conv) 50 S [27]
2 6 RT 10 10 20 200 500 98 98 R [23]
3 7 RT 6 6 12 200 500 97 97 S [23]
4P 8 RT L L 60 38 576 full convt? 99 R [25]
5 9 10-20 21.6 21.6 43.2 1100 900 >99(conv) 93 S [26]
6 10 0 7.2 7.2 14.4 440 880 >98(conv) 98 S [29]

[a] n-Hexane was used. [b] A recirculation system was used. [c] Entries 1, 2, 4, 6: R=Ph—entry 3: R="Ph, 4-CIC;H,, 2-MeOC¢H,, Cy—entry 5: R=Ph,
2-FC¢H,, 4-FC4H,, 2-CF;C¢H,, 4-CF;CH,, 4-CNCgH,. [d] A mixture of PACHO and Et,Zn was used. [e] Maximum yield. [f] Chemoselectivity: 85 %.

[g] Maximum ee.
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Figure 2. Flow reactor for the asymmetric ethylation of benzaldehyde
with diethylzinc in the presence of a PS-prolinol derivative, as
described by Kragl, Dreisbach, and co-workers.

10mL h"!

PhCHO pump
ZnEt, pump

RT HCl aq

nwQ

H
polymer beads Et
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Figure 3. Flow reactor for the asymmetric ethylation of benzaldehyde
with diethylzinc in the presence of PS-supported amino alcohols, as
described by Hodge and co-workers.

the ee value to 81-84 %. In this system, the residence time was
about 5-6 h (12 mh™") and the TON was 3.

Luis, Martens, and co-workers™ reported the catalytic
asymmetric reaction!™!¥ of diethylzinc with benzaldehyde in
the presence of polymeric monoliths containing chiral amino
alcohol 8 under flow conditions (Table 1, entry 4; Figure 4).
Monoliths of the polymeric catalyst with the desired mor-
phology and properties were obtained from a mixture con-
taining monomers (10 mol % chiral alcohol/90 mol% DVB
(divinylbenzene); no styrene was used) in toluene/1-dodeca-
nol, which acted as a porogenic solvent. The monolithic
column allowed the design of a flow system, in which the
column was attached to a pump and the reaction mixture
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Figure 4. Flow reactor for the asymmetric ethylation of benzaldehyde
with diethylzinc in the presence of PS-supported amino alcohol 8, as
described by Luis, Martens, and co-workers.

(diethylzinc and benzaldehyde) was cooled to —10°C. The
mixture was recirculated through the catalyst column over
24 h at room temperature. After this period, the pump was
stopped and the reaction was quenched. A quantitative
conversion of the benzaldehyde was observed, and the
desired product was obtained with 99% ee along with
a lower amount of by-product. The monolithic column
provided significantly better enantioselectivity than that
obtained with homogeneous analogues and with polymers
prepared by grafting. This improvement in the efficiency
might be ascribed to the formation of more appropriate
cavities during the polymerization process, or to the isolation
of the catalytic sites through the high degree of cross-linking.

Pericas et al.”® reported the asymmetric reaction!'*!* of
aldehydes with diethylzinc in toluene catalyzed by a PS-
grafted amino alcohol 9, derived from the reaction of (R)-2-
(1-piperazinyl)-1,1,2-triphenylethanol with a Merrifield resin
(2% DVB, Cl group: 0.91 mmolg™)?*” in a continuous-flow
system (Table 1, entry 5; Figure 5). The system consisted of
a vertical, fitted, and jacketed glass column, which contained
the supported catalyst. The catalyst resin was first swollen

Angew. Chem. Int. Ed. 2013, 52, 6590 — 6604
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Figure 5. Flow reactor for the asymmetric ethylation of benzaldehydes
with diethylzinc in the presence of PS-supported amino alcohol 9, as
described by Pericas and co-workers.

with dry toluene for one hour. Next, the reactions were
carried out by passing equal flows of a solution of benzalde-
hydes in toluene (0.9M) and a solution of diethylzinc in
toluene (1.1m) through the column, using separate pumps to
minimize background reactions. The crude mixture was
collected from the upper end of the reactor, and quenched
with saturated aqueous NH,Cl. A complete conversion
(>99%) was observed, and the desired chiral alcohol was
obtained with 89 % ee. The flow rate could be increased up to
0.72 mLmin" (residence time: 2.8 min) without any decrease
in the yield or ee value. The TON was 60.

In the following year, the Pericas research group® also
reported the catalytic enantioselective arylation"” of benzal-
dehydes with arylethylzinc (ArZnEt) generated in situ by
using catalyst 9 in a continuous-flow system (Scheme 4). The

1) Cat. 9, Toluene

(0] 0.24 mL min™" OH
Continuous-Flow
RS A H + ArZnEt Conditions R X Ar
_— —— Te
! (mixture with + ! =
7 EtiBs0y) 2
6 examples
0.61m 11m 80-93%
0.12 mL min"! 0.12 mL min™ 53-83% ee
Ar ITZt
.B< -B.
[o)Xue) + 3EtZn —> ArZnEt + o 0
1 | | |
B. .B. _B.___B.
Ar” 0" CAr Et O Et

Scheme 4. Asymmetric arylation reactions of benzaldehydes with
diethylzinc and triarylboroxin in the presence of PS-supported amino
alcohol 9 under continuous flow.

same system and catalyst as previously reported in the
ethylation of benzaldehydes were used (Figure5). The
reactions were carried out by passing equal flows of a solution
of benzaldehydes in toluene (0.61M) and a solution of
arylating agents in toluene (1.1m), prepared from triarylbor-
oxins and diethylzinc, through the column using separate
pumps. The eluting product was collected in a flask containing
a vigorously stirred aqueous solution of NH,Cl to quench the
reaction. The corresponding chiral diaryl methanol deriva-
tives were obtained with excellent conversions (TON =31)
and moderate enantioselectivities (57-83 % ee).

A more robust PS-supported amino alcohol ligand 10 was
developed for the ethylation reaction'** by the same
research group (Table 1, entry 6).?"! The previously reported
catalyst 9 had a limited lifetime, and the operation of the
continuous-flow devices over long periods of time was
difficult. On the other hand, PS catalyst 10 was obtained by
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immobilization of 3-exo-piperidinoisoborneol®™ on Merri-
field resin (1% DVB, CI group: 1.24 mmolg™'). The exper-
imental setup was similar to that of the previously described
procedures (Figure 5). The reactions were carried out by
passing equal flows of a solution of benzaldehydes in toluene
(0.44M) and a solution of diethylzinc in toluene (0.88m)
through the column charged with 10. High conversion was
obtained at a convenient combined flow rate (0.24 mLmin ",
residence time: 6 min), and the excellent robustness of the
resin was shown in the system. The flow system could be used
for 30 h, and a small decrease in the conversion was observed
after 20 h. More remarkably, there was no deterioration in the
enantioselectivity (98 % ee) over the whole process. In one
single continuous-flow operation, 13.0 g of enantiopure 1-
phenylpropanol were isolated, which represents a TON of 251
and a productivity of 6.4 mmolh~'g (resin).

In the above alkylation and arylation reactions under
continuous-flow conditions, the eluent should be quenched by
acid to avoid overreactions. This means that additional
treatment is required, which sometimes causes difficulty in
operations.

3.2. Asymmetric Mannich Reactions

Pericas and co-workersP!! reported highly stereoselective
Mannich-type reactions!"! of aldehydes and ketones with N-
(p-methoxyphenyl)ethyl glyoxylate imine catalyzed by poly-
styrene-supported (25,4R)-hydroxyproline (11)P? under con-
tinuous-flow conditions (Scheme 5). The experimental setup
consisted of a jacketed Omnifit column, which was loaded
with the grafted PS-proline derivative 11 (ca. 120 mesh) and
connected to a pump used to feed the reactor with a solution
of both reagents in N,N-dimethylformamide (DMF). The
reagent mixture was pumped at 0.2 mLmin~' (residence time:

a) Reaction
o) II\JI\PMP Cat. 11, DMF (Ij ';‘HPMP
L '
CO,Et RT Y~ "CO.Et
0.20 mL min™! A
0.26M 0.13Mm i . iti
in DME in DME Continuous-Flow Conditions 0% (conv. >95%)
d.r. >97:3, >99% ee
2309g/55h
O NHPMP
0 ll\Jl\PMP Cat. 11, DMF [ H
| * > OCo,et
J\/ CO,Et RT H 2
0.20 mL min™’!
0%7'\,"‘/,1_ O'I!)?\/Ihlﬂ: Continuous-Flow Conditions 74%
n n dr. >97:3, >99% ee
1.759/5.5 h
b) Catalyst c) Reactor
N.
NN
\_—;K/ 1.gof Cat. 11 .
o, (0.46 mmol g”') —30°C
* Imine

Cat. 11 & Aldehyde =70-20mL min ¥ Product
Loading of catalyst ~N CO,H in DMF
0.46 mmol g’1 H

DMF
Scheme 5. Asymmetric Mannich-type reactions of aliphatic aldehydes
with an imine catalyzed by a PS-proline derivative under continuous
flow. PMP = p-methoxyphenyl.
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6 min). After 5.5 h, the collected solution was diluted with
water and extracted with diethyl ether. Enantiomerically and
diastereomerically pure adduct (syn/anti >97:3; >99% ee)
was obtained. At the end of the reaction, the conversion was
almost complete (>95%) and the TON was 17.

3.3. Asymmetric Aldol Reactions

Massi, Cavazzini et al.*™ reported the catalytic enantio-
selective aldol reaction of p-nitrobenzaldehyde with cyclo-
hexanone under flow conditions by using proline-functional-
ized silica packed-bed microreactors (Table?2, entryl;
Figure 6). The (2S,4R)-hydroxyproline derivative was immo-

5 mL min”! O OH

Ketone
Aldehyde pump \ _/ é/v\Ar
functionalized silica 12 @\EN(/\ZN (/\%NHZ H
H H

(Loading: 0.78 mmol g°')

Figure 6. Flow reactor for the asymmetric aldol reactions of a ketone
with an aldehyde catalyzed by a PS-proline derivative, as described by
Massi, Cavazzini, and co-workers.

bilized on 3-mercaptopropyl-functionalized silica (particle
size: ca. 50 um, pore size: 60 A, superficial area: 500 m?g~")
by photoinduced thiol-ene coupling. The reactor was pre-
pared using a stainless-steel column filled with immobilized
catalyst 12. A packed cartridge of triamine-functionalized
silica gel was placed after the reactor to remove any
remaining p-nitrobenzaldehyde selectively, thus facilitating
the isolation of the aldol product. The reaction was carried
out by pumping a solution of p-nitrobenzaldehyde (0.22m)
and cyclohexanone (0.66M) in toluene at 5 uLmin~' (resi-
dence time: 32 min) through the column. The conversion was

S. Kobayashi et al.

82% (TON=4.7), and the stereoselectivity was moderate
(dr.=4:1, 78% ee) at 50°C. A slight improvement in the
stereoselectivity (d.r.=5:1, 82% ee) accompanied by
a marked decrease in conversion (38%) was observed at
0°C. A further increase in the temperature to 70 °C resulted in
rapid (ca. 2.5 h) degradation of the packed-bed material.

To prevent the degradation, another immobilized catalyst
was developed. A 5-(pyrrolidin-2-yl)tetrazole derivative”
was immobilized on 3-mercaptopropyl-functionalized silica
(particle size: ca. 50 um, pore size: 60 A, superficial area:
500 m’g™") by photoinduced thiol-ene coupling.”™ The
experimental setup was similar, and the reactor was prepared
by filling the stainless-steel column with immobilized catalyst
13. The reaction™® was carried out by pumping a solution of p-
nitrobenzaldehyde (0.1m) and cyclohexanone (0.3Mm)
toluene at 5 puLmin~' (residence time: 25 min) through the
column (Table?2, entry2; Figure7). A high conversion

5 mL min’
Ketone
Aldehyde —

functionalized silica 13
(Loading: 0.76 mmol g™")

Figure 7. Flow reactor for the asymmetric aldol reactions of a ketone
with an aldehyde catalyzed by a silica-supported proline derivative.

(>95%, TON=1.0) was obtained with good selectivities
(antilsyn =2:1-3:1, 68-92% ee) at 50°C. Remarkably, the
packed silica 13 did not show any deactivation over 80 h at
50°C. However, catalyst 13 was fully deactivated after 120 h
at 50°C (ca. 7 days on stream).

Sels and co-workersP reported the asymmetric aldol
reaction™ of 2-butanone with 4-(trifluoromethyl)benzalde-
hyde catalyzed by a noncovalently immobilized chiral dia-
mine on a solid acid®” under continuous-flow conditions
(Table 2, entry 3; Figure 8). The experimental setup consisted

Table 2: Asymmetric aldol reactions ofa ketone with an aldehyde catalyzed by a PS-proline derivative under continuous flow.

ohiey

Contlnuous Flow
Conditions

O OH

Cat Solvent, Flow rate

R

Cat. 14 ﬁ[
N,

=S 3S
\J_\/Q
Cat. 12 & Cat. 13 Cat. 15 (1
Loading of catalyst ™\ CO,H  Loading of catalyst Loading of catalyst N CO,H
0.78 mmol g H 0.76 mmol g™ 0.54 mmol g™ H
Entry Cat. R T[°C] Solvent Conc [M] Flow rate  Conversion? [%]  syn/antil ee [%]1
ketone ArCHO [mLh™]

1 12 NO, 0-50 tol 0.66 0.22 0.3 821l (38M") 4:16 (5:1) 780l (82M)
20 13 EWGH 2550  tol or iPr,0 0.3 0.1 0.3 >95 3:1 95
30 149 CF, 45 - - 0.125 1.0 - 31 97
4 15 EWGE  RT DMF/H,O (6:4)  ca.4equiv  0.79 1.5 86 97:3 98

[a] No deactivation of catalyst was observed within 80 h at 50°C. [b] 2-Butanone was used. [c] With acid resin. [d] EWG=NO,, CN, Br, Cl, 2-Cl.
[e] EWG=CN, CO,Me, NO,, CF;. [f] Maximum conversion. [g] 50°C. [h] 0°C. [] Maximum d.r. [j] Maximum ee.
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Cat. 14
0.54 mmol g

25 mL min”'

oump b

PhCHO e

Cyclohexanone

(0] OH
)H/'\@LCH

Figure 8. Flow reactor for the asymmetric aldol reactions of a ketone
with an aldehyde catalyzed by a noncovalently immobilized chiral
diamine, as described by Sels and co-workers.

of a glass column loaded with Nafion NR50 pellets (an
immobilized acid, beads) preloaded with chiral diamine 14"
(molar ratio =1:1.2). The column was connected to a syringe
pump, and a mixture of both reagents was fed to the reactor.
The reaction was carried out by passing preheated (45°C)
reagents (aldehyde in 2-butanone, 0.125M) through the
column at a rate of 1.0mLh'. The initial diastereo- and
enantioselectivity of the product were significantly improved
compared with those of the corresponding batch reactions
(syn/anti=3:1, up to 97 % ee).

Pericas and co-workers®! reported the catalytic enantio-
selective aldol reaction™ of benzaldehydes with cyclohex-
anone under flow conditions (Table 2, entry 4; Figure 9) by

Cat. 156
0.54 mmol g

25 ul min™
PhCHO —|
Cyclohexanone

pump
[ EWG

Figure 9. Flow reactor for the PS-proline-catalyzed asymmetric aldol
reactions of a ketone with an aldehyde, as described by Pericas and
co-workers.

using a polystyrene-supported proline derivative 15. The
packed-bed reactor consisted of a vertically mounted Omnifit
glass column, which was loaded with the PS-proline derivative
15 (prepared from home-made Merrifield resin; 8% DVB),
and was connected to a syringe pump. The reaction was
carried out by passing the reagent solution (53.32 mmol p-
nitrobenzaldehydes in DMF/H,O/cyclohexanone =1.5:1:1.7,
67.5 mL) through the column with 15. The reagent mixture
was pumped at 25 uLmin~' (residence time: 26 min), and
after running the system for 45 h, the solvent was removed
from the collected sample. The crude product was purified by
flash column chromatography on silica gel to give the pure
product (4.87 g, 19.54 mmol, d.r.=96:4, 97 % ee, TON =60).

3.4. Asymmetric Cyanation

The titanium(IV) complex of a polymer-supported chiral
salen ligand was used by Moberg and co-workers for the
enantioselctive cyanation of benzaldehyde with trimethylsilyl
cyanide (TMSCN) or acetyl cyanide under continuous flow
(Scheme 6). To obtain the polymeric titanium-salen com-
plex (Cat. 16), they attached a modified salen ligand to
hydroxy-functionalized divinylbenzene beads (particle size:
15 um), which reacted with TiCl,. Catalyst 16 was then loaded
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a) Reaction
(e}

+

>
Cat16 ©4§CN

0.8 uL min™!
TMSCN Continuous-Flow 92% conv.
1.2 equiv Conditions 72% ee
b) Catalyst 0,
Q X
L Mo P

N\ N=
TiL, o}
O/ \03}70 0%
Cat. 16

Scheme 6. Asymmetric cyanation of an aldehyde with TMSCN cata-
lyzed by a polymeric titanium—salen complex.

into a column and used for the asymmetric cyanation®” of
benzaldehyde. A flow rate of 0.8 pLmin~' afforded good
results with TMSCN (92% conv. 72% ee). In the case of
acetyl cyanide, a flow rate of 0.6 uLmin' resulted in high
enantioselectivity (70 % ee).

4. Asymmetric 1,4-Addition Reactions

Asymmetric 1,4-addition reactions (Michael reactions)!
are very important for carbon-carbon bond formation.
Although the reactions are well-established for homo- and
heterogeneous conditions in batch systems, there are only
four reports on the reaction under continuous-flow condi-
tions. Catalysts based on the cinchona alkaloid, proline
derivatives (poly-peptide), and Pybox-calcium chloride have
been reported.

The first report of a 1,4-addition reaction*?! in contin-
uous flow appeared from the Hodge research group.[*¥! They
reported that polymer-supported cinchonidine 17 could
catalyze a 1,4-addition reaction of a ketoester with methyl
vinyl ketone under continuous-flow conditions (Scheme 7).
Cinchonidine was attached to a polystyrene resin (starting
polystyrene: 80-150 mm, 1% DVB) containing a thiol group
by a hydrothiolation reaction in the presence of 2,2"-azobis(2-
methylpropionitrile) (AIBN) at 60°C. The flow system is
described in Scheme 7c. A ketoester and methyl vinyl ketone
were individually delivered by two pumps to the flow tube,
which contained the PS catalyst beads. The product solution
was taken from the top of the bed by a third pump. At an
optimum flow rate of 5.0 mLh ™' (residence time: ca. 6 h), the
chiral 1,4-adduct was obtained in high yield with 51 % ee. The
flow system functioned sufficiently for at least 72 h (TON =
12.3).

Fiilop and co-workers™! demonstrated the 1,4-addi-
ton*>*! of aldehydes to nitrostyrene by using solid-supported
peptidic catalyst 18 in continuous flow (Table 3, entry 1;
Figure 10). The peptide H-D-Pro-Pro-Asp-NH-resin (poly-
styrene resin with 4-methylbenzhydrolamine (MBHA)) was
used as a catalyst for this reaction. They investigated flow
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a) Reaction
= Cat. 17
HsC 50 °C,
(] 50r7.2mLh"
18-72h
05m 0.53M  (Duration of experiment) ~ 92-96% (avg.)
Continuous-Flow 51-52% ee (avg.)
Conditions
b) Catalyst c) Reactor
@\/ Substrate pump
S
Substrate
HUN

“OH chiral Product
Polymer
Beads 17
Cat. 17

Loading: 0.93 mmol g'

50°C

Scheme 7. 1,4-Addition of a ketoester with methyl vinyl ketone by
using PS-cinchonidine catalyst 17.

Table 3: 1,4-Additon reactions of aldehydes to nitroolefins in the
presence of solid-supported peptidic catalysts.

Cat.,, RT o Ar
] CHCI3/IPA (9:1) 3 NO.
5
equv Flow rate H /U\__/\/ 2
+ Continuous-Flow Conditions ﬁ
A /\/Noz

0 - y
OH ® N @J\ N
© O N T N5 \@
R N~ i H
Rl O o)
N NH HN—§D O o Y
H O o0 H CO.H

Cat. 19
Loading: 0.30 mmol g”'

Cat. 18
Loading: 0.64 mmol g”'

Entry  Cat.  Flow rate Yield9[9%]  d.r¥  eell[%]  Ref
[mLmin™"]

18 18 0.1 91 36:1 93 [44]

20! 19 0.12 quant 50:1 97 [47]

[a] 60 bar. R=Me, Et, nPr, nBu, Bn, iPr, Ar=Ph. [b] R=Me, Et, Ar=Ph, p-
BrCgH,, p-CIC¢H,. [c] Maximum yield. [d] Maximum d.r. [e] Maximum ee.

Cat. 18 o

—

Figure 10. Flow reactor for the 1,4-addition reactions of aldehydes with
nitroolefins in the presence of solid-support peptidic catalyst 18.

uy>

Aldehyde

! NO,
Nitroalkene

pump

rates at 0.01-0.5 mLmin !, and it was found that an accept-
able yield, diastereo-, and enantioselectivity were obtained at
a flow rate of 0.1 mLmin ' (residence time: 7 min). When the
flow rate was decreased, the diastereoselectivity decreased
because of epimerization of the product by the peptide
catalyst in the column. The authors also varied the pressure
and found that the yield was increased at 60 bar (1 bar=
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10° Pa). This catalyst could be used at least five times, and
even after the 10th run, the product was obtained in nearly
70% vyield. Finally, they expanded the substrate generality,
and showed that several a-alkyl-substituted aldehydes
reacted with B-nitrostyrene in low to high yields and high
diastereo- and enantioselectivity.

Wennemers and co-workers!*” applied the immobilized
peptide catalysts 19 (aminomethylated polystyrene resin
substrate: 0.41 mmolg~" (NH, group), 100-200 mesh), which
was originally developed in their research group,** to
continuous-flow systems (Table 3, entry 2; Figure 11). The
flow rate was about 0.23 mLmin ' (residence time: < 60 min).
In their system, a total TON of over 600 (219 TON/round)
was achieved and over 100 g of product was obtained.

Cat. 19

Aldehyde
Nitroalkene

Figure 11. Flow reactor for the 1,4-addition reactions of aldehydes with
nitroolefins in the presence of solid-support peptidic catalyst 19.

Kobayashi et al.*® reported robust chiral calcium chloride
catalyzed asymmetric 1,4-addition reactions of a 1,3-dicar-
bonyl compound with nitroalkenes (Scheme 8).’) In general,
chiral calcium catalysts such as Box-Ca, Pybox-Ca, and binol-
Ca, are unstable under air because of hydrolysis.’” On the
other hand, Ca(l, is stable under air, is abundant, inexpen-
sive, and is harmless compared with other main-group and
transition metals. More robust chiral catalysts were developed
based on CaCl,. The chiral CaCl, complex prepared from
Ca(Cl, and Pybox catalyzed 1,4-addition reactions of 1,3-
dicarbonyl compounds, especially malonate, with nitroal-
kenes, and the reactions worked very well under air. The first
trial in a batch system gave the desired product in 92 % yield
and 94 % ee by using Pybox-CaCl,, which was then immobi-
lized on cross-linked polystyrene (PS-Pybox 20) by co-
polymerization. Complex 20 was first tested in a batch
system, and was then applied to a continuous-flow system
(Scheme 8c¢). The system could be used continuously for at
least 8.5days (216.5h) at 0.1l mLmin~' (6.0 mLh™"). The
product could even be obtained in high yield and high
enantioselectivity at 0.2 mLmin™" (12.0 mLh™'). The TON
reached 228, and the catalyst was still functional. The wide
substrate scope of this continuous-flow system was also
shown.

5. Asymmetric Cyclization Reactions

Luis and co-workersP!! reported the use of a continuous-
flow reactor for an asymmetric cyclopropanation reaction®>>
in the presence of a monolithic PS-Pybox-Ru catalyst
(Table 4, entries 1-3; Figure 12). They chose polystyrene-
based Pybox and applied it to the cyclopropanation reaction
of styrene with ethyl diazoacetate under continuous-flow
conditions in CH,Cl,, without solvent, and in supercritical
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a) Reaction
O O
R1MOM6
02wMm CaCly2H,0 0 0
RT=MeO Me PS-Pybox (Loading: 0.72-0.85 mmol g'1)
' Et;N R! OMe
+
Toluene, 20 h, 0 °C Rz :,,l
R2 0.1-0.2 mL min"!
\/\ NOZ 6-204.5 h (Duration of experiment) NO,
1.2 equiv Continuous-Flow Conditions 103‘?‘2’2565
2_ -96%
RE=Ar Cy 75-95% ee
b) Catalyst
w X y z
® 3 ]
O Z O, XN XN
Phun¢ ] N q Ph N X
N N 4 y
Ph Ph
Polymer-supported Pybox (PS-Pybox, Ligand 20)
wixlylz = 13:83:3:1
c) Reactor Ligand 20
CaCly2H,0
MS 4A /
O O \
#oue |
Nitroalkene OMe

Scheme 8. Robust (PS-Pybox)-CaCl,-catalyzed asymmetric 1,4-addition
reactions of 1,3-dicarbonyl compounds with nitroalkenes, as described
by Kobayashi and co-workers.

carbon dioxide (scCO,)P*. For the preparation of the
catalyst-containing column, they treated PS-Pybox with an

Table 4: Asymmetric cyclopropanation in the presence of PS catalysts.

d Cat., Solvent, Temperature Ph* + Coz Et

Angewandte
imemationalediion . CEIMIE

GO, — 37}

4
PR , COEt

Ph CO,Et

Cat. 21
~

N,CHCO,Et

vl

Figure 12. Flow reactor for an asymmetric cyclopropanation in the
presence of the (PS-Pybox)-Ru catalyst, as described by Luis and
co-workers.

excess amount of the dichloro(p-cymene)ruthenium(II)
dimer in CH,CI,. In this system, the reaction proceeded to
the same level in the CH,Cl,, solvent-free, and scCO,
conditions (entries 1-3). Under the CH,Cl, and solvent-free
conditions, the flow rate was 0.02 mLmin~!, while under
scCO, conditions, the reaction was conducted at a flow rate of
0.165 mLmin~' (residence time: ca. 4 min). The catalyst was
stable under these reaction conditions, with only minimal
degeneration of the performance over a period of 5h. The
TONs were 6 (CH,Cl,), 35 (neat), and 46 (scCO,). Analysis of
the product steam by ICP-MS showed that the total metal
leaching was <1 ppm.

Garcia-Verdugo, Luis, and co-workers™ also reported the
same reaction®>> with a different catalyst, monolithic (PS-
Box)-Cu (24), under continuous-flow conditions (Table 4,
entries 4-6). The reaction was conducted under CH,Cl,,
solvent-free, and scCO, conditions (entries 4-6). The desired
product was obtained with moderate enantioselectivity in all
cases. When scCO, was used as the solvent, the flow rate was
increased to 1.1 mLmin™" (residence time: 0.64 min). The
best TON was 19.5 under solvent-free conditions. No notice-
able changes were observed in the product yield or enantio-
selectivity after about 5h of continuous use under the
conditions assayed (CH,Cl,, solvent-free, and scCO,). Anal-

[55]

| B o} | : o] “ IN
S N
22 Flow rate O N7 N N \? = R
+ Continuous-Flow Conditions A ‘\l l\}\) Ph Ph
N,CHCO,Et Ph CO,Et y ;
2 2 2 . 2. R =Pr, tBu
23 iPr iPr ’
Loading of ligand Loading of ligand Loading of ligand
0.54-1 .O7+mmol g’ 0.66 rr]l_mol g' 0.384).4immol g’
[RuyCly(p-cymene),] Cu(OTf), Cu(OTf),
Cat. 21 Cat. 24 Cat. 26
Entry Cat. Solvent Substrate Flow rate T[°q] Yield [%)] trans/cis ee [%) Ref.
ratio [mLmin™] trans cis
1 21 CH,Cl, 22/23=6:1 0.02 RT 20-53 80:20-85:15 76-82 39-48 [51]
2 21 - 22/23=7:1 0.02 RT 48-72 82;18-83:17 76-78 41-43 [51]
3l 21 scCO, 1.73m (in 22) 0.165 40 63 87:13 77 47 [51]
4 24 CH,Cl, 21/22=4:1 0.002 RT 61 - Al 55 [55]
5 24 - 1.78 m (in 22) 0.02 RT 44 - 57 51 [55]
6L 24 scCO, 1.73 ™ (in 22) 1.1 40 63 53:47 59 44 [55]
7 25 CH,Cl, 22/23=3:1 0.02-0.03 RT 44-57 - 44-57 39-60 [56]
8kl 25 scCO, 22/23=3:1 0.55 40 28-47 - 37-55 37-57 [56]
[a] 8 MPa.
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ysis of the solution by ICP-MS showed that the total metal
leaching was <1 ppm.

Martinez-Merino and co-workers? also reported a cyclo-
propanation reaction catalyzed by monolithic PS-supported
copper (25).5%%) They developed a new type of PS-Pyox
polymer and applied it to a continuous-flow system. In this
reaction, both CH,Cl, and scCO, could be used and the
desired products were obtained with the same selectivity
(Table 4, entries 7 and 8). The use of scCO, resulted in better
productivity than CH,Cl,.

Hashimoto and co-workers®” reported enantioselective
carbonyl ylide cycloadditions® of diazodiketoester with
styrene or phenylacetylene in the presence of a polymer-
supported dirhodium (II) catalyst (27) in a continuous-flow
reactor (Scheme 9, Table 5). Firstly, they investigated the PS-
dirhodium(IT) catalysts. In these reactions, the swelling
volumes of the catalysts are important for improving the
yields. That is, when the swelling volumes were increased, the
yields of the desired products were improved (in batch
reactions). To increase the swelling volumes, they introduced
the trifluoromethyl group to the polystyrene backbones. After
investigating immobilized Rh catalysts, they conducted enan-
tioselective carbonyl ylide cycloaddition reactions under
continuous-flow conditions. Both styrene and phenylacety-
lene reacted well under flow conditions. When styrene was

=/ Cat 27
22 Ph

N
Me O | 2COztBu (o 0067-0.1 mol%)
\E/E *
or
o

a) Reaction

CF3C6H5 23°C
0.5-30mL h"!

Ph 15-60 h (Duration
02m 26, 3 equiv of experiment) CO,tBu
Continuous-Flow
Conditions
b) Catalyst

X y z
CFs
OR* = +
(0]
[¢] OR*

EO/\M
o - 10
o
O|RN-0 N
X o) L) ©
N O1Rh-O
Cat. 27 ol o
1ol cl
L Cl 3
(5] 1
Ph Ph
Cat. 27
~ Me COBu  Me

CO,tBu
or
(6} e}

Scheme 9. Enantioselective carbonyl ylide cycloaddition reactions of
a diazodiketoester with styrene or phenylacetylene with a PS-dirho-
dium(ll) catalyst.
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Table 5: Detailed conditions of carbonyl ylide cycloaddition reactions.

Entry Substrate Catalyst Flow rate Yield ee
loading [mLh™] [%] [%]
[mol %]

1@ 22 0.1 0.5 78 99

20! 26 0.0067 30 78 97

[a] Duration of experiment: 60 h. [b] Duration of experiment: 15 h.

used as a substrate, the reaction proceeded smoothly to afford
the desired product in good yield and excellent enantioselec-
tivity with 0.1 mol % of the catalyst at 0.5 mLh™; this system
could be used for at least 60 h (TON =780). The reaction
products contained only 2.1 ppm Rh, which corresponds to
0.013 % of the initial catalyst charge (ICP-MS analysis). They
then employed phenylacetylene in this reaction. The desired
cyclized product was obtained in high yield and excellent
enantioselectivity at a flow rate of 30 mLh™'. They also
attempted to reduce the catalyst loading, and they finally
succeeded in decreasing the catalyst loading to 0.0067 mol %.
In this case, a TON of 11700 was reached.

6. Miscellaneous Reactions

Other examples of continuous-flow asymmetric carbon—
carbon bond-forming reactions, such as ene,”*! Diels—
Alder®# and domino Michael-Knoevenagel reactions,®!
have been reported.

Salvadori and co-workers® reported the glyoxylate—ene
reaction® ! of a-methylstyrene with a (PS-Box)-Cu catalyst
(Scheme 10). Firstly, they developed insoluble Box ligand 28
(superficial area in dry state: <5 m?g™"), and applied it to an
ene reaction under batch conditions. The desired products
were obtained in high yield and high enantioselectivity. A
solution of a-methylstyrene and glyoxylate in CH,Cl, was run
through the column. The product was obtained in 78 % yield

a) Reaction
A
0.32M Cu(OTf), (0.86 mmol)
. Ligand 28 (0.52 mmol) J\)O\H
(e} CH,Cl,, 80 h, 0 °C Ph CO,Et
J 0.015-0.025 mL min”! -8
) ) b
CO,Et 80 h (Dura.tlon of experiment) 88% ee
2.6 equiv 5 Times of use

Continuous-Flow Conditions

b) Catalyst

Ligand 28
xlylz =ca.45:ca. 52:2.8

Scheme 10. A glyoxylate—ene reaction of a-methylstyrene in the pres-
ence of a (PS-Box)-Cu catalyst.
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and 88 % ee at 0.015-0.025 mL min ! (residence time: ca. 6 h).
By this procedure, 23 mmol of the product was efficiently
created over 80 h, and the enantioselectivities between the
five runs were unchanged. The total TON was 51.

Altava, Burguete, Luis et al®! developed monolithic
polymer-supported titanium catalysts with taddol ligands
(29) and applied them to the asymmetric Diels—Alder
reaction®®? between cyclopentadiene and crotonoamide
under flow conditions (Scheme 11). They investigated the

a) Reaction

O

o
Ay

Ligand 29 o (0]
[Ti(OiPr),Cly]

+ 0
Toluene
0.04-0.1 mL min"" N/\|
6] Continuous-Flow Conditions o

J=o

(W O
endoisomer O
+ exo isomer
20-25%,
endolexo =2.3-3.3
7-25% ee
b) Catalyst c) Reactor
X y Substrates —»
=z
NS
¥ OR*
i Ligand 29
Ligand 29 Liga
xly = 6:4 (wt %) [T'(O'Pf)ziz]
OR* = Ar_ Ar
C Oum.. OH
o o OH Product
o Ar” Ar

Ar = 3,5-(CHj3),CgH3

Scheme 11. Asymmetric Diels—Alder reaction of cyclopentadiene with
crotonoamide in the presence of taddolate 29.

morphological properties of monolithic columns to change
the composition of the porogenic mixture. In general, the
medium pore diameter D, ,q considered appropriate for this
kind of materials range from 1000 to 2000 nm. From these
experiments, they found about 10 % of toluene in weight of
the initial mixture obtained suitable monoliths with the
expected porosity and without “wall effects” (i.e. the eluent is
not flowing through cracks in the monolith or between the
wall of the mold and the polymer). Then, they applied those
optimized monolithic polymers to an asymmetric reaction. In
this reaction, the desired product was obtained in higher
yields when the flow rate was increased. This polymer-
supported taddolate (copolymerized in a mold, and then
treated with [TiCl,(OiPr),] in toluene) showed an extraordi-
nary long-term stability; it was reported to be active for at
least one year. However, the yield and the diastereo- and
enantioselectivity were not sufficient. The authors also
applied this catalyst to the alkylation reaction™!¥ of benzal-
dehyde with diethylzinc.

Pericas and co-workers®! reported the enantioselective
domino Michael-Knoevenagel reaction®! of dimethyl 3-
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oxoglutarate with 3-substituted acrolein derivatives catalyzed
by immobilized diphenylprolinol trimethylsilyl ether 30 under
continuous-flow conditions (Scheme 12). The diphenylproli-
nol trimethylsilyl ether was supported on a Merrifield resin

a) Reaction
Ph o~ Cat. 30, PhCO,H
CHO CH,Cly, RT CO,Me
01Mm 0.12 mL min!
E) Continuous-Flow Ph*" (0]
Conditions CO,Me
MeO2C\)K/COQMe
011 M
COzMe
NaBH,
MeOH-CH,Cl, 0°C  pp” OH
COzMe
62-64% (conv.)
97% ee
no deactivation of catalyst
was observed within 72 h
b) Catalyst c) Reactor
Cat. 30
264 g’
/—(/\ N (264 mmolg) —40°C
=N
0 N Substrates
* — 0.12 mL min™!
Ar Benzoic acid m min™ ' Product
Ph
N Ph Al —
H OTMS CH,Cl,

Cat. 30 (2.64 mmol g°')

Scheme 12. An enantioselective domino Michael-Knoevenagel reaction
in the presence of PS-prolinol derivative 30.

(1% DVB) by Huisgen cycloaddition. The experimental
setup consisted of a glass column loaded with the PS catalyst
30 and connected to a pump, which was used to feed the
reactor with a solution of all the reagents in CH,Cl,; the outlet
of the column was connected to a receiving flask. The reaction
was carried out by passing the reagent solution (0.1m, trans-3-
(4-methoxyphenyl)acrolein, 0.11m dimethyl 3-oxoglutarate,
0.1m benzoic acid in CH,Cl,) at 0.12mLmin™" (residence
time: 10 min) through the column charged with 30. The eluted
solution was kept in a receiving flask at —40°C during the
operation for 72 h. Workup involving borohydride reduction
of the cyclohexenone product allowed isolation of the cyclo-
hexanol product. After continuous operation for 72 h, 8.7 g
(TON = 66) of the pure cyclohexanol products were isolated.

7. Conclusions and Perspective

In conclusion, we have summarized here recent progress
in asymmetric C—C bond-forming reactions under continu-
ous-flow conditions in the presence of chiral heterogeneous
catalysts. The survey is comprehensive, but the reactions are
limited: asymmetric 1,2-addition (ethylation, arylations,
aldol, Mannich, and cyanation reactions), 1,4-addition, cycli-
zation, ene, Diels—Alder, and domino Michael-Knoevenagel
reactions. In the ethylation reactions with diethylzinc, PS-
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supported amino alcohol derivatives were employed as the
chiral catalysts, and some of them showed high enantioselec-
tivities and good substrate compatability. To extend the
arylation of aldehydes, triarylboroxins were used as the
arylation reagents, and the desired diaryl alcohols were
obtained with moderate to high enantioselectivities. PS-
proline derivatives were applied to asymmetric Mannich
reactions. Enantiomerically and diastereomerically pure
adducts were obtained in the reaction of aliphatic aldehydes
with glyoxylate imine. Immobilized proline derivatives were
mainly used as catalysts in the asymmetric aldol reaction.
Some of them showed high diastereo- and enantioselectiv-
ities. Immobilized cinchona alkaloid, polypeptide, and Pybox-
Ca(l, catalysts were developed for asymmetric 1,4-addition
reactions. Immobilized polypeptide and Pybox-CaCl, cata-
lysts showed good results in terms of faster flow rates,
relatively large production, and broader substrate scope. The
effective lifetime of the chiral calcium catalyst exceeded one
week (8.5 days). Box-Cu and Rh catalysts were used for the
asymmetric cyclization of diazo compounds with styrene. In
this system, the reactions were conducted under solvent-free
or scCO, conditions. While the efficiency of some reactions
were improved, the yields as well as chemo- and enantiose-
lectivities were still low to moderate. Moreover, in the
enantioselective carbonyl ylide cycloaddition reactions of
a diazodiketoester with styrene and phenylacetylene, the
immobilized Rh catalyst showed excellent activity, and the
desired products were obtained in high yield and high
enantioselectivity. In addition, the catalyst loading was
reduced, and the flow rate could be increased. In a glyox-
ylate—ene reaction of o-methylstyrene in the presence of
a (PS-Box)-Cu catalyst, the desired product was obtained in
high yield and high enantioselectivity. The domino Michael-
Knoevenagel reaction was also conducted under continuous-
flow conditions, and the desired product was obtained in good
yield with high enantioselectivity.

In these reactions, except of a very few examples, most
reports showed only one example under continuous-flow
conditions. Researchers have developed chiral heterogeneous
catalysts; their activity was evaluated in a conventional batch
system, and then continuous-flow conditions were tested.
From this aspect, more investigations of continuous-flow
conditions, especially in terms of substrate scope, are neces-
sary. In addition to substrate scope, faster flow rates
(>0.1 mLmin™"), longer catalyst lifetimes (over days), and
high yield (>80%) as well as high chemo-, diastereo-, and
enantioselectivity (>80-90% selectivity in each case) are
required.

Finally, TONs are also very important in continuous-flow
systems. TONs in continuous-flow systems are somehow
related to the catalyst lifetime. As a consequence of the
efficiency in separating and isolating products from catalysts
as well as the high TONs and long catalyst lifetimes, relatively
lower TOFs (turnover frequencies) in continuous-flow sys-
tems compared with those for batch systems may be accept-
able. The avoidance of product inhibition theoretically
supports the advantage of continuous-flow systems. The
development of more efficient chiral heterogeneous catalysts
is crucial for greater efficiency.
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