
Journal of Industrial and Engineering Chemistry xxx (xxxx) xxx
Contents lists available at ScienceDirect

Journal of Industrial and Engineering Chemistry

journal homepage: www.elsevier .com/ locate/ j iec
Review
Microfluidic asymmetrical synthesis and chiral analysis
https://doi.org/10.1016/j.jiec.2022.08.025
1226-086X/� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail addresses: const@ineos.ac.ru (K.A. Kochetkov), oshchepkov.m.s@muctr.ru (M.S. Oshchepkov), aleksandr.oshchepkov@mpl.mpg.de (A.S. Oshchepkov).

Please cite this article as: K.A. Kochetkov, N.A. Bystrova, P.A. Pavlov et al., Microfluidic asymmetrical synthesis and chiral analysis, Journal of Indust
Engineering Chemistry, https://doi.org/10.1016/j.jiec.2022.08.025
Konstantin A. Kochetkov a, Nataliya A. Bystrova a, Pavel A. Pavlov b, Maxim S. Oshchepkov b,
Aleksandr S. Oshchepkov c,⇑
aNesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, ul. Vavilova 28, Moscow 119991, Russia
bMendeleev University of Chemical Technology of Russia, Miusskaya pl. 9, Moscow 125047, Russia
cMax Planck Institute for the Science of Light, Department of Physics, D-91058 Erlangen, Germany

a r t i c l e i n f o
Article history:
Received 24 April 2022
Revised 15 August 2022
Accepted 18 August 2022
Available online xxxx

Keywords:
Microfluidics
Asymmetrical synthesis
Chiral analysis
Microreactor
Chiral organocatalysis
a b s t r a c t

In recent years, more attention has been paid to efficient, cost-effective and energy-saving technologies.
In particular, there is a lot of recent information on the advantages of microfluidic technologies, combin-
ing economy, safety and environmental friendliness with reproducibility, high yields and high stereose-
lectivity of chemical reactions. Therefore, an important task is to generalize the available material on
microfluidic technologies in order to identify new horizons of application in the field of a chiral synthesis.
The difficulties of implementation microfluidic a chiral synthesis, its capabilities and prospects for further
development are discussed in detail in this review. Various types of microfluidic reactors, synthetic
schemes for carrying out chemical reactions are considered, and their comparison with traditional meth-
ods of synthesis is also given. Finally, a description is given of enantioselective analysis using microfluidic
technologies and the possibilities for further improvement of microfluidics are discussed.
� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

Major scientific and technological milestones of the last decades
are associated with the miniaturization of all kinds of devices par-
alleled with improvement of their capabilities. Particular attention
of organic chemists to this field stems from a range of advantages
which microfluidics offer over other technologies: the use of small
volumes of reagents, which is especially important for the com-
pounds with high toxicity and explosiveness [1], a considerable
reduction in the reagent consumption [2], the efficient heat and
mass transfer, the control of conditions and reaction kinetics
[3,4], a possibility to isolate the compounds sensitive to moisture
and air, and a reduction in the amount of hazardous wastes. The
practical advantages of using flow reactors for synthesis and their
evaluation are considered in detail [2].

Microfluidics is recognized as the basic technology which pro-
vides reproducibility, easy automation and process safety, as evi-
denced by the large number of articles that have recently been
published in this field [5–10]. Microfluidics (also known as micro-
hydrodynamics) studies the behavior of small volumes and flows
of fluids which are constrained to the submillimeter scale in any
dimension. Microfluidic technologies exhibit precision control of
the process fluids (on the micro-, nano-, pico- and femtoliter scale),
which appears to be in extreme demand in chemistry, medicine,
pharmacology, biology and many other areas of science and tech-
nology [8].

Commercial microfluidic devices are used in pharmaceutical
[11,12] and analytical chemistry, chemical synthesis [13–16].
Industrial microfluidic systems applications are found in the syn-
thesis of biologically active compounds [17–19] and in medical
diagnostics [20]. Microfluidic systems for hydrogenation, oxida-
tion, heating, and mixing of chemical compounds, combined with
UV, IR, and NMR spectroscopy are available now [21]. The pro-
cesses that are normally performed in the laboratory can often
be miniaturized to a single chip, thus increasing both efficiency
and mobility and reducing the required volume of samples and
reagents. At the same time, microfluidics is one of the elements
of ‘‘green chemistry”, which drives up the attention to its applied
technologies [22–26].

A variety technologically diverse designs of microfluidic sys-
tems are available today for use in asymmetric synthesis [27–
30]. Therefore, the use of such devices to obtain enantiomerically
enriched substances is becoming more common, and the first
reviews on the application of microfluidic technologies in certain
areas of asymmetric synthesis have already appeared [31,32].
Thus, an important task is to generalize the available material on
microfluidic technologies in order to identify new horizons of
application in the field of a chiral synthesis. It also remains unclear
what new possibilities for the implementation of this technique
there are, that are different from achiral synthesis applications,
and whether such possibilities exist at all.
Microfluidics in enantioselective synthesis

Advantages of microfluidic technologies in asymmetrical synthesis
applications

Owing to the great demand for enantiomerically pure com-
pounds in organic chemistry and the chemistry of biologically
active substances, the development of effective methods for their
production presents great interest both for pure and applied
science. During the recent decades, asymmetric catalysis became
one of the most common and attractive strategies for making chiral
compounds due to its high efficiency and low resource demand. In
this case, non-chiral starting compounds are transformed with
2

high efficiency into enantiomerically pure products using small
amounts of chiral catalyst under homogeneous or heterogeneous
conditions. Nevertheless, despite tremendous advances in this
field, only a few asymmetric catalysis processes have gained indus-
trial application at the present time. Twomain technical challenges
can be identified: the need for quick optimization of the catalytic
systems use and the high costs of process monitoring, upscaling
and automation.

These problems of asymmetric catalysis itself [33] can be solved
by introducing microfluidic technologies, which have a huge
potential for integration with analytical methods and can be easily
scaled up [19,31,32,34]. Another important task - the development
of an optimal chiral catalyst for industrial implementation is also
facilitated when microscopic quantities of substances are tested.
At the same time, this approach can be beneficial not only for
high-throughput screening and small-scale synthesis of certain
substances, but also for continuous production of significant
amounts of compounds with better efficiency and lower energy
costs.

Finally, continuous multi-step synthesis of complex pharma-
ceutical ingredients has already demonstrated the full benefits of
microchannel flow chemistry, which could transform and replace
traditional multi-step organic synthesis [34]. There are examples
already of multi-hundred-gram to kilogram scale production of
active pharmaceutical ingredients and their intermediates [19]. It
has been also shown that high chemo- and/or stereoselectivity
can be achieved by strategic residence time control – the most
important parameter in the development of continuous synthetic
methods. Such precise reaction control cannot be accomplished
in conventional batch reaction facilities [35]. With this in mind,
the choice in favor of microfluidic technology or reactions in a flask
depends significantly on the object of study.

The purpose of this review is to analyze the rapidly developing
field of microfluidic systems use in asymmetric catalysis and chiral
analysis. The examples of microfluidic technology applications in
asymmetric synthesis over the last decade will be reviewed, which
includes hydrogenation reactions, oxidation reactions, some nucle-
ophilic reactions, along with some applications of industrial
microfluidic reactors. This review will focus special attention on
the differences between microfluidics and the traditional flask pro-
cesses. In conclusion, the authors will share their opinion on the
prospects of using this approach in asymmetric synthesis.

Microreactor synthesis reactions

Despite the rapid development of asymmetric catalysis under
continuous flow conditions, among the first results there were
few reactions with good enantioselectivity. This is attributed to
the elevated temperatures that in-flow reactions were usually per-
formed at in order to reduce the substance reactor residence time,
whereas most traditional in the flask asymmetric catalytic meth-
ods are performed at low temperatures to increase enantioselectiv-
ity [36]. However, numerous successful examples of microfluidic
reactor use are known today and the number of works in this field
increases significantly every year, so here we will predominantly
consider the most important works of recent years.

Hydrogenation
Catalytic hydrogenation is one of the most common reactions in

both the laboratory and industrial scale, as many compounds can
be reduced under relatively mild conditions, often with high
chemo-, regio-, and stereoselectivity. One of the key trends in this
area is the use of perfect displacement flow reactors and their use
in microfluidic systems [37].

A reaction process for the asymmetric hydrogenation of ace-
tophenone was developed using a T-shaped Micro/Milli reactor
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and a homogeneous (S)-RUCY�(RuCl[(S)-daipena][(S)-xylbinap])
catalyst [38]. The results made the following points clear: (1) the
high importance of the catalyst feed that is separate from the start-
ing material flow into the reactor to avoid a conversion rate
decrease during continuous process operation; (2) the Micro/Milli
reactor allows increased liquid phase hydrogen transfer rate as
compared to conventional batch reactors with mechanized mixing.
The reaction time for such reactor is only a few seconds, which
amounts to one hundredth of the reaction time in a batch process
reactor; (3) the per reactor production increase is controlled by
adjusting the channel size and flow rate, and the resulting output
with four single reactors is comparable to an industrial scale pro-
duction [38].

Work on the asymmetric hydrogenation of a number of trisub-
stituted olefins in a gas–liquid flow reactor (Scheme 1) shows the
flexibility in optimizing synthesis conditions by changing such
parameters as pressure, solvent, temperature, and rhodium and
iridium catalyst loads [39].

The catalysts were found to exhibit the highest activity and
selectivity for the methyl ether 1 hydrogenation, resulting in a pro-
duct with up to 75% de at 95% conversion. At the same time, a smal-
ler amount of catalyst (1 mol%) was used to obtain the product.
Scheme 1. Microflow ole

Scheme 2. Acetamidocinnam

3

Balogh et al. [40] have studied the enantioselective hydrogena-
tion of a (Z)-a-acetamide cynnamic acid 4 where a chiral rhodium
complex 6 with a phosphine-phosphamide ligand was used as a
catalyst (Scheme 2), which provided high stereoselectivity in this
reaction. The rhodium complex (Fig. 1) had been immobilized on
a low-pore Al2O3 substrate, Phosphoro tungsten acid had been
used as an anchoring agent.

The optimized heterogeneous conditions for the in the flask
reaction were reproduced at the microreactor scale in a H-Cube�

microfluidic system. It is designed to hydrogenate a continuous
stream of substrate that flows through the system with an HPLC
integrated pump. Pure hydrogen as obtained by water electrolysis
was saturated by the reactant solution, preheated, if necessary and
then transferred to a disposable CatCart� catalytic cartridge. This
equipment includes a short (30 mm length, 4 mm diameter) stain-
less steel tube, filled with [Rh(R)]BF4/PTA/Al2O3 heterogeneous cat-
alyst. The device was working in hydrogen excess mode at1 bar
pressure (hydrogen flow rate was set at 30 ml/min, solution flow
rate at 0.1 ml/min), resulting in a gas–liquid mixture. These condi-
tions allowed to obtain the target product 2 during short (�1 s at
0.1 ml/min flow rate) reactor residence time, allowing high yield
and � 99% stereoselectivity.
fins hydrogenation.

ic acid hydrogenation.



Fig. 1. Rhodium complex with phosphine–phosphoramide ligand 6.
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The development of chiral synthesis technology for continuous
flow reactors has made it possible to downscale the reactor size
and make transition to micro- and nanoscale reaction quantities.
Technologically, there are three types of arrangements for the fixed
or fluidized media in the microreactor microchannels: compacted
layer, monolithic layer, or the use of homogeneous conditions
(with no stationary surfaces).

Another paper [41] describes hydrogenation processes in a con-
ical single-channel microreactor that used a broad range of chiral
catalysts. High yields and enantioselectivity has been shown in
all cases. However, as chemical synthesis microfluidics assumes
that microchip (such as Chemtrix microfluidic reactor) sizes do
not exceed 10–15 cm, this instance is better described as applica-
tion of microfluidic technology to the H-Cube� installation and a
single-channel reactor.
Scheme 3. Chiral ruthenium complex 4 used in

4

Subsequent studies [42,43] dealt with various stereoselective
hydrogenation reactions using chiral catalysts; this time the Chem-
trix (Labtrix) microreactor was used. b-Ketoesters (acetoacetic
ester and 4-chloroacetoacetic ester 8) were chosen as substrates
for the synthesis of (R)- and (S)-4-chloro-3-hydroxybutirates 9,
10 [38], the biologically important molecules in the synthesis of

L-carnitine (Scheme 3).
The ruthenium complexes with chiral ligands, such as (R)- or

(S)-BINAP, were used as catalysts, along with para-cumene ruthe-
nium complex 4 – (R)-[Ru(BINAP)Cl(p-methylcumene)]Cl 11. All
reactions were carried out under continuous conditions at 408 K
in three different solvent phases: aqueous methanol, aqueous
ethanol and octo triethylammonium bis(trifluoromethylsulfo-
nium) imide [N8,222] [Tf2N] – methanol – water phase. The corre-
4-chloroacetoacetic ester 5 hydrogenation.



Fig. 2. Chemtrix type 3223 microfluidic reactor.

Fig. 3. Chemtrix microreactor cell. Reproduced with permission [47,48]. Copyright
2012, Beilstein-Institut.
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sponding enantioselectivity factors, were 92.5%, 91.8%, 99.3% ee
[42]. Although ethyl (R)-4-chloro-3-hydroxybutirate have been
Scheme 4. Hydrogenation process in

5

obtained earlier through stereoselective biotechnology methods,
this alternative asymmetric hydrogenation strategy is less time-
consuming.

Usually, the reaction setups this field are based on the silica gel
immobilized metalcomplex chiral catalysts or on the inert carriers
with ionic liquids [44–46]. The powdered catalysts are then used in
fluidized bed reactors where they retain their catalytic activity for
prolonged time period [37].

The Chemtrix type 3223 microfluidic reactor consist of liquid
medium inlet channel 1, a gas medium inlet channel 2, additional
heating 3, a static mixer 5 and a reaction space 6; the final product
exits from channel 4. The channel width is 300 lm, height is
120 lm (Fig. 2).

Thus, the mixture of the substrate and the catalyst solution in
the ionic liquid was injected into the microchip through channel
1, and hydrogen gas was injected through channel 2. Next, the mix-
ing process with droplet formation took place in the mixer 5. After
going through the reaction space 6, the target reduced product was
obtained at the outlet of channel 4, with 92.5% ee. The report
described reaction condition optimization for better selectivity,
conversion rate and target product yield. The best solvent mixture
of solvents was the methanol/water/ionic liquid.

Similar technology for stereoselective hydrogenation in a
Chemtrix microfluidic reactor (Fig. 3) [47,48] was used for the
reduction of various benzoxazines with aromatic substituents
13a, 14a (Scheme 4). Chilal Brønsted acids 12 were used as cata-
lysts, while dihydropyridine 15 served as the source of hydrogen.

The action results in the stereoselective hydrogentrans ferto-
benzoxazines providing optically active dehydrobenzoxazines
13b, 14b. The best yields and enantioselectivities were obtained
when 0.5% (molar) substrate was used over one hour reaction time
at 0.1 ml/min flow rate. The result comparison shows that common
reactor yield is significantly lower than that in Chemtrix microflu-
idic reactor. In order to prove the general applicability of the devel-
oped method, this transformation was performed under
microreactor conditions for a wide range of substrates. In all cases,
high reaction yields and stereoselectivity factors were obtained for
the final products.
Chemtrix microfluidic reactor.



Fig. 4. Pilot plant for the intermediate production in the synthesis of «LY500307».
73 Liter continuous flow reactor [51]. Copyright 2012, American Chemical Society.
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Hydrogenation processes in continuous flowmicroreactors such
as the H-Cube� discussed above are well covered in the literature.
For example, there are known cases of microreactors being used for
organic compounds nitro group reduction to amino groups with
the preservation of the optically active center [49]. The known
examples use palladium catalysts placed on inert substrates or
on the steady layer of the CatCart� cartridge. Such systems have
already seen industrial use in the medicinal substance synthesis.
This way, EliLilly pharmaceutical company reported the reaction
scale-up for the production of «LY500307», an anti-schizophrenia
drug currently under development [18,50].

At a certain stage in the synthesis of this pharmaceutical sub-
stance, the double bond reduction process takes place to produce
the optically active intermediate 18, which is further transformed
into the target drug molecule (Scheme 5).

This asymmetric hydrogenation was initially developed on a
laboratory scale using microreactors. When the reaction load was
scaled up to industrial production, a pilot plant that was similar
to such reactor has been designed, where microfluidics technology
was used to achieve maximum yield, high enantioselectivity and
conversion rate of the reagents (Fig. 4).

Despite the large load of this pilot plant, the principle of
microfluidic technology is maintained in continuous flow reactors
(CFRs). The modern trend toward smaller reactor sizes and smaller
reagent quantities allows the reactions to be carried out with high
stereoselectivity using microchips.

Most asymmetric hydrogenation reactions under flow condi-
tions are carried out using heterogeneous and homogeneous chiral
complex metal catalysts, which leads to good yields and high stere-
oselectivity of the products. In all cases, in comparison with reac-
tions in a flask, the reaction time is significantly reduced, the
process becomes safer, environmentally friendly, and the opti-
mization of synthesis conditions is facilitated.

Oxidation
Oxidation processes can be effectively performed in microreac-

tors under the same technological conditions as hydrogenation
reactions. Literature provides a lot of examples where microfluidic
technology is being employed to carry out oxidation reactions with
oxygen gas used as an oxidizer in various processes. Also, a pho-
tooxidation method is known with the oxidizer being the in situ
generated free radical particles or singlet oxygen. Thus, there are
Scheme 5. Intermediate
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known cases of using microreactors for alkene epoxidation
[18,52] and ozonolysis [18] reactions, as well as of terpene [53]
photooxidation.

There search reported in [54] was focused on the synthesis of a
cyclic organic peroxide from a terpene in a microreactor with oxy-
gen intake. The reaction setup included a LED to produce singlet
oxygen to be used as an oxidizer. The reactor used in this research
deserves special attention, as the reaction itself does not result in
the formation of the optically active center [55]. The schematic
design of the reactors used in this oxidation process is shown in
Fig. 5.

The continuous stereoselective synthesis of Artemisinin perox-
ide, an anti-malaria pharmaceutical compound, has been success-
fully performed in a microfluidic system [16,41,42] which used
several consecutive microreactors (Scheme 6). The authors suggest
18 hydrogenation.



Fig. 5. Photooxidation microchip construction [55].

Scheme 6. Artemisinin 22 production pathway.
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using the photooxidation reactor to combine several stages into
one [56,57].

The reaction yield of 46% is comparable to the industrial pro-
duction yield of 55%, which was obtained by Sanofi corporation.
The photoxydation stage has more advantages in a continuous flow
Scheme 7. Alkene 23 ozo

7

system as compared to the half-closed classical process, which
improves Artemisinin 22 synthesis [58].

The ozonolysis reaction examples of optically active alkenes
(Scheme 7) are of interest as well. The authors of the 2009 report
[59] carry out alkene ozonolysis in a microreactor.
nolysis scheme [58].



Scheme 8. Diol 29 synthesis with cyclohexene 25 as starting compound.
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The design of the microreactor used in this process bears close
similarity with that of the microreactor shown in Fig. 5.

The design and construction of various microreactors which can
be used in oxidation processes, in particular for the stereoselective
diol production method, has been described in detail [18]. The
research reported in [60] gives an example of cyclohexene 25 to
diol conversion with the first stage carried out in a microreactor.
The following hydrolysis takes place in a separate reactor resulting
in the target cyclohexane-1,2-diol 29 (Scheme 8).

In general, there are not too many publications regarding
microfluidic technology being used for oxidation processes, much
less for stereoselective oxidation. The reason for such lack of data
is probably the complexity of these processes and the formation
of numerous byproducts that require additional extraction and
identification stages, although the greater fire safety of the
microfluidic approach should be noted.

CAC bond formation reactions under microreactor conditions
In the following sections, the main types of reactions of organic

compounds carried out using microfluidic technologies will be
considered. To facilitate the perception of the material, the Table 1
shows examples of comparing the two approaches on a number of
basic processes occurring under the most similar conditions (under
microfluidic conditions and in a flask). It follows from the data that
a noticeable advantage of the microfluidic method is a sharp reduc-
tion in the reaction time, sometimes leading to an increase in yield,
and in some cases, in the presence of racemization during the pro-
cess, to an increase in enantioselectivity. Detailed reaction condi-
tions are set out below in the relevant sections, since the
advantages of the microfluidic approach differ depending on the
type of reaction.

Shibasaki et al. in 2014 published pioneer work on a chiral coor-
dination complex catalyzed asymmetric CAC bond formation reac-
tion under flow conditions [74]. The anti-selective asymmetric
nitroaldol reaction between m-methoxybenzaldehyde 30 and
nitroethane 31was studied as a route to produce the chiral precur-
sor for AZD5423 34 (Scheme 9A), an experimental phase II drug
developed for the treatment of chronic obstructive pulmonary dis-
ease (COPD). The authors have developed a new heterobimetallic
Nd/Na complex containing a chiral amide-based ligand with an
appropriate spatial arrangement that provides high anti-
diastereoselectivity, as opposed to the syn-preferred chelation pat-
terns of most earlier catalytic systems [75]. The catalyst was
deposited on a multilayer carbon nanotube matrix by self-
assembly of the corresponding metal salts and the chiral ligand
providing a robust heterogeneous material suitable for continuous
flow conditions. 12.4 Grams (93% yield) of the chiral b-nitroalcohol
33 were obtained over 28 hour period, with anti/syn ratio of 93:7
and 88% ee. Compound 33 was then converted into AZD5423 34
by nitro group reduction followed by copper-mediated O-
arylation and trifluoroacetylation with 58% yield. Remarkably,
8

the processing and isolation of the key chiral intermediate is
greatly simplified by using the heterogeneous catalytic flow pro-
cess, in contrast with the corresponding batch reaction.

Later, Shibasaki group expanded the use of an anti-selective
asymmetric nitroaldol reaction catalyzed by a heterobimetallic
Nd/Na complex into the continuous flow synthesis of the chiral
intermediate AZD7594 38 (Scheme 9B), another possible drug for
asthma and COPD treatment (presently in Phase II clinical trials)
[76,77]. The reaction between 1,4-benzodioxane-6-carbaldehyde
35 and nitroethane 31 was studied in a similar flow-through appa-
ratus. It resulted in 8.9 gram (81% yield) of chiral adduct being syn-
thesized in 20:1 anti/syn ratio and 95% ee. The nitro group in 36
was later reduced in usual batch process, the reaction mixture
was then treated with HCl/MeOH mixture to yield the hydrochlo-
ride of aminoalcohol 37 – a key intermediate in the synthesis of
AZD7594 38.

In 2017, Benaglia et al. used 3D printed flow reactors to carry
out selective asymmetric nitroaldol reactions in the presence of a
chiral Cu(II) complex, by using continuous method for the synthe-
sis of adrenergic amines: metoxamine, metaraminol, and norephe-
drine (Scheme 10) [30]. These substances stereoisomers have
different medical uses, such as anti-inflammatory agents or appe-
tite suppressants, or hypotension treatments. The chiral complex
was formed in situ from Cu(OAc)2 and a chiral ligand obtained from
camphor. Optimal reaction conditions were shown to be 30-
minute residence time in ethanol (an environmentally friendly sol-
vent) at �20 �C. The corresponding chiral b-nitro alcohols were
synthesized under these conditions in good (72–90%) yields and
high ee (86–90%), yet with diastereoselectivity (preference for anti-
isomers) of only �4:1. The target chiral amino alcohols were
obtained by nitro group reduction (also, O-debenzylation in case
of metaraminol), followed by continuous flow hydrogenation in
the H-Cube Mini reactor, fitted with the cartridge containing 10%
(mass) Pd/C catalyst. It is worth noting that the possibility of con-
tinuous inline removal and reuse of the homogeneous chiral cata-
lyst was shown by simple filtration through a short silica column.

Continuous flow reactors have become a convenient platform
for the safe, cost-effective and scalable use of gases in organic syn-
thesis. Landis et al. perfomed the enantioselective hydroformyla-
tion of 2-vinyl-6-methoxynaphthalene 43 catalyzed by the chiral
Rh-bis-diazaphospholane complex 46 in a tubular flow reactor,
leading to the key chiral intermediate product 44 of the nons-
teroidal anti-inflammatory drug (S)-naproxen 45 (Scheme 11)
[55]. A flow reactor with series tube connection was used in this
study, the reactor design provided residence time of 0.5–12 h.
The toluene solutions of the chiral catalyst and substrate together
with the synthesis gas (CO/H2 1:1) were delivered separately into
the reactor, and reaction conditions were precisely optimized,
which, while maintaining regioselectivity, resulted in high conver-
sion and enantiomeric excess. The total uptime of the reactor was
130 h, providing multi-gram quantities of the chiral aldehyde 7



Table 1
Comparison of the product yields of a number of typical asymmetric reactions carried out under microfluidic conditions and in a flask.

Reaction
Type

M- microfl.
L- batch

Formula Product,
(Schema)

Reaction time ToC Yield, % de, %
syn/anti

ee,
%

Lit
[]

Si-hydrogenation M 122
(31)

2 h 0 82 83 [61]
L 18 h 0 80 98

Nitroaldol M 41
(11)

5 h 45 91 70/30 92 [30]
L 30 min �20 96 75/25 90

Epoxide hydrolysis M 60
(16)

20 h 20 87 93 [62]
L 72 h 20 94 95

Aldehyde alkylation with Et2Zn M 62
(17)

6 min 0 99 98 [63]
L 4 h 0 98 99

Hydroxylation M 77
(20)

2 h 0 93 84 [64]
L 24 h �15 95 89

Hydroboration M 65
(18)

5 min 70 98 91 [65]
L 1 h 20 80 89

Allylboration M 109
(27)

6 min 0 96 92 [66]
L 16 h 0 89 96

Aldol condensation M 116
(29)

20 min 60 81 98 [67]
L 20 min 60 93 97

Aldol condensation M 92
(F6)

26 min 20 92 96/4 97 [47]
L 24 h 20 74 95/5 98

Michael Reaction M 68
(19)

5 min 60 98 81 [68]
L 1 h RT 80 89

Photoredox Alkylation M 142
(36)

45 min �15 86 87 [69]
L 18 h �15 85 88

Enzyme Acylation Hydroxy group M 138
(35)

30 min 30 96 99 [70]
L 24 h 30 97 99

(continued on next page)
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Table 1 (continued)

Reaction
Type

M- microfl.
L- batch

Formula Product,
(Schema)

Reaction time ToC Yield, % de, %
syn/anti

ee,
%

Lit
[]

Enzyme Acylation Amino group M 129
(32)

1 h 30 96 99 [71]
L 24 h 30 97 99

Cascade Hydroxylation + Photocyclization M 145
(36)

1 h 55 64 96 [72]
L 1 h 55 7 95

Electrochemical oxidation M n.m 20 71 64 [73]
L n.m �15 10 48

PMP = p-methoxyphenyl.
n.m. not mentioned.

K.A. Kochetkov, N.A. Bystrova, P.A. Pavlov et al. Journal of Industrial and Engineering Chemistry xxx (xxxx) xxx
with 92% ee. Despite the non-reusable homogenous catalyst being
chosen for this reaction, the catalyst load was relatively low; and
the extra advantage of continuous flow versus batch setup was
the safe use of the syngas.

The article [78] talks about enantioselective addition of trisilyl
cyanide to benzaldehyde 47 under chiral catalysis 49 in a microre-
actor. The T-shaped microreactor was used to optimize the reac-
tion conditions for the enantioselective lanthanide–PIBOX
complexes catalyzed silylation of benzaldehyde (Scheme 12). Com-
pared to the conventional batch procedure, higher conversion was
observed along with shorter reaction times. The Lu(III)-based
microreactor process provided essentially the same enantioselec-
tivity as the batch process (73% ee vs 76%), while the Yb(III) cata-
lysts were less effective in microreactors (enantiomeric excess of
53% as opposed to 72% in batch reactions). Ce(III) use resulted in
low selectivity in both types of processes (1% and 11% ee respec-
tively). The study of the additives influence showed that the enan-
tioselectivity in the Yb catalyzed reaction carried out in the
microreactor could be increased to 66%, while only a slight
improvement, up to 78% ee, was observed for the reaction with Lu.

This T-shaped microreactor turned out to be rather popular in
organic synthesis; for example, the Suzuki reaction [79] was car-
ried out in it, and the same microreactor was used in heteroge-
neous catalysis as reported in [80].

The b-arylation of ketones with lithylation at the first stage and
subsequent borylation with the 1,4-coupling reaction was success-
fully performed under cascade conditions. This reaction cascade
10
makes it possible to obtain aryl bromides 50 quickly, safely and
efficiently at room temperature followed by their conversion to
arylborates and subsequent asymmetric 1,4-addition using a rho-
dium catalyst resulting in the target product 52 being formed with
up to 99.5% ee (Scheme 13) [81].

The use of microreactors with a catalyst implanted on a poly-
meric carrier is well known. Thus, the glyoxylate-ene reaction with
a polymer-bound bis-(oxazoline)-complex on a polymeric carrier
56 and a copper catalyst was successfully carried out in a microre-
actor (Scheme 14).

The isolated products were 85–95% enantiomerically pure. Cat-
alyst recycling did not affect enantioselectivity [82].

Kirschning and his group developed a method for enantiomeric
separation of terminal epoxides using immobilized chiral cobalt
complexes 59 in a microfluidic chip [62] (Scheme 15). Epibromo-
hydrine 58 enantioselective ring opening was successfully carried
out in a continuous flow mode to give 60 with 53–93% enan-
tiomeric purity and 76–87% yield.

Enantiomerically pure alcohols were synthesized from aldehy-
des and diethylzinc using 3-exo-piperazinozoboronenol with a
polymeric carrier 61 [63]. Catalysis load of 10 molar percent in this
experiment turned out to be enough for the synthesis. The corre-
sponding secondary alcohols were obtained in high yields and
selectivity over 6 h at 0 �C (Scheme 16).

The system was stable for 20 h, over this period the high stere-
oselectivity level remained unchanged while a slight drop in con-
version was observed (conversion �85% after 30 h). It is



Scheme 9. Synthesis of key chiral intermediates of stage II experimental drugs under combined flow and batch reaction conditions.

Scheme 10. Asymmetric flow-through synthesis of norephedrine, metharaminol, and methoxamine [30].
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noteworthy that this single experiment produced 13 g of the tar-
get alcohol with 98% ee.

A complex batch and continuous process has been recently
developed by Pastre [65] for the gram scale synthesis of goniotha-
lamine. The asymmetric approach that used (�)-Ipc2B(allyl),
11
resulted in the formation of (S)-goniothalamine intermediate com-
pound 65 in 98% yield and 91,5% enantiomeric excess along with
1.8 gram per hour production rate (Scheme 17). In the final step,
the ring closure metathesis reaction was investigated in both batch
and flow modes. For the flow mode, the residence time after fur-



Scheme 11. Continuous enantioselective synthesis of the chiral naproxen precursor [55].

Scheme 12. Addition of trimethylsilylcyanid to benzaldehyde [78].

Scheme 13. Ketone
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ther optimization could be reduced to 16 min with good selectivity
and yield of the target product. In this context, a coaxial tube-in-
tube reactor was investigated for the in situ ethylene removal to
favor of ring closure rather than cross-metathesis. These results
provide further proof of the flow chemistry effectiveness for
organometallic reactions. A total of 7.75 g of goniothalamine was
obtained using the developed complex flow and batch methods.

A joined Anglo-French team published their report [83] on the
first continuous Z-selective olefin metathesis process that goes
on in a flow mode under Grubbs type catalyst action, which was
later used in the synthesis of pheromones and macrocyclic
odorants.
b-arylation [81].



Scheme 14. Glyoxylate-ene reaction using a microreactor with a grafted catalyst [68].

Scheme 15. Epibromohydrine separation [62].
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In addition to the previously noted, this section also demon-
strated other advantages of the processes discussed, as the ease
of cascade reactions, better heat/mass transfer, the possibility of
Scheme 16. Synthesis of enantiomeric

Scheme 17. Goniothalamine intermed
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effective, safe and scalable use of gases in metalorganic synthesis.
Despite a number of advances, the use of continuous flow reactions
(compared to the successful development of asymmetric reactions
catalyzed by transition metals in batch mode) is still only a poten-
tial technology for industrial application. Problems including reac-
tor design, catalyst stability and deactivation, maintaining the
necessary pressure, capillary clogging, etc., remain unresolved by
large part [25].
Chiral organocatalysis
The use of metal-free organocatalysts for stereoselective syn-

thesis has great potential, since it is expedient both from an eco-
nomic and environmental point of view [24,32]. Numerous
phosphoric and amino acids, alkaloids, and their various deriva-
tives are applied as organocatalysts for different asymmetric
carbon-heteroatom and CAC bond formation reactions. Chiral
ally pure secondary alcohol [63].

iate compound 65 synthesis [65].



K.A. Kochetkov, N.A. Bystrova, P.A. Pavlov et al. Journal of Industrial and Engineering Chemistry xxx (xxxx) xxx
organocatalysts, due to their molecular diversity, wide range of
applications, low toxicity, they are stable at different reaction con-
ditions, have proven to be considerably useful for the batch synthe-
sis of optically active drug molecules and other enantiomerically
enriched bioactive products [84].

New opportunities arise when organocatalysis methodology
gets applied to continuous flow conditions in microreactors
[31,32]. Early reports on enantioselective organocatalytic synthesis
of chiral products under continuous flow conditions were pre-
sented by Benaglia [68], whose group used soluble organocatalysts
in a 10 ll glass microreactor. Initially, the enantioselective synthe-
sis of baclofen precursor was performed by reacting para-chloro-b-
nitrostyrene 66 with an excess of diethylmalonate 67 in the pres-
ence of a bifunctional thiourea organocatalyst 71 (Scheme 18A).
Under optimal conditions (30-min residence time and 80 �C), the
process was scaled up to a large-sized tubular reaction vessel,
and the target baclofen precursor 68 was obtained in 98% yield
and 81% ee.

The enantioselective synthesis of pregabalin 70 precursor was
performed by the interaction of diethylmalonate 67with the corre-
Scheme 18. Enantioselective synthesis of c-aminobutyric acid derivatives of API precurs
processes.
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sponding aliphatic nitroalkene 69 in the presence of the same chi-
ral thiourea catalyst 71 (Scheme 18B). Although under the best
conditions (2-min residence time at 60 �C) the reaction provided
a conversion rate of only 37%, the chiral precursor 70 was obtained
with nice yield of 1 g per hour and enantiomeric excess of 81%. The
enantioselective Michael addition of 4-hydroxycoumarin 72 to
benzylidenacetone 73 in the presence of a chiral primary amine
catalyst 75 based on a cinchona alkaloid and trifluoroacetic acid
as a co-catalyst was studied for the warfarin asymmetric synthesis
74 [68] (Scheme 18C). Using a 10 ll microreactor at 75 �C, the pro-
duct was obtained in good yields (93% ee) with conversion (61%) in
10 min.

The researchers from China [64] used similar catalyst to carry
out the asymmetric a-hydroxylation of b-dicarbonyl compounds
in a flow microreactor to see high yields (up to 93%) and good
enantiomeric selectivity (up to 84% ee) The reaction times in this
case were around two hours, which is an order of magnitude
shorter than that for the traditional setup (Scheme 19).

A two-step flow-through asymmetric synthesis of chiral c-nitro
butyric acids – the key intermediates of GABA analogs baclofen,
ors 68, 70 as well as (S)-warfarin 74 in homogeneous organocatalytic flow-through



Scheme 19. Asymmetric a-hydroxylation of b-dicarbonyl compounds [64].
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phenibut, and fluorophenibut – was implemented on a multigram
scale (Scheme 20) [85]. The process involves enantioselective
Michael addition facilitated by the heterogeneous polystyrene-
based organocatalyst followed by peroxy acid mediated in situ
aldehyde oxidation. High throughput under optimal conditions
compared to previous approaches to serial production resulted in
a simple approach to valuable optically active substances.

The Kobayashi group in 2021, suggested an effective flow con-
ditions using a polystyrene-based prolinamide as a chiral
organocatalyst to enantioselective aldol reactions of trifluoroace-
tophenones with ketones [26]. Initially, the reaction was studied
under batch conditions, where the inherent reversibility of the
aldol reaction led to racemization over long reaction times. In con-
trast, the flow-through conditions placed a continuous stream of
Scheme 20. Asymmetric synthesis of

Scheme 21. Continuous enantioselective syn
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substrate in contact with a local excess of the catalyst, albeit for
a short residence time, thus minimizing racemization and thereby
guaranteeing a high enantiomeric excess. Also, prolonged catalyst
life was observed (over 195 h). This process has been successfully
implemented to the synthesis of the chiral analog of phenpentadiol
83 (Scheme 21), the compound with reported antidepressant activ-
ity. For this purpose, the trifluoromethylated chiral diole 80 was
prepared by enantioselective aldol reaction under optimized flow
conditions using acetone 81 as an environmentally friendly solvent
and then converted to the corresponding tertiary alcohol by the
Grignard reaction with methylmagnesium bromide under batch
conditions.

Optimal conditions for stereoselective aldol condensation were
determined using a microreactor (Scheme 22) [86]. The reactor
chiral c-nitro butyric acids [85].

thesis of a phenpentadiol chiral analog.



Scheme 22. Asymmetric aldol condensation and Mannich reactions [86].
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design included a 1 ml glass vessel, a rectangular mixing zone, and
a residence channel. The authors used 5-(pyrrolidin-2-yl)tetrazole
89 as a chiral catalyst at 5–10% molar concentration to form the
product. The optimal reaction time at 60 �C was only 10 min. Also,
organocatalytic aldol reactions were carried out in a microreactor
with lower catalyst loads under continuous flow conditions. Con-
densation of various aromatic aldehydes 39 with acetone 81 cat-
Fig. 6. Flow-through reactor for enant
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alyzed by the chiral 5-(pyrrolidin-2-yl)tetrazole 89 greatly
accelerates the process at a reduced catalyst content in the reaction
mixture (5 mol %, 20 min) and temperature (60 �C) [86]. Mannich
reaction performed under the same conditions results in a high
product yield with over 95% ee and a diastereomeric ratio of 10:1.

To demonstrate the versatility of this methodology, several syn-
theses were performed that used the derivatives of the original
ioselective Mannich reaction [47].
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substrate. In all cases, good enantioselectivity was observed, but
the yield was low when bulky substituents were used.
Continuous-flow microreactors are appropriate for accelerating a
variety of reactions and facilitating their upscaling. They are
becoming a valuable alternative to traditional batch reactors for
synthetic chemistry [52,86].

The German authors report an enantioselective Mannich reac-
tion on a microchip catalyzed by Brønsted acid (Fig. 6) [47,48].
The study used a microreactor made according to the authors’
own specifications by iX-factory company [47,48] (Fig. 7). The
authors connected the microchip to a mass-spectrometer to iden-
tify the compounds formed. They used enantioselective microchip
separation technology and a combination of enantioselective
organocatalysis, enantiomer separation, and mass spectrometric
Scheme 23. Aldehyde a

Fig. 7. Reagent injection scheme for the microchip [47,48].

Fig. 8. General reactor setup. (A) A glass Omnifit column is packed with 1 g of proline. (
components are connected to HPLC pumps (2, 4) for solvent and reagent inputs. The reac
solvent inputs and fraction collection (5). Reproduced with permission. [87] Copyright 2
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detection in a single microarray. The results showed a very good
correlation with laboratory experiments in the flask. The microchip
design used by this group makes it possible to detect and identify
reaction intermediates by mass spectrometry and can become a
useful tool for studying reaction mechanisms.

A single-channel straightforward microfluidic reactor was used
for the stereoselective a-oxyamination reaction [87]. The authors
used L-proline 96 as an auxiliary chiral component. The reaction
was carried out with a large number of substrates and a limitation
was found, for example, hexanal did not enter into the oxyamina-
tion reaction. The system is designed in such a way that in the first
step, a solution of aldehyde 94 and urea 95 is injected through a
compacted L-proline layer to form a catalytic intermediate (pre-
sumably oxazolidinone). This catalyst solution is then combined
with the nitrosobenzene 97 flow, resulting in a-oxyamination 98
(Scheme 23).

The microreactor used in these experiments [88] was the
Vapourtec R series reactor system, which includes HPLC pumps
for solvent and reagent injection, low-temperature tubular reactor
containing a glass column, filled with 1 g of L-proline and a low-
temperature 10 ml Teflon coil plus a tubular reactor that allows
each reagent stream to be cooled before mixing (Fig. 8). This basic
-oxyamination [78].

B) The column is then placed in-line with a 10 mL PFA coiltube reactor (3). (C) The
tor is controlled by a computer (1) in order to program the timing of the reagent and
011, Beilstein-Institut. Vapourtec R series reactor system [88].
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setup can be adapted for use with a broad selection of other cata-
lysts by replacing proline, for example, with a combination of tran-
sition metal salts with chiral ligands [52,87].

There are known cases of ‘‘Domino-reaction” in a system con-
sisting of several similar microreactors (Scheme 24) [52,89]. Due
to this setup, a high stereoselectivity of the process is achieved
when using L-proline. The microfluidic system was developed for
a stepwise Michael addition reaction. In the first microreactor,
the first Michael addition occurs, resulting in an intermediate com-
pound, which then reacts in the second microreactor with another
Michael acceptor (e.g., an unsaturated carbonyl compound), and so
on, resulting in the successive formation of up to four new stereo-
centers in the substrate molecule. The final aldol condensation
leads to a highly functionalized six-membered ring with six asym-
metric centers.

A fully integrated microfluidic system for asymmetric
organocatalysis and simultaneous analysis of the resulting com-
pounds by electrospray mass spectrometry developed by Belder
and coworkers [47] for the Mannich reaction using Brønsted acid
catalysts (Scheme 25). The product was obtained with an enan-
tiomeric purity of about 70%.

For the asymmetric aldehyde allylboration in a continuous flow,
a Brønsted catalyst was successfully used; the catalyst was
obtained by co-polymerization of the corresponding BINOL deriva-
tive with styrene and divinylbenzene followed by phosphorylation
(Scheme 26). The optimized flow system made it possible to syn-
thesize 4.6 g of (R)-1-phenylbut-3-ene-1-ol 109 with 91% enan-
tiomeric purity over 28 h of continuous experiment [66].

Asymmetric aldol condensation reactions were also conducted
in a continuous flow using immobilized peptide catalysts based
on proline derivatives, which were immobilized on Merrifield resin
containing 8% 1,4-divinylbenzene as a crosslinking agent [90]
Scheme 24. Dom

Scheme 25. Integrated Mannic
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(Scheme 27). Under optimized flow conditions the aldol reaction
of p-nitrobenzaldehyde 110 and cyclohexanone 86 was carried
out under the control of instrumental methods of analysis for over
45 h. The technique yielded 4.87 g of chiral aldol 112 in 30 h with
high enantiomeric (97%) and diastereomeric (92%) purity.

A continuous flow process has been developed for the asym-
metric synthesis of chiral aldehyde, the key chiral intermediate
in the (�)-paroxetine synthesis 116 (Scheme 28). The key stage
of the process was the enantioselective Michael reaction that was
conducted solvent-free in the presence of cis-4-
hydroxydiphenylprolinol on a polystyrene matrix as a heteroge-
neous organocatalyst [67]. The absence of solvent combined with
the reliable catalyst allowed a significant increase in the produc-
tion rate of the final product up to 1 g per hour. The process pro-
vided high chemo- and stereoselectivity, producing minimal
waste, as demonstrated by a combined E-factor of 6.22.

In some cases, unsatisfactory enantioselectivity results were
obtained, possibly due to long process times at relatively high tem-
peratures. Pandey and co-workers [91] studied the 1,6-conjugated
addition of nitroalkanes to p-quinonmetides under microfluidic
conditions. Under optimal reaction conditions (base – DBU, solvent
– DMSO/PhME (98:2), flow rates A and B – 5 ml/min, residence
time – 10 min, temperature 80 �C) using ethyl nitroacetate as
nucleophile, the corresponding product was obtained in 55% yield.
Efficiency comparison of the batch versus continuous processes for
compounds 117 and 118 indicates better yields (80%) of 119 under
microflow conditions (Scheme 29), which is much higher than in
the flask (54%) over a longer time of 72 h. The enantioselective ver-
sion of this reaction was carried out in a microreactor using 20%
molar solution of quinine or quinidine. When the reaction was car-
ried out at 80 �C, product 3d was obtained in 51% and 33% yields,
respectively, but, in both cases, a racemic mixture was formed.
ino-reaction.

h reaction apparatus [47].



Scheme 26. (R)-1-Phenylbut-3-ene-1-ol synthesis [66].

Scheme 27. Aldol condensation reaction using a grafted proline-based catalyst.

Scheme 28. Multigram-scale continuous flow organocatalytic synthesis of chiral aldehyde [67].
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The Benaglia group used chiral N-picolylimidazolidinone 121 on
a solid carrier as an effective heterogeneous organocatalyst for
enantioselective reduction of imines with trichlorosilane [61].
Under batch conditions, the reused the immobilized catalyst
demonstrated selectivity and activity close to its homogeneous
analogue. The researches applied this heterogeneous catalyst in a
condensed bed flow system to synthesize 1-(m-
benzyloxyphenyl)-ethylamine 122, a valuable chiral precursor of
19
various substances such as rivastigmine, a cholinesterase inhibitor
used to treat Alzheimer’s disease (Scheme 30) [92]. During the 6-h
synthesis followed by alkaline treatment, the chiral amine 122was
synthesized in 79–82% yield at 77–83% ee. The same authors used a
corresponding strategy of reduction with trichlorosilane using var-
ious homogeneous chiral picolinamide catalysts for batch and con-
tinuous synthesis of intermediate products for the anti-
parkinsonian agent rasagilin as well as tamsulosin used for pro-



Scheme 29. 1,6-Conjugated addition of nitroethyl acetate to p-quinonmetide.

Scheme 30. Synthesis of the chiral precursor of rivastigmine by enantioselective reduction in a continuous flow. (PMP = p-methoxyphenyl).
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static hyperplasia treatment. In these cases, moderate enantiose-
lectivity was achieved with the use of chiral organocatalysts, so
easily removable chiral auxiliary substances were used as the ele-
ments of stereochemistry control to obtain the target enantiopure
amino compounds.

Thus, enantioselective catalysis is often used to produce the
desired stereoisomer. Compared to non-stereoselective reactions,
most known enantioselective catalytic reactions use carefully
designed catalysts that are more sensitive to reaction factors. Many
problems can be solved by using continuous-flow reactors, which
facilitate precise control of reaction conditions. On the other hand,
high sensitivity can hinder the development of continuous multi-
step processes because incoming impurities can have a detrimental
effect on the catalytic process. In addition, many of the described
reactions use lower temperatures coupled with rather long reac-
tion times to achieve high enantioselectivity. Without changing
other parameters, long reaction times are usually independent of
the flow conditions simply because too low a flow rate can result
in inefficient mixing. In addition, since most chiral catalysts are
expensive and contain transition metals, they should ideally be
continuously processed for recycling. Consequently, although
enantioselective batch reactions have been successful even in
many industrial settings, developing enantioselective catalytic
reactions in continuous flow is still a challenge, especially given
the higher stability standards [93].

At the same time, the microfluidic technology allowed the
screening of numerous parameters, such as temperature, solvent
influence, reactant concentration, reaction time, catalyst loads,
and catalyst/reagent combinations, for various reactions, leading
to a rapid search for optimal reaction conditions that guarantee
high chemical and stereochemical efficiency. Reactions carried
out under continuous flow conditions show significant reaction
time reduction and improved performance, compared to reactions
in a flask. The enantioselectivity of the processes is generally not
lower than the results obtained under conventional conditions.
20
Thus, while organocatalysis is a well-established methodology,
especially for obtaining enantiomeric compounds, it can expand its
possibilities even further when used in a continuous flow setup.
Therefore, the use of flow chemistry for organocatalytic reactions
helps to overcome the main problem associated with organocatal-
ysis: the high catalyst loads. Moreover, many important products,
in particular the precursors of physiologically active compounds,
can easily be obtained in gram quantities using chiral organocata-
lysts in continuous flow reactors. Organocatalysts immobilized on
a variety of carriers are also highly efficient and are already widely
used, which opens up approaches to their industrial applications.

Chemo-enzymatic reactions
Microfluidics has proven particularly useful in green chemistry

because it has reduced the amount of required organometallic cat-
alyst and ‘‘harsh” solvents, and also brought down the number of
synthetic steps [93]. On the other hand, the use of systems contain-
ing enzymes and living cells allows reactions to be carried out
under mild conditions, creating new synthesis pathways, improv-
ing regio- and stereoselectivity, and removing protection setup
and removal reactions that require the use of harsh reagents from
the synthesis. Microfluidic bioreactors, designed to use very small
amounts of substances, solve the problem of enzymatic reactions
screening [94].

The researches that published a 2005 report [95] used a T-
shaped simple microchip to carry out the reaction of preparing a
diol 124 from an epoxide 123 (Fig. 9). The use of enzymes for cat-
alyst leads to a high stereoselectivity of the process (up to 95% ee).
Interestingly, the microchip was integrated with a chiral elec-
trophoresis system, making it possible to immediately separate
and identify the reaction products [95]. The compounds were sep-
arated at 8.5 pH using 50 mmol/L borate buffer containing
15 mmol/L heptakis-6-sulfato-b-cyclodextrin as a chiral compo-
nent. Under these conditions, the product and adduct could be
simultaneously separated into their respective enantiomers in less



Fig. 9. Epoxide 123 opening reaction.
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than 90 seconds. Fluorescence detection using a deep UV laser (Nd:
YAG = 266 nm) was used to detect the analytes.

The article [71] discusses kinetic separation of the amine race-
mate mixture by stereoselective acylation with ethyl acetate, when
catalyzed by various immobilized forms of lipase B from Candida
antarctica (Scheme 31). The reactions were carried out in a flow-
through microreactor; the temperature varied from 0 to 70 �C. This
reaction with immobilized CaLB was also performed in a flask
under the same conditions. The results demonstrated for the first
time that different modes of enzyme immobilization were optimal
in lipase-catalyzed kinetic resolution of racemic amines for differ-
ent types of substrates or reaction conditions. Immobilization
methods that limit enzyme mobility in combination with flexible
substrates were useful for maintaining selectivity at elevated tem-
peratures. On the other hand, immobilization methods limiting
enzyme mobility in combination with rigid substrates resulted in
poor reactivity and selectivity at low temperatures. As the sample
analysis shows, it takes about 24 h to complete the separation of
the stereoisomers in the flask, whereas the separation time in the
microreactor is only 1 h.

In 2018 Gruber et al. reported [96] a convenient microreactor
synthetic pathway for (2S,3R)-2-aminobutane-1,3,4-triol (ABT) –
Scheme 31. Acylation reaction with ethyl acetate catal
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a building block for the synthesis of protease inhibitors and detox-
icating medicines. It is a two-step synthesis (see Scheme 32 for the
reaction and the general reactor outline). During the reaction con-
ditions optimization, the desired parameters for a successful cas-
cade reaction were obtained.

The first step reactor is shown in Scheme 33(a). The serum with
transketolase and the substrate are introduced into the upper part
of the reactor constructed from two polymethylmethacrylate
plates. Scheme 33(b) shows the device for mixing the products of
the first reaction with a co-substrate in a Y-shaped connector for
the next step catalyzed by transaminase which is injected into
the center of the unit. Overall, microfluidic technologies made it
possible to reduce the reaction time by more than an order of mag-
nitude, and to obtain a higher purity intermediate compound.

The article [97] discusses the acylation reaction of the primary
hydroxyl group of uridine derivatives in a flow microreactor with
the Lipozyme TLIM enzyme obtained from Thermomyces lanugi-
nosus. The resulting nucleoside analogs, such as azidothymine, tel-
bivudine, and doxyfluridine, are used in medicine as antiviral and
antitumor drugs. Previous attempts to perform this type of synthe-
sis involved other enzymes, such as CAL-B. This reaction requires
longer time (24 h) to achieve the desired result [70]. The reaction
yse by various immobilized forms of lipase B [71].



Scheme 32. ABT synthesis and general reactor outline.

Scheme 33. First (a) and second (b) stage reactors. (Reactor tube diameters vary from 0.25 to 0.5 mm). Reproduced with permission [96], Copyright 2017, John Wiley and
Sons GmbH.
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was carried out with various substrates (Scheme 34). The yield of
esters 3 was 80–99% under the following optimal conditions: sol-
vent DMSO/tert-amyl alcohol ratio of 1:14; substrate uridine/viny-
laurate ratio of 1:9; 30 �C reaction temperature; 30 min reaction
time in a flow microreactor (Scheme 34).

It is also important to note that, despite the wide structural and
chemical diversity of natural enzymes, relatively few have been
successfully applied to industrial processes. The research pub-
lished in 2019 [29] used a directed evolution (DE) method to cir-
cumvent this limitation. DE – a method that imitated natural
selection – was used in combination with droplet microfluidics
that allows to analyze multiple enzyme variants on a super short
timescale thus creating new enzymes with individual characteris-
tics. The DE development in recent years highlights the most
important advances toward high-throughput enzyme optimization
requirements.

Recently, a microfluidic bioreactor has been proposed as an
environmentally friendly alternative to conventional synthesis for

L-DOPA and dopamine enzymatic production in a sequence of reac-
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tions with respective yields of 30% and 70% [98]. In addition, a 780-
fold scale-up experiment was performed to reach milliliter vol-
umes while maintaining the yields and biocatalyst as in its micro-
scale counterpart. This scheme is notable for reducing reagent
consumption by immobilizing the catalyst on a carrier medium,
which can then be used in a compacted bed reactor, thereby
extending the life of the enzyme.

It has to be emphasized that the time for enzymatic reactions
carried out in microreactors decreased on average by an order of
magnitude, from several days to several hours. The use of such
technologies opens up the possibility of science ‘‘automation”
[99]. The synergetic combination of artificial intelligence, low cost,
high performance, and standardized analysis could potentially
increase the efficiency of low-molecular-weight drug discovery
[100].
Photochemical, electrochemical and other reactions
In the last 10 years, joint photoredox and organocatalysis has

emerged as a powerful synthetic tool. McMillan and his colleagues



Scheme 34. Acylation reaction of the primary hydroxyl group in uridine derivatives [70].
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have demonstrated for the first time that it is possible to design
unprecedented synthetic approaches to chiral molecules, which
are difficult to implement with traditional strategies [101].

Later on, Neumann and Zeitler reported the reaction between
brommalonate 139 and octanal 140 catalyzed by McMillan imida-
zolidinone (triflate salt) 141 in the presence of the photocatalyst
eosin Y and 2,6-lutidine to form a-alkylated aldehyde 142 [69].
Two different reactor installations were proposed: one using glass
microreactor technology along with 530 nm LEDs, and another
using a polyfluoroethylene HPLC tube wound on coils around a
23 W compact fluorescent lamp that was immersed in a cooling
bath (Scheme 35A). With this setup, optimum irradiation was
achieved for the large tube volume and length (10.5 ml volume
and 21 m reactor length). The reaction under flow conditions still
Scheme 35. Examples of continuous flow organophotoredox conversions. (a) Dual cat
continuous flow conditions [69]. (b) Rupping and Sugiono reductive cascade cyclization
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exhibits high enantioselectivity and yields, providing product 142
in yields up to 86% and enantiomeric purity up to 87%. A 107-
fold increase in productivity was achieved compared to the reac-
tion under batch conditions due to more efficient irradiation.

An organocatalytic cascade hydrogenation reaction with photo-
cyclization and transfer published by Ruping and Sugiono used 2-
aminochalcones as reagents, chiral phosphoric acid 12 as a chiral
catalyst, and Hantzsch ester 144 as a reducing agent [72]. A glass
microreactor immersed in a thermostatically controlled water bath
was used for the continuous-flow setup. A high-pressure mercury
lamp placed next to it irradiated the reactor from the side. This
methodology produced a variety of substituted isoquinolines in
very high yields and enantioselective excesses, starting with the
readily available 2-aminochalcones (Scheme 35b). In particular,
alysis of a-alkylated McMillan aldehydes optimized by Zeitler and Neumann for
[72].
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the flow-through unit showed a significant increase in productivity
due to more efficient irradiation. Also, continuous product removal
from the irradiation source prevents excessive irradiation, which
can lead to undesirable background reactions.

These two examples highlight some of the major advantages of
in-flow photoredox-catalytic reactions: more efficient irradiation
in the reaction vessel, ease of scaling, and continuous removal of
product from the light source to avoid side reactions (photodegra-
dation and/or unwanted reactions).

In 2021, a stereoselective catalytic cyclization of bis(enones)
under visible light was reported, allowing an easy transition to
enantiomerically enriched cyclopentanes [102]. One of the most
innovative strategies for building a cyclic system uses photo-
redox activation of arylenones. The possibility of the absolute final
product stereochemistry control in a metal-free technique for
obtaining enantio-enriched cyclopentane rings was implemented.

The introduction of a chiral substance, such as Evans oxazolidi-
nones, into the bis(enone) chain offers a simple and convenient
version of stereoselective light-controlled cyclization. After the
cyclization and removal of the oxazolidinones, the functionalized
1,2-trans-cyclopentane could be isolated in good yield and an
enantiomeric excess of up to 65%. When the reaction was carried
out in continuous mode, in a self-made coil photoreactor, high
yields were observed. Cyclization was also successfully imple-
mented in a 3D-printed mesoreactor without changing the stereos-
electivity of the process (Scheme 36).

Terao research group [103] performed the diastereoselective [2
+2] photocycloaddition of chiral cyclohexenone 149 with
Scheme 36. In-flow photoredox

Scheme 37. Diastereoselective [2+2] photocycloadd
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cyclopentene 150 using a microreactor equipped with UV-LED
lamps (Scheme 37). A respectable conversion rate with good stere-
oselectivity was achieved even for very high reagent concentration,
while conversion in the flask under the same conditions is low.
This can be explained by the fact that the very narrow reaction
channel in the microreactor ensures good light penetration accord-
ing to the Lambert-Beer law. This method has been used both for
laboratory scale [103,104], and industrial processes [105–107].

Wei et al. [108] published their study of photocatalytic decar-
boxylation of a,b-unsaturated carboxylic acids in visible light
resulting in the chiral CBDC intermediate, which is a key step in
the complete synthesis of (+)-epigalcatin (Scheme 38). Lisiecki
and Czarnocki [109] improved the two-step total yield from 21%
(quartz cell irradiated by a medium-pressure mercury lamp) to
65% (continuous flow photomicroreactor irradiated with UV light).

In recent years, significant progress has been made in the field
of radical difluoroalkylation reactions, especially the ones that pro-
ceed through photoredox catalysis in visible light [108–110]. fac-Ir
(ppy)3 was used as a photocatalyst. Microreactors have been used
to achieve high conversions in a short time [111], which allow
accelerated photocatalytic reactions due to improved mass transfer
characteristics and irradiation profile. Under optimal reaction con-
ditions, with increased catalyst loading and concentration, reaction
time is reduced to 15 min, resulting in excellent E-selectivity (62%,
92:8) [112]. Longer residence times result in higher yields but
lower stereoselectivity. The ortho-substituted cinnamic acids reac-
tions were then studied both in a flask and in a microreactor
(Fig. 5). The authors have found that cinnamic acids containing
-organocatalytic reactions.

ition of chiral cyclohexenone and cyclopentene.



Scheme 38. Flask and microreactor setups for the decarboxylating difluoromethylation.
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neutral, donor, and acceptor substituents can undergo difluo-
romethylation with high.

Z-selectivity in the flask, while the corresponding E-isomer can
be easily obtained under microfluidic conditions. Greater prefer-
ence for the Z-isomer was observed as the substituent steric vol-
ume was increased (F < Cl < Br). Interestingly, when both ortho-
positions were occupied by large groups, high Z-selectivity was
observed both for flask and microreactor setups.

A Swiss research team [112] performed a continuous
intramolecular cyclization of halogenalkyl-substituted a-
aminoethers via memory of chirality, using lithium bis-
(trimethylsilyl)amide as a base and methyl N-(tert-
butoxycarbonyl)-N-(3-chloropropyl)-D-alaninate as a model
reagent. Reaction parameters such as temperature, residence time,
reagent stoichiometry as well as base type and concentration were
optimized for maximum yield and enantiomeric purity of the
25
cyclized product. Under optimal conditions, this reaction produc-
tivity reaches 11 g per hour. A microreactor allows better temper-
ature control when compared to the standard flask methods,
resulting in milder operation temperatures and permitting product
synthesis with high enantioselectivity and complete aminoether
conversion within a few seconds of residence time in the reaction
volume.

A new simple design of an electrochemical microreactor was
described in a 2020 report [73] where it was used to oxidize an

L-proline derivative using the memory of chirality effect at room
temperature under continuous flow conditions. Compared to batch
processes, organic electrosynthesis in microfluidic reactors has cer-
tain advantages because it provides shorter reaction times, easier
optimization and scaling, safer operating conditions, and high
selectivity (e.g., reduced over-oxidation). Flow-through electro-
chemical reactors also provide high surface to volume ratio and



Scheme 39. Alkyne acylation reaction products.
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make it possible to eliminate the background electrolyte due to the
very short electrode spacing. Comparison of Hofer Moest-type
electrochemical oxidation at room temperature in batch and flow
regimes suggests that continuous flow electrolysis provides a good
yield (71%) and a higher enantiomeric excess (64%) than the batch
process [73]. These results show that continuous flow has the
capacity to act as a new asymmetric synthesis technology to
replace some aspects of traditional periodic electrochemical
processes.

Microfluidic systems have been successfully applied to the syn-
thesis of oligosaccharides, offering a practical pathway for stereos-
elective glycosylation [113]. This was achieved through efficient
mixing, rapid heating and cooling, rigorous temperature and resi-
dence time control as well as efficient mass transfer, all of which
ensure perfect reaction kinetics. As a result, key synthetic interme-
diates for oligosaccharides were obtained on the multigram scale
under microfluidic conditions, ultimately leading to the synthesis
of asparagine-related oligosaccharides (N-glycans) and Helicobac-
ter pylori lipopolysaccharides.

Continuous flow technology can be applied to develop E-
selective synthesis of b-chlorovinyl ketones, by acylation of alky-
nes by Friedel-Craft reaction, which prevents simple E to Z isomer-
ization under AlCl3 catalyzed reaction conditions. Compared to
batch reactions (Scheme 39), this method provides fast, pure,
highly productive, and stereoselective route for the synthesis of
E-b-chlorovinylketones 162 [114].

In summary, the microfluidic approach extends to an increasing
number of enantioselective processes and, in some cases, allows
for effective cascade reactions that are not possible under other
conditions.
Enantioselective analysis via microfluidic technologies.

The separation and identification of enantiomers is of great
importance in chiral synthesis, yet at the same time it poses a seri-
ous challenge as most of their chemical and physical properties are
identical. There are many methods for laboratory scale stereoiso-
mer separation and today-one of the most rapidly developing
trends in microfluidics is the technology that combines the separa-
tion and identification of miniscule amounts of enantiomeric mole-
cules on a single chip. Chirality analysis using miniaturized chips
offers several advantages: shorter time (e.g., for complicated mul-
tidimensional separations), ameliorated compactness (can be crit-
ical for carrying out chiral analysis in space), and simplified
multiplexing and system integration (applicable for rapid screen-
ing of enantioselective catalysts) [115]. Chiral chip technology is
used in fields as diverse as high-throughput screening in pharma-
ceuticals [116] and deep space exploration missions [117].

Macroscale chiral separation is usually performed by chro-
matography with enantioselective stationary phases. Alternative
method for the separation of enantiomers is to convert them into
diastereomers by interaction with a suitable chiral compound.
Since the diastereomers have non-identical chemical and physical
properties, they can be separated and identified by conventional
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analytical methods. One convenient miniaturized technique for
enantiomer separation is capillary electrophoresis (CE) with chiral
components added to the electrolyte [12,17,118].

Lab-on-a-chip technology involves miniature capillary elec-
trophoresis, also called ‘‘microchip electrophoresis” (MCE), inte-
grated into the chip [70,119]. Advantages of the MCE include not
only smaller analytical units and minimal sample consumption,
but also improved analysis rate (seconds rather than minutes)
[28]. A typical electrophoresis chip consists of two glass or poly-
meric plates connected by a network of microfluidic lines. The lines
are narrow channels with typical cross-section dimensions of 10–
60 lm. After high voltage is applied to a network filled with liquid,
electrophoretic separation take place. The standard chip layout for
electrophoresis contains a long microfluidic separation channel
that is intersected a shorter sample inlet channel. For enantiomeric
separation, a chiral selector is added to the electrolyte solution,
cyclodextrin derivatives are often used for this purpose as they
form a toroidal structure with an internal hydrophobic cavity
[110]. Chiral separation selectivity is the result of the intermediate
diastereomeric host–guest complexes formation and adsorption
interactions with resulting entities that differ in their elec-
trophoretic mobility. There are also other components that are
employed for the electrophoretic enantiomers’ separation:
crown-ethers, inorganic and nanomaterials, organometallic comn-
pounds and proteins. One of the commonly used methods for iden-
tifying enantiomers without separation is their interaction with
polarized light, often referred to as ‘‘chiral detection,” also suitable
for microchips. This effect can also be used for enantioselective
analysis [38,85]. Microarray electrophoresis has been used for chi-
ral separation of other compounds such as peptides [117,120], neu-
rotransmitters [117,121] and pharmaceuticals [7,38].

The detection is performed by optical (usually fluorescent) sen-
sor [122], by electrochemical or mass-spectrometric detectors
[113]. When using a short separation channel a few millimeters
in length and high voltage, it was possible to achieve the fastest
separation rate of chiral compounds [123]. This method allowed
basic separation of dansyl fluorophore-labeled amino acids in
approximately 800 ms. A mixture of three racemic amino acids:
norvaline, glutamic acid and phenylalanine was enantioselectively
separated in a single pass over 3.5 s. The method has also been
applied to the chiral separation of other pharmaceuticals. This is
particularly attractive for small amounts of samples, as recently
demonstrated by analysis of trace amounts of D-Asp and D-Glu in
rat brain and human samples [124]. These results show the enor-
mous opportunities of microfluidic chip technology to significantly
reduce the enantiomeric analysis time required by traditional
methods.

Analytical methods like 2D high performance liquid chromatog-
raphy or 2D gel electrophoresis have multidimensional separation
because a single dimension is often insufficient to separate enan-
tiomers. The article [125] describes the use of three-dimensional
poly(methylmethacrylate) microfluidic chip with polycarbonate
nanomembranes which were electrically switchable for that were
automatically opened by a pre-programmed detection signal. Con-
ventional electrophoresis first separated the amino acids in the
microchip achirally, and after that chiral micellar electrokinetic
chromatography separated the individual enantiomers of each
amino acid, all processes completed in 10 min. Electrochromatog-
raphy is a combination of chromatography and electrophoresis,
which applies a stationary phase with an immobilized component
for chiral separation. For instance, cyclodextrin-modified polyacry-
lamide microfluidic chips used as the stationary phase for separa-
tion of amino acid enantiomers in two minutes [126].

Another approach combines enantioselective synthesis with an
on-chip analysis, it can be used to obtain diastereomers followed
by standard achiral MCE. This was demonstrated for the of amino
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acid enantiomer separation where the fluorescent pyranose deriva-
tive served simultaneously as a diastereomerization reagent and a
fluorescent label. In this manner, all necessary synthetic transfor-
mations were achieved on the microfluidic chip at once in less than
two minutes [127].

Compared to the methods mentioned above, analytical devices
based on microfluidic paper can solve several problems simultane-
ously using a single strip, which increases the detection speed and
reduces the cost [128,129]. Such devices offer a number of advan-
tages over traditional methods, including faster analysis times,
lower reagent and sample consumption, lower cost, ease of opera-
tion, and better suitability for in situ detection. However, MCE
applications have some limitations in terms of simultaneous detec-
tion of multiple analytes, and depending on the nature and quality
of the carrier, they may exhibit different specificities and sensitiv-
ities leading to false negative or false positive results and therefore
need further improvement [130]. Nonetheless, paper microfluidics
has not only made simple diagnostic devices available worldwide,
but has also become a key technology enabling biomedical
research [131,132].

For example, the simultaneous detection of sucrose, fructose,
and glucose was achieved by using cascade enzymatic reactions.
Three enzymes were employed to detect sucrose, one enzyme to
detect fructose, and two enzymes to detect glucose. Sucrose was
analyzed using invertase, glucose oxidase, and peroxidase to per-
form the catalytic reaction [96].

There is a large number of Baclofen and phenylalanine chiral
separation methods, including chromatographic, capillary elec-
trophoretic, and electrochromatographic techniques. But the most
effective was the method that uses the microfluidic paper
[133,134].

The advancement of pharmaceutical analytical methods repre-
sents one of the most important aspects of chiral drug develop-
ment. Recent progress in microfabrication and microfluidics
involves new approaches to the drug analysis, including screening,
active testing, and metabolism studies [135]. Microfluidic chip
techniques such as lab-on-a-chip technology, three-dimensional
(3D) cell culture, organ-on-a-chip and droplet techniques have
been developed. Recently, quite a lot of research has been pub-
lished on this subject, especially in the field of organs-on-chips
[136–140]. The possibilities of using microfluidic technologies are
truly multifaceted. Microfluidic chips in combination with various
detection methods are well suited for high-throughput drug
screening, detection and mechanistic testing.

Miniature analytical systems are perfect for spaceflight since
the size and mass of the permitted substance is extremely limited.
Exo Mars rover carries an analytical component (16.5 kg by mass)
for life detection [117]. The portable analytical device (11 kg) is
designed for enantioselective detection of amino acids and other
biogenic amines on Mars [141,142]. The technology of this device
is based on the microchip electrophoresis discussed above.

Thus, microfluidic chips for chirality screening, despite being
mostly new technologies, that demonstrate nice prospects in enan-
tioselective analysis. Microfluidics enable applications that require
high efficiency, rapid analysis, portable instrumentation, and min-
imal sample loads. Although separation methods such as chiral
chip HPLC or chiral chip electrochromatography have their advan-
tages, but the best separation method at the moment is MCE. Prob-
ably in the future this microfluidic technique for enantioselective
analysis may become the standard method. Integrated microfluidic
chips combining different functions will encourage the develop-
ment of enantioselective detection tools, stereoselective syntheses,
biological assays with various fields of application. Integrated opti-
cal components such as light sources, microlenses, and waveguides
will further reduce the instrument size, so portable enantioselec-
tive microanalysis systems capable of real-time chirality detection
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of actual samples will be available soon. For example, a group of
German scientists has proposed a new method [143], that combi-
nes continuous-flow catalysis and real-time online HPLC/MS anal-
ysis on a single device with a single chip. In particular, this method
allows using Lab-on-a-Chip technology to carry out enantioselec-
tive analyses at the nanoliter scale and, in addition to investigating
the immobilized organocatalysts durability, to study their dynamic
behavior of stereoselectivity and stationary state while minimizing
resource consumption and waste generation. A reconfigurable sys-
tem for automated optimization of various chemical reactions has
also been proposed [144]. Using microfluidics for chiral analysis is
a new approach with awesome results, such as separating enan-
tiomers at record rates and developing integrated laboratory enan-
tioselective chips [125].

Optimizations of reaction conditions and appropriate enantios-
elective catalysts are labor-intensive, time-consuming, and expen-
sive. Consequently, the combination of fast, multitask
enantioselective synthesis and microarray analysis leads to will
lead to the creation of a new generation of high-performance,
robotic systems well integrated in laboratories. [145].
Conclusions

Developments in microtechnology have given incredibly pow-
erful new tools to the synthetic chemist. However, the successful
synthesis of an enantiomerically pure chiral molecule requires
not only high chemical efficiency and chemoselectivity of the pro-
cess, but also high reaction stereoselectivity combined with the
subsequent isolation of the product in its unmodified form and
its chiral analysis.

In recent years, significant advances have been made in
microreactor asymmetric catalysis. These devices have been suc-
cessfully used for rapid screening and low catalyst loads, inte-
grated online analysis, and multistep synthesis with unstable
intermediates. Microfluidic technology enables rapid screening of
various reaction parameters, such as temperature, solvent, reaction
time, reagent and catalyst concentration and ratio, leading to a
rapid search for optimal reaction conditions that guarantee high
chemical and stereochemical efficiency. For this reason, the pro-
gress of enantioselective synthesis using multistep flows, and with
in situ-generated unstable intermediates, as well as with various
catalytic systems, deserves attention not only in terms of discover-
ing new catalysis methods, but also as a potential technique for the
practical synthesis of valuable chiral compounds in cascade asym-
metric catalysis. There is a reason to expect that studies of catalysis
in microfluidic stream will also contribute to the utilization of
asymmetric synthesis catalysts that are ineffective in flask
reactions.

The application of microreactors to optimizing asymmetric syn-
thesis conditions is particularly valuable due to the possibility of
using instrumental analysis methods, such as mass spectrometry,
embedded directly in the microreactor. In the future, such technol-
ogy may become able to replace the traditional synthesis in a flask.
Undoubtedly, the microreactor is a powerful tool for both homoge-
neous and heterogeneous asymmetric reactions. The examples of
homogeneous asymmetric catalysis in microreactors have shown
that such reactions can lead to high yields and enantioselectivity
with shorter reaction times and lower catalyst loads. Obviously,
it is highly desirable to reuse homogeneous chiral catalysts.
Despite the success of nanofiltration in this respect, the method
of catalyst immobilization is better studied and has already
demonstrated its usefulness. In some instances, heterogenized cat-
alysts show higher enantioselectivity than the corresponding
homogeneous catalysts. In most cases, however, catalysts have
not been tested for long life, although this is essential for continu-
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ous production. The greatest success in asymmetric synthesis has
been the use of immobilized chiral reagents on a carrier in a chip.
Good results have been shown for reactions with high enantiose-
lectivity and lower catalyst loads. Significant advances have been
achieved for enantioselective catalysis in a continuous flow. In this
case, chiral catalysis represents a key approach for attaining high
selectivity and hence for waste reduction. The use of continuous
flow technology promotes the transfer of asymmetric reactions
to practical applications. The processes that are carried out under
continuous flow conditions show beneficial reductions in reaction
time and improved productivity compared to flask reactions, and
in some cases the stereoselectivity is also improved.

At the same time, since homogeneous catalysts dominate the
current practice of asymmetric reactions, they will inevitably be
reused in multistep flow processes, therefore innovative catalyst
immobilization strategies, especially those developed for continu-
ous flow conditions, are urgently needed. However, given the large
number of known synthetically important reactions, further
expansion of successful examples is needed to fully demonstrate
the feasibility and potential of continuous flow methods for them.

Enzymatic catalysis has been successfully applied in asymmet-
ric synthesis and it also represents a promising approach for con-
tinuous production. In line with the rapid advances in
asymmetric synthesis, more and more successful examples of
enzymatic catalysis in continuous flow are becoming known. On
average, the time of enzymatic reactions that are carried out in
microreactors has been reduced by several times compared to
standard methods. Successful cases of multistep synthesis in a con-
tinuous flow involving enantioselective catalysis represent the real
pathway for the synthesis of complex pharmaceutical ingredients
[16]. Nevertheless, since the throughput of these methods is usu-
ally low, more research is needed to solve the above-mentioned
problems using new automated engineering methods [144] and
technologies such as artificial intelligence [125,126], before the
multistage continuous enantioselective production can be widely
implemented in the pharmaceutical and fine chemical industries.
The use of microfluidics for chiral analysis is a new approach with
impressive results, including the separation of enantiomers at
record rates and the creation of integrated enantioselective chip
laboratories.

Microfluidics is becoming an integral part of modern prepara-
tive chemistry since it allows better control over the conditions
and the course of the reaction compared to conventional flask syn-
thesis. Still, microfluidic syntheses have several disadvantages that
do not yet allow the widespread use of microreactors. These disad-
vantages include those inherent for this technology, the small reac-
tor size and the low flow rates, which are partially offset in practice
by the parallel use of several reactors.

Despite the rapid development of these technologies over the
last 20 years, microreactors are still relatively new and unfamiliar
method of experimentation. A large number of unsuccessful
attempts to implement these technologies in asymmetric synthesis
also contribute to this fact. The implementation of new technolo-
gies in microfluidics with the use of microchips, microarrays for
synthesis has little coverage in the literature. At the same time,
the trend toward smaller reactor sizes and smaller amounts of
reagents allows for highly selective microarray reactions. But as a
new tool, this technology is sure to find its niche soon, both in sci-
entific circles and in industrial production. Despite the challenges
that scientists working in this field still face, microfluidics has
enormous potential and this field is developing rapidly. Taking
advantage of the properties of small-volume fluids, this area
enables research at a new level. Rigorous control of system param-
eters to ensure synthesis accuracy and efficiency makes microflu-
idic circuits an ideal tool. Undoubtedly, one of the main
directions of future investigations in this field will be expanding
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the application of asymmetric reactions along with new chiral cat-
alysts into the synthesis of more complex substances.

Chemical processes in microfluidic reactors already cover com-
plex cascade enantioselective reactions, but their full-fledged
development can bring great prospects for many areas of funda-
mental chemistry and greatly facilitate the new drugs research.
Especially worth mentioning is the cost effectiveness, safety, and
environmental friendliness of these methods, which, combined
with the reproducibility of such indicators as high yields and stere-
oselectivity, are bound to attract the attention of applied chemists.
Another impulse for the development of chiral pharmaceutical
synthesis methods based on flow chemistry is the need to reduce
environmental impact of future manufacturing processes. Thus, it
can be expected that even closer attention will be paid to the asso-
ciated environmental effects, as well as to the application of new,
more efficient methods for asymmetric processes that have not
yet been used for chiral synthesis under flow conditions.
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