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Catalytic enantioselective transformations provide well-established and direct access to stereogenic syn-
thons that are broadly distributed among active pharmaceutical ingredients (APIs). These reactions have
been demonstrated to benefit considerably from the merits of continuous processing and microreactor
technology. Over the past few years, continuous flow enantioselective catalysis has grown into a mature
field and has found diverse applications in asymmetric synthesis of pharmaceutically active substances.
The present review therefore surveys flow chemistry-based approaches for the synthesis of chiral APIs
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and their advanced stereogenic intermediates, covering the utilization of biocatalysis, organometallic cat-
alysis and metal-free organocatalysis to introduce asymmetry in continuously operated systems. Single-
step processes, interrupted multistep flow syntheses, combined batch/flow processes and uninterrupted
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one-flow syntheses are discussed herein.

1. Introduction

The enantioselective synthesis of chiral molecules plays an
outstanding role in the pharmaceutical industry." This can pri-
marily be explained by the fact that the majority of drugs
contain chiral molecules as active pharmaceutical ingredients
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(APIs) and that individual enantiomers of these substances
may behave differently under physiological conditions.> As a
result of stereospecific interactions with biological systems,
distinct enantiomers may demonstrate significant differences
in pharmacokinetic, pharmacodynamic and toxicological prop-
erties.>® In many cases, one enantiomer of a chiral API exerts
the desired biological activity, whereas the other one displays
qualitatively different biological actions; in extreme cases, it
may even be toxic. The most infamous representative of this
category is without doubt thalidomide, which was first mar-
keted in the late 1950s as a sedative medication in its racemic
form.> It soon became clear, however, that unlike the thera-
peutic (R)-enantiomer, (S)-thalidomide exerts embryotoxic and
teratogenic effects (Fig. 1A).* Another example is levodopa (or
L-DOPA), a well-known antiparkinsonian agent which is mar-
keted in its single r-enantiomer form (S absolute configur-
ation) due to severe side effects of the p-isomer (Fig. 1B).”
Similarly, the antitubercular ethambutol is a single-enantio-
mer medication with the (S,S)-isomer being responsible for
the desired therapeutic activity, while the (R,R)-enantiomer can
cause blindness due to optical neuritis (Fig. 1C).® In numerous
cases, only one enantiomer of a chiral API is biologically
active, while the other isomer are either inactive or bear the
same activity, but to a comparatively small extent. In these
instances, although the ineffective isomers do not necessarily
involve harmful side effects, their presence is unproductive
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Fig. 1 Examples for chiral APIs with significant differences in biological
activities of the enantiomers.
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and these substances may therefore be regarded as impuri-
ties.” For example, the non-steroidal anti-inflammatory agent,
ibuprofen is typically formulated as a racemic mixture;
however, its (S)-enantiomer is over 100-fold more potent as an
inhibitor of cyclooxygenase 1 enzyme than the (R)-isomer
(Fig. 1D).® Similarly, the (S)-enantiomer of the antidepressant
citalopram (escitalopram) is much more potent than the (R)-
form; however, the racemate is also available as a commercial
medication (Fig. 1E).” As compared to the previous cases, it is
relatively scarce that stereoisomers of chiral APIs are equipo-
tent. For instance, certain antimalarials (such as, halofantrine
and mefloquine) as well as antiarrhythmic agents (such as,
mexiletine, propafenone and flecainide) exhibit small or no
differences in the potency of their enantiomers.'®

The application of enantiomerically pure drugs implies
obvious benefits as concerns therapeutic, toxic and pharmacoki-
netic effects, while in many cases it also enables the adminis-
tration of lower dosages as compared with the corresponding
racemic substances.'’ Additionally, when therapeutic activity is
associated with only one enantiomer, the gratuitous existence of
the ineffective isomers is a direct source for various environ-
mental burdens; for example, concerning the environmental fate
and ecotoxicity of the substances involved.”” In fact, the most
recent guidelines of the U.S. Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) on the develop-
ment of chiral drugs strongly support single-enantiomers over
racemic compounds.”® Consequently, most new chiral drugs are
single enantiomers,"* and numerous chiral drugs that had hit
the market earlier as racemates were recently switched to a more
potent single-enantiomer version."®

One of the pivotal challenges of drug manufacturing is
derived from the inherent complexity of APIs. Typical manufac-
turing schemes require multistep synthetic protocols of
numerous and diverse chemical transformations, which
demand individual reaction control, optimization, work-up,
purification and analytical techniques for each segment
included.! In case of manufacturing of enantiomerically pure
APIs, the challenges are amplified further with the introduc-
tion of the appropriate chiral information.'® Classical
approaches typically utilize chiral auxiliaries or naturally occur-
ring homochiral building blocks from the chiral pool to intro-
duce asymmetry,'®>'” or widely employ various resolution
techniques to separate racemates.'®”'® These approaches gen-
erally ensure excellent enantiomeric purities; however, chiral
pool strategies are strongly limited by the molecular diversity
of the parent compounds, whereas separation of enantiomers
via resolution requires special instrumentation (e.g., chiral
chromatography) and/or additional chemical and physical
manipulations, such as diastereoisomeric salt formation and
crystallization. In contrast, enantioselective synthesis takes
advantage of a well-defined chiral environment in the form of
a chiral catalyst or a ligand, and provide a more direct and
atom economic access to certain enantio-enriched products
using readily available achiral components.*’

Pharmaceutical manufacturing is currently among the most
polluting chemical fields.”® Complex synthetic procedures of

This journal is © The Royal Society of Chemistry 2021
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APIs typically involve E-factors of >100,>' which translates to
the generation of at least 100 kg of chemical waste during the
production of each kilogram of a pharmaceutical substance. It
is important to recognize that chemical processes can not only
be advanced by new and improved chemical transformations,
but also via strategic utilization of enabling technologies.** I
this manner, continuous flow chemistry has provoked an enor-
mous attention during the last two decades.® This processing
strategy offers exceptional opportunities to accelerate, inte-
grate, simplify, scale-up and automatize chemical reactions
and has acquired a great importance in the context of green
and sustainable syntheses.”® As amply demonstrated, typical
continuous flow setups furnish novel process windows and
increased parameter spaces for process intensification,* and
allow chemical transformations to be performed with extra-
ordinarily control over the most important reaction conditions
due to the greatly enhanced heat and mass transfer and
improved mixing properties.”® The inherent technical benefits
of continuous flow equipment facilitate on-demand generation
and simultaneous consumption of toxic or highly reactive
reagents, which would otherwise be impossible under conven-
tional batch conditions.?® These features open up novel reac-
tion pathways within traditionally forbidden chemical
spaces,”” and imply not only higher reaction rates and
improved selectivity,®® but also safer and greener chem-
istries.>® Importantly, continuous flow reaction technologies
ensure inherent scalability without re-optimization of critical
reaction parameters,’® and allow multistep reactions to be
combined into telescoped one-flow sequences without iso-
lation of any intermediates.’ This permits a simplified and
scalable access to complex target substances and involves sig-
nificantly less purification and work-up issues and thus the
generation of less waste.?® In addition, by exploiting in-line
process analytical technologies (PATs) and real-time analytical
feedback-driven reaction control, uninterrupted multistep syn-
thesis lines can be operated as integrated systems while main-
taining optimum conditions.>®> With expanding economical
and societal demands on sustainability, quality and costs,
pharmaceutical industry is gradually realizing the concept of
continuous flow manufacturing. At the same time, the FDA
and the EMA are intensively exploring the potentials of this
technology,®* and most major pharma-companies are testing
or already implementing flow chemistry-based technologies
either for process development or for manufacturing
purposes.®”

In recent years, continuous flow processes involving
enantioselective catalysis have attracted considerable attention
due to their significant advantages over the corresponding
batch reactions, such as lower catalyst loading, higher selectiv-
ities, shorter reaction times as well as higher productivity and
facile scalability. Both homogeneous as well as immobilized
chiral catalysts have been found useful in continuous flow
systems.®® As concerns practical and environmental aspects,
the application of supported catalysts in fixed-bed flow
systems are especially appealing.®*®*’ However, in some cases
leaching of catalytic species may limit direct scalability and
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result the contamination of the chiral product. In contrast,
homogeneous catalytic systems offer very simple and reliable
operations, but these typically cannot be recycled and require
waste-consuming purification steps to remove.

During the past few years, continuous flow asymmetric cata-
Iytic strategies have reached maturity and started to extend
from development of new synthetic concepts to target-oriented
applications. As such, continuous flow enantioselective syn-
thesis of chiral APIs is a rapidly emerging field which attracts
an upsurge of continuous interest in academia and in indus-
try. To the best of our knowledge, this field has not yet been
surveyed in a specialized review before. Therefore, in the
present study we are aiming to give a detailed picture on con-
tinuous flow processes in which chiral APIs and their
advanced intermediates are accessed via asymmetric catalytic
transformations as key steps. The scope of this review com-
prises active ingredients responsible for the direct medical
effect of actual marketed drugs or pharmacologically active
substances which were investigated in at least in stage I clini-
cal trials. Reactions involving biocatalysis, organometallic cata-
lysis as well as metal-free organocatalysis will be considered
utilizing either homogeneous or heterogeneous catalytic
sources. Special emphasis will be placed onto aspects related
to green chemistry and process sustainability. Contributions in
which chiral auxiliaries are employed to introduce asymmetry
or in which the racemic form of a chiral medication is pre-
pared are not discussed in detail herein.?” Also, asymmetric
hydrogenations are excluded from the scope of the present
study due to the availability of specialized recent reviews on
that topic.’® In the following three sections, contributions on
continuous flow asymmetric synthesis of chiral APIs and their
advanced intermediates are categorized on the basis of the
nature of chiral catalysis employed in the key synthetic steps to
introduce asymmetry.

2. Organometallic asymmetric
catalysis

Enantioselective catalysis enabled by chiral coordination com-
plexes is one of the foremost strategies to access enantio-
enriched products.®® As demonstrated by the pioneering works
of Sharpless, Knowles and Noyori on enantioselective tran-
sition metal-catalyzed oxidations and hydrogenations, and
their Nobel Prize in Chemistry in 2001, truly outstanding
achievements have been attained in this field.*® The toolbox of
metal-mediated asymmetric transformations have considerably
been expanded in the past decades, and has become a well-
established strategy for the manufacture of enantioenriched
drugs and pharmaceutical products.**

The first report on a chiral coordination complex-catalyzed
asymmetric C-C bond forming reaction employed for the syn-
thesis of an advanced API intermediate under flow conditions
was published by Hashimoto, Kumagai and Shibasaki in
2014.*> The anti-selective asymmetric nitroaldol reaction
between m-methoxybenzaldehyde and nitroethane was investi-

Green Chem., 2021, 23, 6117-6138 | 6119
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gated in order to yield a chiral precursor of AZD5423
(Scheme 1A), a phase II experimental drug developed for the
treatment of chronic obstructive pulmonary disease (COPD).*?
Notably, the achievement of anti-diastereoselectivity was
proven as a significant synthetic challenge in nitroaldol reac-
tions due to the syn-preferred chelation models of most earlier
catalytic systems.** The authors therefore developed a novel
Nd/Na heterobimetallic complex comprising a chiral amide-
based ligand with appropriate spatial arrangement ensuring
high anti-diastereoselectivity.*” In order to achieve a robust
heterogeneous material applicable under continuous flow con-
ditions, the catalyst was supported within a multiwalled
carbon nanotube (MWNT) matrix via self-assembly of the
chiral ligand and the corresponding metal salts.*® A simple
packed-bed flow setup was assembled consisting of separate
reactant streams. In order to remove any moisture as well as
acidic impurities which could reduce catalyst lifetime, the
aldehyde feed was passed through sequential scavenger
columns containing molecular sieves and solid NaHCO;. After
initial small-scale runs, the flow synthesis was scaled-up using
a larger catalyst column. Within a processing time of 28 h,
12.4 g (93% yield) of the corresponding chiral f-nitro alcohol
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(1) was achieved with an anti/syn ratio of 93:7 and with an ee
of 88%. Compound 1 was then transformed into AZD5423 in
batch via nitro reduction, copper-mediated O-arylation and tri-
fluoroacetylation with 58% yield. Notably, by using the hetero-
genous catalytic flow process, the work-up and isolation of the
chiral key intermediate could largely be simplified compared
to the corresponding batch reaction. However, due to the lack
of strong covalent immobilization forces, some leaching of
catalytic species was observed. The Shibasaki group later
expanded the utility of the MWNT-immobilized Nd/Na hetero-
bimetallic complex-catalyzed anti-selective asymmetric nitroal-
dol reaction for the flow synthesis of a chiral intermediate of
AZD7594 (Scheme 1B),*” another potent drug candidate (cur-
rently in phase II clinical development) for the treatment of
asthma and COPD.*® The reaction of 1,4-benzodioxane-6-car-
baldehyde and nitroethane was investigated in a similar flow
setup demonstrated in the earlier study. In this case, the syn-
thesis proved less productive than in the previous example; it
afforded 8.9 g (81% yield) of chiral adduct 2 (anti/syn ratio
20:1, ee 95%) in ca. 400 h, which corresponded to a pro-
ductivity of 22.4 mg h™". The nitro group in compound 2 was
subsequently reduced under conventional batch conditions
and treated with a mixture of HCI/MeOH to yield the HCI salt
form of the corresponding amino alcohol (3), as chiral key
intermediate of AZD7594.

In 2017, Benaglia and co-workers exploited 3D-printed
custom-made flow reactors to perform anti-selective asym-
metric nitroaldol reactions in the presence of a chiral Cu(u)
complex, and utilized the method for the continuous flow syn-
thesis of sympathomimetic amines, norephedrine, metarami-
nol and methoxamine (Scheme 2).*° Various stereoisomers of
these substances exhibit important pharmacological activities
and bear diverse medical uses; for example, as decongestant or
appetite suppressant, or for the treatment of hypotension, or
against low blood pressure. For the nitroaldol reactions, the
chiral complex (in 20 mol% with respect to Cu) was generated
in situ from Cu(OAc), and a camphor-derived chiral ligand.

ln EtOH anti-Selective asymmetric . 4_: Ar= CeHs
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+ DIEA 6: Ar= 2,5-(OMe)2CgHs
NO, J
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' H | EtOH
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Scheme 2 Asymmetric flow synthesis of sympathomimetic amines,
norephedrine, metaraminol and methoxamine.*°
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The best reaction conditions were identified as —20 °C and
30 min residence time, in EtOH as an environmentally-benign
solvent. Under these conditions, the corresponding chiral
B-nitro alcohols (4-6) were obtained in high yields (72-90%)
and with good ee’s (86-90%); however, diastereoselectivities
were only at around 4 : 1 for the anti-isomer. In order to obtain
the targeted chiral amino alcohols, nitro reductions (in case of
metaraminol, also O-debenzylation) were next performed
under flow conditions using an H-Cube Mini hydrogenation
reactor equipped with a cartridge containing 10 wt% Pd/C as
catalyst. Although the asymmetric nitroaldol reaction and the
subsequent reduction(s) were not telescoped, amino alcohol
products were isolated without any intermediate purifications
or solvent switching thereby resulting a sustainable method-
ology. Importantly, the possibility of continuous in-line
removal and recycling of the homogeneous chiral catalyst were
demonstrated by simple filtration through a short column of
silica.

In 2015, Kobayashi and co-workers reported a telescoped
procedure for the multistep continuous flow enantioselective
synthesis of (R)- and (S)-rolipram using a series of different
heterogeneous catalysts in packed-bed columns (Scheme 3).>°
This pioneering process was the first successful example for
multistep one-flow chiral API synthesis using asymmetric cata-
lysis. Rolipram is a derivative of y-aminobutyric acid (GABA); it
is a selective phosphodiesterase-4 inhibitor, which proved
useful as anti-inflammatory as well as antidepressant agent in
clinical trials.”" Despite it has not yet been marketed as a
drug, rolipram has numerous activities which attract continu-
ing focus of research. For example, it has been proposed as a
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998 mg in 24 h (50% yield)
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Dd
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Nitro reduction/
lactamization

3 mL min”!

Hydrolysis/
decarboxylation
Si-COOH

o-Xylene 100 pL min™

H,0 10 pL min”’!

Scheme 3 Multistep telescoped continuous flow asymmetric synthesis
of (S)-rolipram.>°
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treatment for multiple sclerosis, and has been suggested to
bear antipsychotic, immunosuppressive and antitumor
effects.”® The multistep synthetic strategy to access rolipram
from readily available achiral components comprised four con-
secutive catalytic transformations: (1) a nitroaldol reaction
with concomitant water elimination, (2) an asymmetric conju-
gate addition, (3) nitro reduction/lactamization and (4) ester
hydrolysis/decarboxylation. In the first step, nitrostyrene 7 was
obtained from the corresponding aldehyde and nitromethane
while being passed through a column loaded with a mixture of
anhydrous CaCl, and a silica-supported amine as base catalyst.
In the next step, asymmetry was introduced via enantio-
selective conjugate addition between nitrostyrene 7 and
dimethyl malonate at 0 °C in the presence of triethylamine as
a base and a polymer-supported chiral calcium catalyst. The
catalyst, developed earlier by the same authors,”® comprised
CaCl, and a polystyrene (PS)-immobilized chiral pyridinebisox-
azoline (PyBOX) ligand. It facilitated access to y-nitro ester 8
with an excellent ee of 94%, which was next subjected to nitro
reduction/lactamization via hydrogenation in the presence of
dimethylpolysilane-modified Pd/C (Pd/DMPSi-C) as catalyst at
100 °C. After in-line purification using a cartridge loaded with
Amberlyst 15Dry and H,-degassing, the stream containing the
chiral lactam was passed through a column containing a
silica-supported carboxylic acid to obtain (S)-rolipram via a
hydrolysis/decarboxylation sequence at 120 °C. The telescoped
flow system was operated continuously for 24 h and provided
998 mg (50% yield) of (S)-rolipram with 96% ee. By simply
exchanging the polymer-supported chiral calcium catalyst to
its opposing enantiomer, (R)-rolipram could readily be syn-
thesized under otherwise identical reaction conditions.
Importantly, the system proved stable for extended periods (at
least for one week) with no leaching of the metal catalysts. As a
result of elimination of intermediate purifications as well as
the use of robust and stable heterogeneous catalysts in all syn-
thetic steps, the reported procedure is highly beneficial from
environmental aspects. Although, this example points out that
the one-flow combination of atom economic synthetic steps
enable sustainable production at the lab scale, the direct scal-
ability of the process may be limited due to the high dilutions
applied.

Baclofen, a 3-substituted GABA derivative, is an antispastic
drug that is widely employed as a muscle relaxant in the case
of certain types of spasticity.”® A three-step approach, similar
to their earlier enantioselective rolipram synthesis, was utilized
by the Kobayashi group for the telescoped flow synthesis of a
chiral baclofen precursor (Scheme 4A).°® In the first step, a
mixture of p-chlorobenzaldehyde and nitromethane in toluene
was passed through a cartridge containing a silica-supported
amine and 4 A MS to obtain nitrostyrene 9 via nitroaldol con-
densation. The resulting stream was combined with a toluene
solution of dimethyl malonate together with Et;N and was
then directed through a column charged with PS-supported
PyBOX-CaCl, as chiral catalyst to furnish y-nitro ester 10 via
enantioselective conjugate addition (92% ee). For the sub-
sequent catalytic hydrogenation/nitro reduction, various palla-

Green Chem., 2021, 23, 6117-6138 | 6121
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dium catalysts afforded poor selectivity, and resulted in
dechlorination of the aromatic ring. The authors therefore
developed a DMPSi-modified platinum catalyst supported on
activated carbon (AC) and calcium phosphate (CP; Pt/DMPSi-
AC-CP), which enabled selective nitro reduction without deha-
logenation and afforded chiral lactam 11 in high yields. The
telescoped flow system was operated continuously for 69 h
resulting in approx. 5.0 g of 11 (93-96% yield) with an ee of
92%. The chiral intermediate was converted to (S)-baclofen in
60% yield by treatment with aq. HCl and NaOH solutions
under batch conditions. The closely related medication, pheni-
but is used to treat anxiety and insomnia.>® Kobayashi and co-
workers employed the same strategy for the synthesis of its
advanced chiral intermediate (12) starting from benzaldehyde
and nitromethane via similar reaction steps as detailed above
(Scheme 4B).””

Pregabalin is another important representative of the
family of GABA-derivatives. It is an anxiolytic and anticonvul-
sant drug employed for treatment of epilepsy, neuropathic
pain, fibromyalgia, and generalized anxiety disorder.’®
Considering the obvious structural similarities with rolipram
and baclofen, its asymmetric synthesis relying on an enantio-
selective dimethyl malonate-nitroalkene conjugate addition
seemed plausible following the same synthetic strategy
reported for other GABA-derivatives. However, the PS-sup-
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ported PyBOX-CaCl,, used earlier as chiral catalyst in such
transformations, demonstrated poor enantioselectivities in
reactions of nitroolefins bearing primary aliphatic substitu-
ents. Therefore, Kobayashi and co-workers developed a novel
composite by deposition of a chiral nickel-diamine complex
via wet impregnation to a mesoporous aluminosilicate
material, MCM-41.°° The catalyst thus prepared furnished
excellent enantioselectivity in the conjugate addition between
dimethyl malonate and the appropriate aliphatic nitroalkene
in a continuous flow packed bed system. The resulting chiral
adduct (13) was transformed further into y-lactam 14, a chiral
precursor of (R)-pregabalin, by means of nitro reduction/lacta-
mization in the presence of H, gas and Pd/DMPSi-C as hetero-
geneous catalyst. During a 3.5 h run, the two-step telescoped
flow process afforded 186 mg (89% yield) of 14 with an ee of
87% (Scheme 5A). The heterogeneous catalyst used in this
study relied on non-covalent forces for immobilization of the
chiral ligand thereby resulting in leaching and limited recycl-
ability. Therefore, Kramer and co-workers later took a different
approach and covalently immobilized a similar nickel-bisdi-
amine complex on a polystyrene porous organic polymer (POP),
where due to the strong covalent interactions, almost no leach-
ing of the chiral complex occurred.®® The authors successfully
utilized the heterogenous chiral complex as catalyst for asym-
metric conjugate addition of malonates to various aliphatic
nitroalkenes under batch conditions. Importantly, a packed-
