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11.1. Introduction

The challenges in modern organic chemistry go from the discovery of new entities based
on increasing knowledge of reaction mechanisms to the embracing of sustainability issues
in lab and industry scales. The inherent characteristics of flow chemistry setups, including
increase of surface-to-volume ratio, intensification of heat and mass transfer phenomena
(particularly important in exothermal reactions), critical control over concentration, use
of high diluted solutions (important for stoichiometrically controlled reactions, as well as
intramolecular reactions), the opportunity to use different activation modes (such as
photon- and electron-activation, allowing to explore new reaction mechanisms), safety
and reproducibility, open the way to new compounds in a sustainable manner.
Furthermore, scale up production is easily enabled under flow conditions, as flow devices
are compact and can be reconfigured according to the output needed. The possibility of
combining flow methodologies with artificial intelligence and robotics is another
advantage.(1-4)

With the current environmental concerns, displayed by society and regulatory authorities,
both academia and industrial organic chemists, turned their attention to the sustainability
and eco-friendliness of continuous manufacturing, the flow chemistry. The opportunity



to establish continuous flow processes, which allow new reactions which cannot be
performed under conventional conditions, high reproducibility and control of the several
stages in a time-efficient manner, combined with improved safety and less margin for
human error, is highly beneficial.(5-7)

From the synthetic chemistry point of view, the modular nature of most flow chemistry
systems is one of the main advantages. The opportunity to couple different reactors, in-
line purification methods and addition of reactants at different stages makes continuous
manufacturing a very versatile process. Another desirable feature is the different catalytic
processes which can be promoted under continuous flow. These technologies can be
applied using homogeneous and heterogeneous catalytic systems including
photocatalytic, biocatalytic and enantioselective catalytic systems. The variety of
chemical transformation currently being explored under continuous flow systems, will
provide an endless source of possibilities and increase the value of these methodologies
in years to come.(8-11)

The sustainability of flow chemistry processes was recognized by the CHEM21
project,(12) by awarding a green flag for continuous-flow reactions, in opposition to an
amber flag for those performed under batch conditions.(13) The green nature of flow
processes is of major relevance, as it provides gains in multiple stages of chemical
development, from small scale lab productions to kilogram scale and full scale
manufacturing, leading to considerable improvements in both chemical optimization and
process intensification and therefore corresponding to the synergy between synthetic
chemistry and chemical engineering.(14)

In recent years, the development and application of continuous flow systems in the
synthesis of molecules bearing heterocycles, crucial scaffolds in organic chemistry and
particularly relevant in the search of bioactive compounds,(15) was object of a giant leap.
It is probably the most revolutionary tool in the field of organic synthesis, by completely
replacing the classic glassware and instrumentation to fully automated laboratories,
enabling chemists to focus their attention in work planning and design.(16-20)

In this chapter, we aim to highlight the most recent developments in heterocyclic
synthesis using sequential or consecutive continuous flow systems, providing important
examples of high-value molecules currently being prepared using these methodologies,
in both academic and industrial context. Often called as reaction telescoping, as more
than one chemical transformation occurs without isolation of formed intermediates,
multi-step/sequential/consecutive flow systems allow in-line purification and
introduction of required reagents at any given point of the flow setup.(1, 21) Nevertheless,
one-step syntheses of emblematic heterocycles are also included.

11.2.1. Three-membered ring heterocycles

Three-membered heterocycles, namely oxirane and aziridines (or their unsaturated
counterparts) azirines, are very relevant building blocks for synthetic chemists.(22) Due
to their inherent ring strain, three-membered heterocycles display high chemical
reactivity and therefore are susceptible to a variety of electrophiles and nucleophiles,
which has been known and exploited for the construction of various compounds,
including several APIs.



Epichlorohydrin and glycidol, two important oxiranes used as synthetic precursors to
relevant APIs bearing B-amino alcohol moieties (e. g., propranolol, alprenolol and
naftopidil),(23) were synthesized under flow conditions from bio-based glycerol through
sequential hydrochlorination/dichlorination process. Using pimelic acid as the catalyst,
glycerol was converted into 1,3-dichloro-2-propanol that was in situ transformed into a
mixture of glycidol and epichlorohydrin (2:3) (Scheme 11.1), separable by an in-line
membrane separation system.
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Scheme 11.1. Synthesis of glycidol and epichlorohydrin, important APIs synthetic intermediates, using a
multi-step flow system.

The Neber reaction of activated oximes is a well stablished synthetic pathway to 2H-
azirines.(24) Using continuous-flow techniques, 2H-azirines can also be prepared from
oxime precursors via Neber reaction. Mesylation of the oxime by reaction with MsCl in
the presence of EtaN at 40 °C in a tubular flow coil, followed by base promote cyclization
at room temperature in a glass column filled with silica supported pyridine (PySiO2) and
silica gel (SiO2) gave the target three-membered heterocycles. The diaryl-2H-azirines
prepared (isolated yield after in-line purification up to 87%) were converted into
aziridines bearing nitrile and trifluoromethyl substituents through a continuous flow
procedure. The nitrile derivatives were prepared, in good yield and good cis-
diastereoselectivity (dr >19:1), by mixing a solution of the 2H-azirine in acetonitrile with
sodium cyanide in a tubular reactor coil at room temperature during 5 min. Following the
preparation of 2H-azirines, the sequential reaction with trimethyl(trifluoromethyl)silane
in a fluoride monolith maintained at 50 °C followed by a tubular flow coil (10 mL volume,
50 °C, 5 min residence time) allowed the synthesis of trifluoromethyl substituted
aziridines as pure cis diastereoisomers (Scheme 11.2).(25)
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Scheme 11.2. Sequential Neber rearrangement and nucleophilic addition to prepare 2H-azirines and
aziridines.



Fused-aziridines were also prepared under flow conditions and further derivatized
through nucleophilic opening of immobilized aziridines, illustrating the utility of flow
chemistry as a tool for functionalization through consecutive reactions. Zakrzewski et al.
used 3,3,5,5-tetramethylmorpholin-2-one as starting material and promoted a palladium-
catalyzed C(sp®)-H activation to afford 2,2,6-trimethyl-4-oxa-1-azabicyclo[4.1.0]heptan-
5-one. In-line purification techniques, including a QuadraSil AP® (Pd scavenger) and a
catch-release Isolute SCX-3 gel® (amine scavenger), were carried out to achieve the
product in high yield and high purity. The aziridine, while on the SCX-3 column, is
immobilized by sulfonic acid protonation, which makes it susceptible to ring-opening via
nucleophilic attack when a nucleophile (water, methanol, or hydrazoic acid generated in
situ from trimethylsylil azide, TMSN3) is pumped through the resulting column. This
synthetic procedure afforded the derivatized products in good yields. The use of a solid-
state support significantly facilitated the reaction procedure giving the final products in
good yields, minimized the number of purification steps, and shortened the reaction time.
(Scheme 11.3).(26)
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Scheme 11.3. Sequential C-H activation for the synthesis of fused aziridines and nucleophilic ring-opening.
11.2.2. Four-membered ring heterocycles

Flow setups combined with microwave, photochemical synthesis or conventional heating
have been used for the synthesis of B-lactams. The B-lactam ring, part of the structure of
penicillins, (27, 28) were synthesized using the Wolff-Staudinger cascade reaction. The
formal [2+2] cycloaddition of in situ generated ketenes with imines was performed under
continuous flow at high temperature (185 °C), using microwave irradiation, with the final
heterocycles being prepared in moderate to very good yields (30-85%) and
stereoselectivities.(29)

The flow preparation of a PB-lactam synthetic intermediate of the stimulant drug
methylphenidate hydrochloride (Ritalin®) has been recently reported by Gérardy et al.
exploring two flow methodologies. The quantitative conversion of the tosylhydrazone to
the B-lactam intermediate of this drug was obtained using a conventional flow thermolysis
within 5 min residence time at 180 °C, yet, using a photolysis flow setup almost
guantitative conversions where obtained within one hour of reaction and operating at
temperature bellow 40 °C (Scheme 11.4).(30)
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11.2.3. Five-membered ring heterocycles

Five-membered ring heterocycles play a major role in organic chemistry as they possess
a plethora of applications. Among them, pyrrole is an iconic structure, is widespread in
nature and in many pharmaceutical active agents. Hantzsch(31) and Paal-Knorr(32, 33)
pyrrole synthesis are classical methodologies used for the synthesis of this heterocycle.
These one-pot reactions were successfully performed under flow conditions, however, by
its nature there is no need for sequential setups.

The Hantzsch pyrrole synthesis, involving the reaction of B-ketoesters with ammonia (or
primary amines) and a-haloketones, was successfully performed under continuous flow
conditions to synthesize pyrrole-3-carboxylic acids from commercially available tert-
butyl acetoacetates, amines and 2-bromoketones followed by deprotection of the
carbocyclic acid with in situ generated HBr. Pyrroles were obtained in good yields using
DIPEA as catalyst and DMF as solvent and introducing the reactant solutions in a
preheated microreactor at 200 °C and 5.0 bar, with a flow rate of 62.5 pL.min, with a
total reaction time of 8 min. Scale-up of the synthesis of 1-benzyl-2-methyl-5-phenyl-
1H-pyrrole-3-carboxylic acid under the stablished flow conditions allowed to obtain 850
mg (63% yield) of the compound in 2.5 h flow time (Scheme 11.5).(34)
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Scheme 11.5. Synthesis of 1-benzyl-2-methyl-5-phenyl-1H-pyrrole-3-carboxylic acid via Hantzsch
synthesis under flow conditions.



Nieuwland et al. described a facile approach to optimize and perform pyrrole synthesis
via Paal-Knorr cyclocondensation using flow chemistry. This reaction has industrial
relevance, even though it requires thermal control, since it is highly exothermic, which
make it a good candidate to be performed under flow conditions.(35) Using 2,5-
hexanedione, and ethanolamine or ethylamine in amine:diketone ratio of 5/1 or 10/1,
respectively, the pyrrole was obtained quantitatively after 100 s at 20 °C. In order to
quench the excess of primary amine used in the reaction, acetone was added through a
third stream, leading to the formation of the corresponding imine as a secondary product.
This step was included to allow a better determination of the optimal reactional conditions
via off-line GC-MS analysis. Scaled up in continuous flow using microstructured flow
reactor, allowed the production of a pyrrole derivative at a rate of 55.8 g per hour,
(Scheme 11.6).(35) The same type of reaction was later explored by Cranwell et al., but
this time using a gas phase reactant (ammonia). The variety of scaffolds achieved with
this methodology was very diverse, with the yield appearing to be dependent on the steric

hindrance.(36)
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Scheme 11.6. Paal-Knorr synthesis of pyrrole.

The Fischer indole synthesis is a widely applied strategy to obtain indole derivatives using
flow processes. Kappe and coworkers, achieve the synthesis of tetrahydrocarbazole in
90% vyield, at 200 °C (tr of 3 min) in a 16 mL stainless steel coil affording 25 g of
tetrahydrocarbazole within 1 h.(37) Using a monomodal microwave synthesizer heated
at 150 °C, coupled with a HPLC system, allowing a tr of 4 min, Bagley et al. achieved
the synthesis of tetrahydrocarbazole in 90% yield.(38, 39) Increasing the reaction
temperature to 240 °C and using a new single-mode microwave applicator, developed to
perform reactions under flow conditions as it generates a uniform electromagnetic field
within its resonant cavity, tetrahydrocarbazole was produce at a rate of 115 g h™*.(39) The
same heterocycle was obtained effectively using a ETFE tubing packed with Amberlite
IR 120 H (100 mg) and sealed with cotton wool at 90 °C within a residence time of 5
minutes.(40) The same reaction conditions were applied for the synthesis of pyrido[2,3-
ajcarbazole  derivatives (40-90% vyield) from phenylhydrazines and 5-
oxodecahydroquinoline via the Fischer indole synthesis (Scheme 11.7a).(40)

The sustainability associated with the flow process was increased using ionic liquids as
recyclable solvent for the synthesis of 3-methylindole. The Fischer indole synthesis was
performed in high yields, with the initial generation of phenylhydrazone from
phenylhydrazine and propanal, followed by cyclization catalyzed by ZnCl; in 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM][BF4]) at 200 °C for 4 min. The ionic
liquid used as solvent was successfully recycled four times in the flow reaction without
any significant loss of activity (Scheme 11.7b).(41)

7-Ethyltryptophol, a very important synthetic intermediate for the synthesis of the API
etodolac, was prepared using flow Fischer reaction and available starting materials,
ethylphenylhydrazine hydrochloride and dihydrofuran, catalyzed by HCI in



methanol/H>O (2:1) at 150 °C within a short residence time (3 min). This can be
considered an efficient transformation (40-50% yield) since it is a more challenging
reaction system, which is able to form several side-products (Scheme 11.7c).(42)
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Scheme 11.7. Fischer indole synthesis under flow conditions.

As an example of the application of flow processes in the synthesis of compounds with
indole core, we highlight one example reported by Baumann et al. on the total flow
synthesis of an auxin mimic-based herbicide (Scheme 11.8).(43) A total of four steps
were established in order to achieve the final product (80% overall yield), bearing an
indole core and an oxadiazole core. The synthesis of the heterocycle was achieved
through reduction of the nitrobenzene derivative and intramolecular cyclization using a
Thales Nano H-cube® system, operating in full hydrogen mode (internal pressure 15 bar)
with flow rate of 1.3 mL/min, and acetic acid as catalyst (10 mol%), which allowed
quantitative conversion into the desired indole. This translates to a throughput of 3.7 g of
product/h in 93% of isolated yield. The condensation of the indole-3-carboxylate with
hydrazine and the reaction of the formed acyl hydrazine with triphosgene in a heated (55
°C) flow coil led to the synthesis of 3H-[1,3,4]oxadiazol-2-one unit, which after
purification by passage through a scavenging cartridge of QP-DMA (N,N-
dimethylbenzylamine polystyrene) yield the desired product in 91% of isolated yield.
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Scheme 11.8. Synthesis of an auxin-based herbicide bearing the indole and the oxadiazole cores using flow
chemistry.

The y-lactam ring (pyrrolidin-2-one) is present in several synthetic and natural
biologically active compounds.(44) Tsubogo et al. reported the asymmetric catalytic
synthesis of (R)- and (S)-rolipram and derivatives under heterogeneous conditions using
commercially available starting materials. Briefly, they promoted a multistep flow
synthetic procedure, applying heterogeneous catalysts, without the need to isolate
intermediates or by-products throughout the process. Aldehyde and nitromethane were
converted into the nitroalkene with > 90% vyield, in the presence of a base (silica-
supported amine and crushed anhydrous calcium chloride). The asymmetric 1,4-addition
of malonate to the obtained nitroalkene was performed using a chiral polymer-supported
(PS) calcium catalyst (PS-(S)-pybox-calcium chloride, where pybox is
pyridinebisoxazoline) affording the y-nitro ester intermediate in 84% vyield with 94%
enantiomeric excess. The reduction of the y-nitro ester using a polysilane supported
palladium/carbon (Pd/DMPSI-C, where DMPSi is dimethylpolysilane) catalyst, followed
by cyclization afforded selectively the pyrrolidone in 74% yield with 94% enantiomeric
excess, Scheme 11.9. The hydrolysis and decarboxylation of the ester group to obtain
rolipram (50% yield, 96% e. e.) were also achieved under flow conditions using o-xylene
and water as solvent through silica-supported carboxylic acid and Celite. (45)
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Scheme 11.9. Flow sequential synthesis of chiral y-amino acid derivatives with y-lactam moiety.

Imidazopyridines are bicyclic heterocycles also with great interest for medicinal
chemists.(46-49) As an application of flow processes in drug discovery, focus will be
given to the work developed by Guetzoyan et al.,(50) on the synthesis of GABAAa agonists
- GABAA receptor is the therapeutic target for benzodiazepines, general anesthetics and
barbiturates.(51, 52) Two commercially available drugs were obtained — zolpidem, a
sedative/hypnotic drug and alpidem, an anxiolytic drug — as well as twenty other
imidazo[1,2-a]pyridines. In addition to the total synthesis by flow processes, in-line
evaluation of the binding affinity of the compounds to HSA (human serum albumin) by
frontal affinity chromatography was also performed, as an example of interface
development between synthesis and bioassays, setting a starting point for an automated
drug discovery platform. The heterocycle synthetic step is shown in Scheme 11.10. The
unsaturated ketone, obtained by the acid catalyzed condensation between ethyl glyoxylate
and acetophenone in reactors packed with polymer supported sulfonic acid resin (QP-SA)
at 120 °C, was further transformed into the ketimine derivative by reaction with an
aminopyridine derivative in the MgSOs packed column at 50 °C. The subsequent 5-exo
cyclization step was carried out in the CFC reactor heated at 120 °C. The QP-SA
(Quadrapure-sulphonic acid resin) column allowing the retention of unreacted
aminopyridine (scavenger) and the Biotage® SP1 column performed in-line
chromatographic purification.(50)
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Scheme 11.10. Flow multi-step synthesis of GABAA agonists with imidazopyridine scaffold.

One of the most remarkable examples of flow chemistry applied to drug development is
the synthesis of prexasertib. Prexasertib is a checkpoint kinase inhibitor drug with dual
activity, towards Chk1 and Chk2, which work as key regulators in cellular DNA damage
response pathways. Preclinical trials showed the promising antitumor activity of
prexasertib, which was selected to pursuit its development in clinical trials.(53-59)

To ensure the production of a safe and high-quality drug for human use, Cole et al.
developed a seven-step synthetic route for large-scale production of prexasertib (24 kg).
The last four steps were performed under continuous flow conditions — condensation of
a nitrile with a hydrazine to form a pyrazole derivative — heterocycle formation step
(Scheme 11.11), followed by a SnAr reaction between the pyrazole derivative and a
pyrazine, amine deprotection and salt formation. Using this continuous flow process
prexasertib was prepared in Kg scale, identifying several advantages comparing with
more conventional methodologies, such as better yield and impurity rejection, efficient
solvent stripping with enhanced performance in terms of product stability, elimination of
isolation steps, increased quality assurance, possibility of use of online process analytical
technology and process automation.(60)

Plug flow reactor
T=130°C

tgr = 70 min

Flow rate = 21.5 mL min™
Reactor volume = 1.4 L

NH CN
CN Counter current - - 2 Y
extraction Concentration I o] i I\ N
© . N
k/\ :' H H —_—
NHBoc IASIIII ; o —
NHaNHz + AcOH ﬁ vNHBOC K/\NH}Lactate
Surge o 4
90%, 0.6 kg h Prexasertib
Up to 85%

Scheme 11.11. Heterocycle synthesis step on prexasertib preparation under flow conditions.




In what concerns five-membered ring heterocycles bearing three nitrogen atoms, triazoles
are an interesting class of heterocyclic compounds, efficiently obtained using “click”
reactions and with a broad spectrum of bioactivities.(61-65) Beyond de synthesis of the
triazole, “click” chemistry have been applied in a multitude of synthetic strategies(66)
and also as strategy for macrocyclization. In the synthesis of cyclic peptoids, for example,
the peptoid backbone cyclization was, considered as the most challenging aspect in the
synthesis of this class of compounds.(67) The multicomponent Ugi reaction can be
applied in the synthesis of peptoid-like molecules, by exploring the click copper-
catalyzed intramolecular cycloaddition reaction between an azide moiety and an alkyne
moiety. Indeed, Kappe et al. reported the synthesis of cyclic peptoid molecules following
this synthetic approach under flow conditions (Scheme 12.11). Formamide in acetonitrile
was mixed with the Burgess reagent (also in MeCN) and pass through a PFA coil at 50
°C to afford the isocyanide, which was mixed with a solution of the azide prepared by
reaction of 2-bromoacetic acid dissolved in acetonitrile with tetrabutylammonium azide
in PFA coil at 100 °C. Paraformaldehyde and tert-butylamine were constantly pumped
with a flow rate and mixed with the outcome of the isocyanide generation and the azide
formation in a cross shaped mixing device. The reaction was performed in a PFA coil
tube at 80 °C to yield the Ugi product in 80% yield without further purification and
avoiding the handling of potentially toxic and/or explosive intermediates. The Cu
catalyzed azide-alkyne cycloaddition was performed heating the resulting solution in a
copper coil at 140 °C. (68)
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Scheme 11.12. Flow chemistry for the synthesis of cyclic peptoids via Ugi reaction followed by copper-
catalyzed click intramolecular cycloaddition.

The continuous flow synthesis of rufinamide, an antiepileptic drug with a broad spectrum
of efficacy and high tolerability,(69) has caught the attention of several groups working
in the field of flow chemistry.(70, 71)



Borukhova et al. described the synthesis of a rufinamide precursor under flow conditions,
using 2,6-difluorobenzyl alcohol as the starting material. The alcohol is converted in situ
into 2,6-difluorobenzyl chloride by reacting with hydrogen chloride gas. Water is
generated as the sole by-product, jointly with the immediate consumption of the
synthesized 2,6-difluorobenzyl azide in the 1,3-dipolar cycloaddition to yield triazole,
which minimize the risk associated with detonation of organic azides, improve the
sustainability of the overall process. The use of (E)-methyl-3-methoxyacrylate as
dipolarophile in the cycloaddition step is a safer and cheaper alternative to the
corresponding alkyne dipolarophile (for example propiolamide, would lead to the
formation of the rufinamide precursor).(72) Scheme 11.13 summarizes the synthesis of
this important antiepileptic drug.
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Scheme 11.13. Flow synthesis of antiepileptic drug rufinamide.

Five members cyclic carbonates can be produced from epoxides and one carbon synthon.
Phosgene traditionally used for this purpose has been replaced by less hazardous carbon
dioxide.(73) The reaction of carbon dioxide and epoxide is an efficient approach for the
production of cyclic carbonates and is one of the few industrially relevant reactions
utilizing carbon dioxide.(74)

Sathe et al. used olefins as substrates for oxidative carboxylation reaction under flow
conditions (Scheme 11.14). Hydrogen peroxide was applied as the oxidative agent and
methyltrioxorhenium (MTO) as the catalyst for the epoxidation reaction, associated with
a N-donor ligand (3-methylpyrazole). For the epoxide carboxylation step, an amino
trisphenolate complexed aluminum catalyst, with tetrabutylammonium iodide (TBAI) co-
catalyst was selected. Using 2 mol% catalyst loading in the presence of 10 mol% TBAI
in a stainless steel tubing packed with sand heated at 100 °C, complete conversion of
styrene oxide to styrene carbonate was observed in 40 min. Between the two reactors, a
membrane-based separator was placed, in order to remove the unreacted hydrogen
peroxide, since it would be unfavorable for the carboxylation step. The epoxidation and
carboxylation of substituted styrenes and aliphatic olefins was achieved in overall yield
between 56 and 91%, however, the process was unsucessfull for the transformation of
internal olefins.(75)
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Scheme 11.14. Synthesis of cyclic carbonate derivatives from olefins via two-step oxidative carboxylation
using a flow setup.

Oxazole and oxazoline-containing products are also versatile molecules, namely for
natural product synthesis, and have caught attention due to their presence in several
products with interesting biological activities.(76-78) Siphonazoles, a new class of
natural products of bacterial origin, first reported in the beginning of this century, present
an unusual feature — the presence of two oxazole moieties.(79, 80) A multistep flow
procedure was developed to prepare the O-methyl siphonazole, and the steps leading to
the synthesis of the functionalize oxazole are depicted in Scheme 11.15.(81)

The in situ coupling of dimethoxycinnamic acid, activated by CDI, with threonine tert-
butyl ester hydrochloride was carried out at 110 °C during 50 min, followed by the
addition of diethylaminosulfur trifluoride (DAST) leading to the cyclodehydration of the
amide intermediate, at 75 °C during 25 min, affording the oxazoline in high yield. A set
of heterogeneous scavengers (sulfonic acid (QP-SA) to remove EtzN, imidazole and
residual threonine tert-butyl ester; a tertiary amine (QP-DMA) to remove acid residues;
CaCOs and SiO> fluorinated reactants and residues) were used in the inline purification
of the oxazoline prior to the oxidation to the corresponding oxazole, using a mixture of
BrCCls and DBU at 110 °C during 50 min. The flow sequence afforded the oxazole
carboxylic acid in multigram quantities without the need to perform any traditional
workup or purification steps.



CFC reactor
T=110°C
o s = 50 min CFC reactor

T=75°C
/OWOH + CDI l 0 OH tg = 25 min
~0 _0 l
OH o o
+ NEt
HQNIH/O\K 3 N
o)

N ~ P-
CFC reactor FaS ngﬁn A
T=110°C
tr = 50 min
l, BrCCl; + DBU

05603
O’é_‘(OH and Si0O,
-0 N 5
- QP-SA o o—<-
o 90% Si0, _0 AT
~o

Batch & Flow 90%

procedures

o]
PGl
- N
g ;@/\)\ 0 z \/\/\\\
0 O-Methyl siphonazole
47%
Scheme 11.15. Synthesis of an oxazole synthetic intermediate of O-methyl siphonazole under flow
conditions.

1,2,4-Oxadiazoles, used in medicinal chemistry as bioisosteres of amide and ester
functional groups, were prepared in a single continuous flow chemistry procedure. Using
commercially available hydroxylamine, nitriles, carboxylic acids and aminopyridines as
starting materials, 1,2,4-oxadiazoles and imidazo[1,2-a]pyridin-2-yl-1,2,4-oxadiazoles,
were prepare via intramolecular cyclodehydration. The combination of
EDC/HOBU/DIPEA (1:1:1) provided the best conditions for complete conversion of
benzoic acids to the corresponding 1,2,4-oxadiazole derivative through the reaction with
amidooximes previously formed by the reaction of hydroxylamine and alkyl and aryl
nitriles. The general approach to obtain the oxadiazole derivatives is depicted in Scheme
11.16.(82)
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Scheme 11.16. Synthesis of 1,2,4-oxadiazole derivatives using multi-step flow chemistry.
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11.2.4. Six-membered ring heterocycles

Six-membered heterocyclic ring systems constitute a very relevant class of compounds
in the field of organic and medicinal chemistry, being present in multiple commercialized
drugs. Among some of the most recent examples, we highlight the flow synthesis of an
enantiomeric pure dihydropyridinone derivative — (3R,4R)-3,4,6-triphenyl-1-tosyl-3,4-
dihydropyridin-2(1H)-one — using an immobilized chiral benzotetramisole (PS-supported
BTM) analogue as the organocatalyst. Briefly, the catalyst-free reaction of phenylacetic
acid and pivaloyl chloride yield the phenylacetic anhydride, which through domino
Michael addition/cyclization reaction with a chalcone-type tosylimine led to the desired
product in high yield (70%) and excellent enantiomeric excess (> 99%) (Scheme 11.17).
An in-line control (FTIR analysis) and a work-up procedure (liquid-liquid separator) were
also included in the flow setup.(83)
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Scheme 11.17. Flow synthesis of a dihydropyridinone derivative with in-line analysis and work-up.

Another relevant heterocyclic core is the quinoxaline, a bicyclic moiety consisting of a
benzene ring fused with a pyrazine ring, displaying a wide plethora of bioactivities, as
extensively reviewed in the literature.(84-86) The multi-step flow synthesis of
quinoxaline derivatives in a safe manner has been reported by Martin et al.. The setup
allowed the reactions to occur without requiring the isolation of diazoketone
intermediates, potentially explosive compounds, as well as to minimize operators
exposure to phenylenediamine intermediates,(87) an important feature as these
compounds are classified as carcinogenic.(88, 89) Further, in-line purification was also
carried out under the described methodology, by using a QP-TU pad (polymer supported
thiourea - metal scavenger), a PS-TsCI (polymer supported tosylchloride) or PS-TSNCO
(polymer supported isocyanate - scavenger of unreacted diamine and reduced quinoxaline
derivatives), and a PS-Ts-NHNH: (polymer supported tosylhydrazine - scavenger for the
residual diazoketone), with the final quinoxaline derivatives being obtained in variable
yields (21-96%) (Scheme 11.18).(87)
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Ingham et al. described a very interesting flow setup, using a monolith-supported
synthetic procedure to prepare 2-aminopyrimidine derivatives, by a “catch-react-release”
methodology. This approach consists of immobilizing one of the reagents on a solid
support, which is then exposed to different conditions. Briefly, immobilized thiouronium
chloride reacts with different enaminones in the presence of N,N-diisopropylethylamine
(DIEA) — cyclization step (“catch”). Next, the formed heterocycle reacts with meta-
chloroperoxybenzoic acid (m-CPBA), in a monolith oxidative activation. As the last step,
the oxidized heterocycle reacts with amine derivatives in the presence of DIEA, leading
to an amine displacement of 2-aminopyrimidine derivatives (“release” step) (Scheme
11.19).(90) Using the described procedure N-(2-methyl-5-nitrophenyl)-4-(pyridin-3-
yl)pyrimidin-2-amine, a known precursor in the synthesis of tyrosine kinase inhibitor
Imatinib,(91) was obtained in 48% yield, overcoming problems associated with the low
solubility of some intermediates.
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Scheme 11.19. “Catch-react-release” flow procedure for the synthesis of 2-aminopyrimidine derivatives.



Filipponi et al. prepared a library of dihydropyridazine-3-carboxylic acid derivatives
using sequential flow chemistry. Dynamically mixed tubular (DMT) reactors were
employed in two of the synthetic steps. This type of reactor allows to overcome a serious
drawback of conventional flow systems, as they allow reactions to proceed even when
solids are formed. Briefly, different anilines react with NaNO; affording a diazonium salt
intermediate, which further reacts with a pyranone derivative to give a hydrazone
intermediate. In the last step, requiring the presence of a base (K.COs3) and with a
temperature increment, the hydrazone cyclizes to the final product (Scheme 11.20). (92,
93) Using this continuous process the p-bromophenyl derivative was obtained with a
productivity over 9.6 g/h, with high purity, avoided the safety problems usually associated
with the diazonium salts. This family of compounds is relevant in drug discovery, as they
are known for interacting with bromodomain containing proteins, a druggable target with
increasing interest in pharmacology.(94, 95)
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Scheme 11.20. Multi-step flow chemistry using DMT reactors.

Thioquinazolinone derivatives were prepared via a multistep flow process by Kim et al.,
through the generation of two organolithium intermediates, putting into evidence the
safety inherent to flow chemistry. The full process takes place at room temperature,
without isolation of any of the intermediates and with high efficacy, since compounds are
prepared quickly (up to 10 seconds) in very high yields (75-98%). Briefly, o-
bromophenyl-isothiocyanate reacts with nBuLi, affording 2-isothiocyanatophenyl
lithium intermediates, which further react with a phenyl isocyanate, achieving a lithium
thiolate intermediate. The final step consists in the reaction of this last intermediate with
functionalized benzyl bromide to attain the desired thioguinazolinone derivates (Scheme
11.21).(96)
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Scheme 11.21. Flow multi-step synthesis of thioquinazolinone derivatives, using organolithium
intermediates.

The multi-step flow synthesis of six-membered ring heterocycles bearing oxygen atoms
has been less explored. Nevertheless, the synthesis of pyranonaphthoquinone derivatives
under sequential flow reactions was reported by Osorio-Planes et al., using a
heterogeneous catalytic system consisting of a chiral squaramide immobilized
polystyrene. The continuous flow setup consists of two sequential steps (Michael reaction
and a cyclization step), performed at room temperature. The heterogeneous chiral
organocatalyst enabled high enantioselective Michael reaction and the final products
were achieved in high yield and enantioselectivity (Scheme 11.22).(97)
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Scheme 11.22. Flow enantioselective multi-step synthesis of pyranonaphtoquinone derivatives.




Artemisin, a natural product with outstanding relevance in the field of medicinal
chemistry as it presents a strong antimalarial activity, has been a synthetic challenge for
organic chemists. Its complex framework, with multiple rings, includes two which are
crucial for its biological activity - a six-membered lactone and cyclic endoperoxide
synthons.(98) Artemisinic acid is the usual starting material for the synthesis of artemisin,
since it is easier to extract from natural sources or through biotechnological processes. It
was used by Lévesque et al. to prepare artemisin (200 g/day) in a continuous-flow
photochemical setup (Scheme 11.23), using tetraphenylphorphirin as photosensitizer. In
the first step, photooxidation of dihydroartemisinic acid generates the corresponding
teritary allylic hydroperoxide intermediates, which is protonated in the presence of an
acid, leading to the migration of the allylic group and formation of the corresponding
hemiketal, which opens affording an enol intermediate, key for the final formation of
artemisin.(99)
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Scheme 11.23. Synthesis of artemisin from dihydroartemisinic acid under flow conditions.

At this point, we would like to highlight one recent example of flow chemistry applied to
the synthesis of six-membered ring heterocycles bearing different types of heteroatoms.
The synthesis of 6-amino-2,2,7-trifluoro-4H-benzo-[1,4]-oxazin-3-one, through a three-
step nitration/hydrogenation/cyclization synthetic route is summarized in Scheme 11.24.
One of the main advantages of this sequential approach is to avoid operator handling of
labile and explosive synthetic intermediates.(100) Naturally occurring benzoxazinones
have been considered useful lead compounds for new herbicide development, namely due
to environmental, toxicological and economic impact of synthetic herbicides.(101, 102)
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11.2.5. Seven-membered ring heterocycles

Hartwig et al. reported the multi-step flow synthesis of an important benzodiazepine,
olanzapine, used in clinical practice as an antipsychotic drug. Briefly, a Buchwald-
Hartwig reaction was performed between 1-iodo-2-nitrobenzene and one aminothiazole.
Further, nitro group reduction and acid-promoted cyclization occurs to afford the seven
membered-ring heterocycle, which after thermal condensation with N-methylpiperazine
affords the API (Scheme 11.25).(103)
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Scheme 11.25. Flow multi-step synthesis of olanzapine (Zyprexa®).



Recently, the use of a multi-step flow setup for the synthesis of another API — diazepam
— was reported as a sustainable process. Although other examples were previously
reported in literature concerning the flow synthesis of this drug,(104) Bédard et al.
reduced the E-factor for this synthesis by 4-fold (from 36 to 4). This cutback was
accomplished by a multifactorial approach, but the replacement of ethyl acetate by 2-
methyltetrahydrofuran was a key player for this significant reduction. Diazepam was
produced by an amidation reaction (between benzophenone and chloroacetyl chloride)
followed by cyclization (Scheme 11.26).(105)
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Scheme 11.26. Flow multi-step synthesis of diazepam (Valium®).
11.3. Conclusions and Perspective

In the past few decades, continuous-flow organic synthesis went from an unexplored
technique, based on “do-it-yourself” systems to one of the most revolutionary tools for
organic chemists, changing the face of many research labs from typical glassware and
batch procedures to fully automatized processes. The scaffold diversity attained using
continuous-flow apparatus, in the field of heterocyclic compounds synthesis, makes this
technique a versatile and valuable approach for academia and industry, for the preparation
of high-value products, such as fine chemicals, APIs and natural products.

The possibility to perform sequential reaction steps in a closed flow system enhances the
possibilities to perform complex, and even unexplored, chemical transformations in an
efficient, safe, profitable, and scalable manner. While process intensification is already
when of the main advantages of applying continuous-flow systems, the future of flow
chemistry, especially in drug discovery settings, will likely be oriented to increase new
molecules output, integrating multicomponent and multistep synthesis, purification and
in-process control, accelerating the overall drug discovery process and hit identification.



11.4. References

1. Britton J, Raston CL. Multi-step continuous-flow synthesis. Chem Soc Rev.
2017;46(5):1250-71.

2. Luis SV, Garcia-Verdugo E. Chemical Reactions and Processes under Flow Conditions.
Clark JH, Kraus GA, editors. UK: RSCPublishing; 2010.

3. Guidi M, Seeberger PH, Gilmore K. How to approach flow chemistry. Chem Soc Rev.
2020;49(24):8910-32.

4. Hardwick T, Ahmed N. Digitising chemical synthesis in automated and robotic flow.
Chem Sci. 2020;11(44):11973-88.

5. Rogers L, Jensen KF. Continuous manufacturing — the Green Chemistry promise? Green
Chem. 2019;21(13):3481-98.

6. Vaccaro L, Lanari D, Marrocchi A, Strappaveccia G. Flow approaches towards
sustainability. Green Chem. 2014;16(8):3680-704.

7. Vaccaro L. Sustainable Flow Chemistry - Methods and Applications. Weinheim,
Germany: Wiley-VCH 2017.

8. Noél T, Luque R. Accounts on Sustainable Flow Chemistry. Noél T, Luque R, editors:
Springer International Publishing; 2020.

9. Sambiagio C, Noél T. Flow Photochemistry: Shine Some Light on Those Tubes! Trends in

Chemistry. 2020;2(2):92-106.

10. Yu T, Ding Z, Nie W, Jiao J, Zhang H, Zhang Q, et al. Recent Advances in Continuous-Flow
Enantioselective Catalysis. Chem Eur J. 2020;26(26):5729-47.

11. Britton J, Majumdar S, Weiss GA. Continuous flow biocatalysis. Chem Soc Rev.
2018;47(15):5891-918.

12. Brown MIJB. An Introduction to CHEM21 Chemical Manufacturing Methods for the 21st
Century Pharmaceutical Industries. Green and Sustainable Medicinal Chemistry: Methods, Tools
and Strategies for the 21st Century Pharmaceutical Industry: The Royal Society of Chemistry;
2016. p. 7-18.

13. McElroy CR, Constantinou A, Jones LC, Summerton L, Clark JH. Towards a holistic
approach to metrics for the 21st century pharmaceutical industry. Green Chem.
2015;17(5):3111-21.

14. Baxendale IR. The integration of flow reactors into synthetic organic chemistry. ] Chem
Technol Biotechnol. 2013;88(4):519-52.

15. Taylor AP, Robinson RP, Fobian YM, Blakemore DC, Jones LH, Fadeyi O. Modern
advances in heterocyclic chemistry in drug discovery. Org Biomol Chem. 2016;14(28):6611-37.
16. Plutschack MB, Pieber B, Gilmore K, Seeberger PH. The Hitchhiker’s Guide to Flow
Chemistry. Chem Rev. 2017;117(18):11796-893.

17. Upendra K. Sharma, Erik V. Van der Eycken. Flow Chemistry for the Synthesis of
Heterocycles. Maes B, Cossy J, Polanc S, editors: Springer; 2018.

18. Brandao P, Pineiro M, Pinho e Melo TMVD. Flow Chemistry: Towards A More Sustainable
Heterocyclic Synthesis. Eur J Org Chem. 2019;2019(43):7188-217.

19. Colombo M, Peretto |. Chemistry strategies in early drug discovery: an overview of
recent trends. Drug Discov Today. 2008;13(15):677-84.

20. Baumann M. Integrating continuous flow synthesis with in-line analysis and data
generation. Org Biomol Chem. 2018;16(33):5946-54.

21. Britton J, Jamison TF. The assembly and use of continuous flow systems for chemical
synthesis. Nat Protoc. 2017;12:2423.

22. JiRam V, Sethi A, Nath M, Pratap R. Chapter 3 - Three-Membered Ring Heterocycles. In:
Ji Ram V, Sethi A, Nath M, Pratap R, editors. The Chemistry of Heterocycles: Elsevier; 2019. p.
19-92.

23. Morodo R, Gérardy R, Petit G, Monbaliu J-CM. Continuous flow upgrading of glycerol
toward oxiranes and active pharmaceutical ingredients thereof. Green Chem.
2019;21(16):4422-33.



24. Tarannum S, Chauhan N, Ghorai MK. Aziridines and 2H-Azirines—Monocyclic.
Reference Module in Chemistry, Molecular Sciences and Chemical Engineering: Elsevier; 2020.

25. Baumann M, Baxendale IR. Continuous-Flow Synthesis of 2H-Azirines and Their
Diastereoselective Transformation to Aziridines. Synlett. 2016;27(01):159-63.

26. Zakrzewski J, Smalley AP, Kabeshov MA, Gaunt MJ, Lapkin AA. Continuous-Flow
Synthesis and Derivatization of Aziridines through Palladium-Catalyzed C(sp3)-H Activation.
Angew Chem Int Ed. 2016;55(31):8878-83.

27. Pitts CR, Lectka T. Chemical Synthesis of B-Lactams: Asymmetric Catalysis and Other
Recent Advances. Chem Rev. 2014;114(16):7930-53.

28. Kamath A, Ojima |. Advances in the chemistry of B-lactam and its medicinal applications.
Tetrahedron. 2012;68(52):10640-64.

29. Musio B, Mariani F, Sliwiriski EP, Kabeshov MA, Odajima H, Ley SV. Combination of
Enabling Technologies to Improve and Describe the Stereoselectivity of Wolff—Staudinger
Cascade Reaction. Synthesis. 2016;48(20):3515-26.

30. Gérardy R, Winter M, Vizza A, Monbaliu J-CM. Assessing inter- and intramolecular
continuous-flow strategies towards methylphenidate (Ritalin) hydrochloride. React Chem Eng.
2017;2(2):149-58.

31. Hantzsch A. Neue Bildungsweise von Pyrrolderivaten. Berichte der deutschen
chemischen Gesellschaft. 1890;23(1):1474-6.

32. Knorr L. Einwirkung des Diacetbernsteinsdureesters auf Ammoniak und primare
Aminbasen. Berichte der deutschen chemischen Gesellschaft. 1885;18(1):299-311.

33. Paal C. Synthese von Thiophen- und Pyrrolderivaten. Berichte der deutschen
chemischen Gesellschaft. 1885;18(1):367-71.

34. Herath A, Cosford NDP. One-Step Continuous Flow Synthesis of Highly Substituted
Pyrrole-3-carboxylic Acid Derivatives via in Situ Hydrolysis of tert-Butyl Esters. Org Lett.
2010;12(22):5182-5.

35. Nieuwland PJ, Segers R, Koch K, van Hest JCM, Rutjes FPJT. Fast Scale-Up Using
Microreactors: Pyrrole Synthesis from Micro to Production Scale. Org Process Res Dev.
2011;15(4):783-7.

36. Cranwell PB, O'Brien M, Browne DL, Koos P, Polyzos A, Pena-Lopez M, et al. Flow
synthesis using gaseous ammonia in a Teflon AF-2400 tube-in-tube reactor: Paal-Knorr pyrrole
formation and gas concentration measurement by inline flow titration. Org Biomol Chem.
2012;10(30):5774-9.

37. Razzaq T, Glasnov TN, Kappe CO. Continuous-Flow Microreactor Chemistry under High-
Temperature/Pressure Conditions. Eur J Org Chem. 2009;2009(9):1321-5.

38. Bagley MC, Jenkins RL, Lubinu MC, Mason C, Wood R. A simple continuous flow
microwave reactor. J Org Chem. 2005;70(17):7003-6.

39. Yokozawa S, Ohneda N, Muramatsu K, Okamoto T, Odajima H, lkawa T, et al.
Development of a highly efficient single-mode microwave applicator with a resonant cavity and
its application to continuous flow syntheses. RSC Adv. 2015;5(14):10204-10.

40. Bosch C, Lopez-Lledd P, Bonjoch J, Bradshaw B, Nieuwland PJ, Blanco-Ania D, et al.
Fischer indole reaction in batch and flow employing a sulfonic acid resin: Synthesis of pyrido[2,3-
a]carbazoles. J Flow Chem. 2016;6(3):240-3.

41. YulJ, XuJ, Yu Z JinY, Li J, Lv Y. A continuous-flow fischer indole synthesis of 3-
methylindole in an ionic liquid. J Flow Chem. 2017;7(2):33-6.

42. Gutmann B, Gottsponer M, Elsner P, Cantillo D, Roberge DM, Kappe CO. On the Fischer
Indole Synthesis of 7-Ethyltryptophol—Mechanistic and Process Intensification Studies under
Continuous Flow Conditions. Org Process Res Dev. 2013;17(2):294-302.

43. Baumann M, Baxendale IR, Deplante F. A concise flow synthesis of indole-3-carboxylic
ester and its derivatisation to an auxin mimic. Beilstein J Org Chem. 2017;13:2549-60.
44, Caruano J, Muccioli GG, Robiette R. Biologically active [gamma]-lactams: synthesis and

natural sources. Org Biomol Chem. 2016;14(43):10134-56.



45. Tsubogo T, Oyamada H, Kobayashi S. Multistep continuous-flow synthesis of (R)- and (S)-
rolipram using heterogeneous catalysts. Nature. 2015;520:329.

46. Cecile E-G, Alain G. Recent Progress in the Pharmacology of Imidazo[1,2-a]pyridines.
Mini Rev Med Chem. 2007;7(9):888-99.

47. Bagdi AK, Santra S, Monir K, Hajra A. Synthesis of imidazo[1,2-a]pyridines: a decade
update. Chem Commun. 2015;51(9):1555-75.

48. Tara LSK. Pyridines and Imidazopyridines with Medicinal Significance. Curr Top Med
Chem. 2016;16(28):3274-302.

49. Krause M, Foks H, Gobis K. Pharmacological Potential and Synthetic Approaches of
Imidazo[4,5-b]pyridine and Imidazo[4,5-c]pyridine Derivatives. Molecules. 2017;22(3):399.

50. Guetzoyan L, Nikbin N, Baxendale IR, Ley SV. Flow chemistry synthesis of zolpidem,
alpidem and other GABAA agonists and their biological evaluation through the use of in-line
frontal affinity chromatography. Chem Sci. 2013;4(2):764-9.

51. Whiting PJ. GABA-A receptor subtypes in the brain: a paradigm for CNS drug discovery?
Drug Discov Today. 2003;8(10):445-50.

52. Rudolph U, Knoflach F. Beyond classical benzodiazepines: novel therapeutic potential of
GABAA receptor subtypes. Nat Rev Drug Discov. 2011;10:685.

53. King C, Diaz HB, McNeely S, Barnard D, Dempsey J, Blosser W, et al. LY2606368 Causes
Replication Catastrophe and Antitumor Effects through CHK1-Dependent Mechanisms. Mol
Cancer Ther. 2015;14(9):2004-13.

54. Rora AGLD, lacobucci I, Imbrogno E, Papayannidis C, Derenzini E, Ferrari A, et al.
Prexasertib, a Chk1/Chk2 inhibitor, increases the effectiveness of conventional therapy in B-/T-
cell progenitor acute lymphoblastic leukemia. Oncotarget. 2016;7(33):53377-91.

55. Lowery CD, VanWye AB, Dowless M, Blosser W, Falcon BL, Stewart J, et al. The
Checkpoint Kinase 1 Inhibitor Prexasertib Induces Regression of Preclinical Models of Human
Neuroblastoma. Clin Cancer Res. 2017;23(15):4354-63.

56. Yang ES, Zeng L, Beggs R, Cooper T, Weaver A. Combining Chk1/2 Inhibition With
Cetuximab and Radiation Enhances In Vitro and In Vivo Cytotoxicity in Head and Neck Squamous
Cell Carcinoma. Int J Rad Oncol Biol Phys. 2017;99(2, Supplement):5148-59.

57. For more information, please check the data for the following clinical trials:
NCT01115790; NCT02124148; NCT02203513; NCT02514603; NCT02555644; NCT02735980;
NCT02649764; NCT02860780; NCT02778126; NCT02873975; NCT02808650; NCT03057145;
NCT03414047. Available on https://www.clinicaltrials.gov/ (accessed on 04/02/2018) [

58. Hong D, Infante J, Janku F, Jones S, Nguyen LM, Burris H, et al. Phase | Study of
LY2606368, a Checkpoint Kinase 1 Inhibitor, in Patients With Advanced Cancer. J Clin Oncol.
2016;34(15):1764-71.

59. Lee J-M, Nair J, Zimmer A, Lipkowitz S, Annunziata CM, Merino MJ, et al. Prexasertib, a
cell cycle checkpoint kinase 1 and 2 inhibitor, in BRCA wild-type recurrent high-grade serous
ovarian cancer: a first-in-class proof-of-concept phase 2 study. Lancet Oncol. 2018;19(2):207-
15.

60. Cole KP, Groh JM, Johnson MD, Burcham CL, Campbell BM, Diseroad WD, et al. Kilogram-
scale prexasertib monolactate monohydrate synthesis under continuous-flow CGMP conditions.
Science. 2017;356(6343):1144-50.

61. Sathish Kumar S, P. Kavitha H. Synthesis and Biological Applications of Triazole
Derivatives - A Review. Mini Rev Org Chem. 2013;10(1):40-65.

62. H. Zhou C, Wang Y. Recent Researches in Triazole Compounds as Medicinal Drugs. Curr
Med Chem. 2012;19(2):239-80.
63. Otvos SB, Fulop F. Flow chemistry as a versatile tool for the synthesis of triazoles. Catal

Sci Technol. 2015;5(11):4926-41.

64. Ali AA. 1,2,3-Triazoles: Synthesis and Biological Application. In: IntechOpen, editor.2020.
65. Totobenazara J, Burke AJ. New click-chemistry methods for 1,2,3-triazoles synthesis:
recent advances and applications. Tetrahedron Lett. 2015;56(22):2853-9.


https://www.clinicaltrials.gov/

66. Bao J, Tranmer GK. The utilization of copper flow reactors in organic synthesis. Chem
Commun. 2015;51(15):3037-44.

67. Shin SBY, Yoo B, Todaro LJ, Kirshenbaum K. Cyclic Peptoids. J] Am Chem Soc.
2007;129(11):3218-25.

68. Salvador CEM, Pieber B, Neu PM, Torvisco A, Kleber Z. Andrade C, Kappe CO. A
Sequential Ugi Multicomponent/Cu-Catalyzed Azide—Alkyne Cycloaddition Approach for the
Continuous Flow Generation of Cyclic Peptoids. J Org Chem. 2015;80(9):4590-602.

69. Wheless JW, Vazquez B. Rufinamide: a novel broad-spectrum antiepileptic drug.
Epilepsy Curr. 2010;10(1):1-6.

70. Zhang P, Russell MG, Jamison TF. Continuous Flow Total Synthesis of Rufinamide. Org
Process Res Dev. 2014;18(11):1567-70.

71. Borukhova S, Noél T, Metten B, de Vos E, Hessel V. Solvent- and Catalyst-Free Huisgen
Cycloaddition to Rufinamide in Flow with a Greener, Less Expensive Dipolarophile.
ChemSusChem. 2013;6(12):2220-5.

72. Borukhova S, Noél T, Metten B, de Vos E, Hessel V. From alcohol to 1,2,3-triazole via a
multi-step  continuous-flow synthesis of a rufinamide precursor. Green Chem.
2016;18(18):4947-53.

73. Omae |. Recent developments in carbon dioxide utilization for the production of organic
chemicals. Coordination Chemistry Reviews. 2012;256(13):1384-405.
74. Fukuoka S, Kawamura M, Komiya K, Tojo M, Hachiya H, Hasegawa K, et al. A novel non-

phosgene polycarbonate production process using by-product CO2 as starting material. Green
Chem. 2003;5(5):497-507.

75. Sathe AA, Nambiar AMK, Rioux RM. Synthesis of cyclic organic carbonates via catalytic
oxidative carboxylation of olefins in flow reactors. Catal Sci Technol. 2017;7(1):84-9.

76. Tilvi S, S. Singh K. Synthesis of Oxazole, Oxazoline and Isoxazoline Derived Marine
Natural Products: A Review. Curr Org Chem. 2016;20(8):898-929.

77. Jin Z. Muscarine, imidazole, oxazole, and thiazole alkaloids. Nat Prod Rep.
2011;28(6):1143-91.

78. Swellmeen L. 1,3-Oxazole derivatives: A review of biological activities as
antipathogenic2016. 269-86 p.

79. Nett M, Erol O, Kehraus S, Kéck M, Krick A, Eguereva E, et al. Siphonazole, an Unusual
Metabolite from Herpetosiphon sp. Angew Chem Int Ed. 2006;45(23):3863-7.

80. Linder J, Blake AJ, Moody CJ. Total synthesis of siphonazole and its O-methyl derivative,
structurally unusual bis-oxazole natural products. Org Biomol Chem. 2008;6(21):3908-16.

81. Baumann M, Baxendale IR, Brasholz M, Hayward JJ, Ley SV, Nikbin N. An Integrated Flow
and Batch-Based Approach for the Synthesis of O-Methyl Siphonazole. Synlett.
2011;2011(10):1375-80.

82. Herath A, Cosford NDP. Continuous-flow synthesis of highly functionalized imidazo-
oxadiazoles facilitated by microfluidic extraction. Beilstein J Org Chem. 2017;13:239-46.

83. Izquierdo J, Pericas MA. A Recyclable, Immobilized Analogue of Benzotetramisole for
Catalytic Enantioselective Domino Michael Addition/Cyclization Reactions in Batch and Flow.
ACS Catal. 2016;6(1):348-56.

84. Pereira JA, Pessoa AM, Cordeiro MNDS, Fernandes R, Prudéncio C, Noronha JP, et al.
Quinoxaline, its derivatives and applications: A State of the Art review. Eur J] Med Chem.
2015;97:664-72.

85. Ajani 00. Present status of quinoxaline motifs: Excellent pathfinders in therapeutic
medicine. Eur J Med Chem. 2014;85:688-715.
86. Tariq S, Somakala K, Amir M. Quinoxaline: An insight into the recent pharmacological

advances. Eur J Med Chem. 2018;143:542-57.
87. Martin LJ, Marzinzik AL, Ley SV, Baxendale IR. Safe and Reliable Synthesis of
Diazoketones and Quinoxalines in a Continuous Flow Reactor. Org Lett. 2011;13(2):320-3.



88. Milman HA, Peterson C. Apparent correlation between structure and carcinogenicity of
phenylenediamines and related compounds. Environ Health Perspect. 1984;56:261-73.

89. Ames BN, Kammen HO, Yamasaki E. Hair dyes are mutagenic: identification of a variety
of mutagenic ingredients. Proc Natl Acad Sci USA. 1975;72(6):2423-7.

90. Ingham RJ, Riva E, Nikbin N, Baxendale IR, Ley SV. A “Catch—React—Release” Method for
the Flow Synthesis of 2-Aminopyrimidines and Preparation of the Imatinib Base. Org Lett.
2012;14(15):3920-3.

91. Liu Y-F, Wang C-L, Bai Y-J, Han N, Jiao J-P, Qi X-L. A Facile Total Synthesis of Imatinib Base
and Its Analogues. Org Process Res Dev. 2008;12(3):490-5.

92. Filipponi P, Baxendale IR. The Generation of a Library of -Bromodomain-Containing
Protein Modulators Expedited by Continuous Flow Synthesis. Eur J Org Chem.
2016;2016(11):2000-12.

93. Filipponi P, Gioiello A, Baxendale IR. Controlled Flow Precipitation as a Valuable Tool for
Synthesis. Org Process Res Dev. 2016;20(2):371-5.

94. Fujisawa T, Filippakopoulos P. Functions of bromodomain-containing proteins and their
roles in homeostasis and cancer. Nat Rev Mol Cell Biol. 2017;18:246.

95. Sanchez R, Meslamani J, Zhou M-M. The bromodomain: From epigenome reader to
druggable target. Biochim Biophys Acta Gene Regul Mech. 2014;1839(8):676-85.

96. Kim H, Lee H-J, Kim D-P. Integrated One-Flow Synthesis of Heterocyclic
Thioquinazolinones through Serial Microreactions with Two Organolithium Intermediates.
Angew Chem Int Ed. 2015;54:1877 —80.

97. Osorio-Planes L, Rodriguez-Escrich C, Pericas MA. Removing the superfluous: a
supported squaramide catalyst with a minimalistic linker applied to the enantioselective flow
synthesis of pyranonaphthoquinones. Catal Sci Technol. 2016;6(13):4686-9.

98. Li Y. Qinghaosu (artemisinin): Chemistry and pharmacology. Acta Pharmacol Sin.
2012;33(9):1141-6.

99. Lévesque F, Seeberger PH. Continuous-Flow Synthesis of the Anti-Malaria Drug
Artemisinin. Angew Chem Int Ed. 2012;51(7):1706-9.

100. Cantillo D, Wolf B, Goetz R, Kappe CO. Continuous Flow Synthesis of a Key 1,4-
Benzoxazinone Intermediate via a Nitration/Hydrogenation/Cyclization Sequence. Org Process
Res Dev. 2017;21(1):125-32.

101. Macias FA, Marin D, Oliveros-Bastidas A, Molinillo JMG. Rediscovering the bioactivity
and ecological role of 1,4-benzoxazinones. Nat Prod Rep. 2009;26(4):478-89.

102.  Flamini G. Chapter 13 - Natural Herbicides as a Safer and More Environmentally Friendly
Approach to Weed Control: A Review of the Literature Since 2000. In: Atta ur R, editor. Studies
in Natural Products Chemistry. 38: Elsevier; 2012. p. 353-96.

103.  Hartwig J, Ceylan S, Kupracz L, Coutable L, Kirschning A. Heating under High-Frequency
Inductive Conditions: Application to the Continuous Synthesis of the Neurolepticum Olanzapine
(Zyprexa). Angew Chem Int Ed. 2013;52(37):9813-7.

104. Adamo A, Beingessner RL, Behnam M, Chen J, Jamison TF, Jensen KF, et al. On-demand
continuous-flow production of pharmaceuticals in a compact, reconfigurable system. Science.
2016;352(6281):61-7.

105. Bédard A-C, Longstreet AR, Britton J, Wang Y, Moriguchi H, Hicklin RW, et al. Minimizing
E-factor in the continuous-flow synthesis of diazepam and atropine. Bioorg Med Chem.
2017;25(23):6233-41.



