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Series Editors Preface

Recently, application of the flow technologies for the preparation of fine chemicals,
such as natural products or active pharmaceutical ingredients (APIs), has become
very popular, especially in academia. Although pharma industry still relies on
multipurpose batch or semi-batch reactors, it is evident that interest is arising
toward continuous-flow manufacturing of organic molecules, including highly
functionalized and chiral compounds. Therefore, it could be safely assumed that
computer-controlled chemical synthesis using flow chemistry is becoming the
key enabling technology for the chemistry laboratory of the future. Up to now
these technologies were mainly being utilized in pharmaceutical industry in the
field of the chemistry, manufacture, and control (CMC) by taking advantage of
easy scale-up reactions. However, in the recent years many interesting articles by
medicinal chemists have been reported, for example, the application of library
synthesis in the hit and lead optimization field.

The book titled “Flow and Microreactor Technology in Medicinal Chemistry - An
Emerging Technology Concept from Drug discovery to Process Development”
describes current and future uses in medicinal chemistry of this ground-breaking
technology. Beside general chapters describing concepts of lab automation, several
case studies explain the broad field of current and future applications of flow
technology in the different phases of drug discovery and development from early
hit and lead optimization to process development of multi-step reactions. The
contributing authors, all very well known as experts in this field, create a deep
overview of the current status in the field and provide a solid ground that the reader
will be inspired for future application. The following chapters give insight into this
emerging technology:

o Chemistry at the Extremes: Turning Complex Reactions into Scalable Processes
o Automated Flow Chemistry Platforms

o Flow Chemistry Opportunities for Drug Discovery

e Flow Chemistry in Medicinal Chemistry — Applications to Bcr-Abl Kinase

Inhibitors
o Integrated Systems for Continuous Synthesis and Biological Screenings
o Application of Continuous-Flow Processing in Multistep API and Drug Syntheses
o Continuous-Flow Multistep Synthesis of Active Pharmaceutical Ingredients

https://lwww.twirpx.org & http://chemistry-chemists.com
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xii

Series Editors Preface

o Enantioselective (Bio)Catalysis in Continuous Flow as Efficient Tool for the
Synthesis of Advanced Intermediates and Active Pharmaceutical Ingredients

e Innovative Process Development of Pharmaceutical Intermediates Under
Continuous-Flow System

The book editor Esther Alza was for many years the Manager of ERTFLOW at the
Institute of Chemical Research of Catalonia (ICIQ), in Tarragona, Spain. Having
obtained her PhD from ICIQ working on asymmetric catalysis and flow chemistry,
she moved to the University of Cambridge as a Wellcome Trust Postdoctoral
Fellow to work on medicinal chemistry. After this, she returned to ICIQ to lead the
establishment of ERTFLOW as technology development unit. In 2020 she founded a
spin-off that creates advanced technological tools for scientific research in the field
of photochemistry, and recently she has also founded a company to develop further
applications of flow microreactor technology in medicinal chemistry, process
development, and novel technologies to offer this experience to pharmaceutical and
fine chemistry companies.

In the recent review of Antimo Gioiello “The Medicinal Chemistry in the Era
of Machines and Automation: Recent Advances in Continuous Flow Technology”
[1] the role of medicinal chemistry and the impact of emerging technologies is
very well summarized as follows: “Medicinal chemistry plays a fundamental and
underlying role in chemical biology, pharmacology, and medicine to discover safe and
efficacious drugs. Small molecule medicinal chemistry relies on iterative learning
cycles composed of compound design, synthesis, testing, and data analysis to provide
new chemical probes and lead compounds for novel and druggable targets. Using
traditional approaches, the time from hypothesis to obtaining the results can be
protracted, thus limiting the number of compounds that can be advanced into clinical
studies. This challenge can be tackled with the recourse of enabling technologies that
are showing great potential in improving the drug discovery process.”

There is no doubt that automated flow chemistry will significantly empower the
medicinal chemistry in many areas. Automation in synthesis and related technolo-
gies have already gained a central role in lead and drug discovery as they may offer
solutions to overcome current limitations with respect to throughput, synthesis
time, and novel reaction pathways to increase the chemical universe of druggable
structures.

Currently the revolution has started slowly; technical equipment and artificial
intelligence will speed up the implementation of flow technology in medicinal
chemistry dramatically. The book edited by Esther Alza will contribute to catalyze
this process.

We, as series editors, would like to thank Esther to put the brilliant contribu-
tions of the authors together, all authors for their brilliant contributions, and Frank
Weinreich, Stefanie Volk, and their co-workers for their great support to make this
book possible.

Boston, Aachen, Porto and Frankfurt Helmut Buschmann
May 2022 Jorg Holenz
Raimund Mannhold
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Volume Editor’s Preface

The efficient production of new drugs represents a challenge for society. We face
problems such as rapidly spreading pandemic disease outbreaks, as we have been
suffering during the last two years, emerging drug resistance to antibiotics and
antivirals, along with a myriad of other unmet medical needs. The translation
to patients requires faster responses in the immediate term. Drug development
research, however, is currently a slow and costly process and is not well suited
to the need. At the same time, development is shifting from blockbusters toward
niche products. This context creates a pressing need for disruptive and innovative
methods and processes for efficient design and synthesis of compounds.

The aim of this book is to give an in-depth look of the advantages offered by
continuous-flow chemistry and microreactors technology in medicinal chemistry
to inspire chemists to boost new research lines for the synthesis of new complex
molecules and active pharmaceutical ingredients (APIs) as an alternative of cur-
rent processes. It is known that continuous-flow chemistry offers several advan-
tages over conventional synthesis techniques — greater flexibility and modularity,
increased productivity, shorter reaction times, lower waste volumes, higher pres-
sures and temperatures, and lower overall production costs. But in addition, highly
automated and machine-assisted flow chemistry processes have also increased the
range of chemistries suitable for automation. The book describes current applica-
tions of flow chemistry from drug discovery to process development to show the
powerful use of this technology without ignoring the limitations and challenges
associated to this field from the perspective and broad knowledge of leading experts
from both academia and industry.

The book starts introducing the reader to an overview of flow chemistry processes
used by pharmaceutical industry, reviewing examples where flow chemistry shows
advantages over batch techniques. Practical considerations that need to be addressed
before setting up a reaction in continuous flow are included with special attention
to scalability and novelty.

To move toward the lab of the future and eventually to an industry 4.0, global
automation strategies of several steps of the discovery and development process
as reaction scouting or library synthesis, for instance, are increasing their imple-
mentation in research labs. In this sense, the combination of flow chemistry
advantages with those from automation will drive these enabling technologies into
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Volume Editor’s Preface

faster producing, reducing repetitive work and more efficient and high-quality
synthetic processes with the incorporation of artificial intelligence decisions. These
concepts are presented in the following chapters, where the recent progress in
automated-flow chemistry platforms with direct application to Medicinal Chemistry
is presented. Intelligent algorithms to build autonomous high-throughput screening
and modular platforms enabling self-optimized processes with the incorporation of
process analytical technologies (PAT) are also discussed as well as the integration
of flow chemistry in automated platforms to enhance productivity and reduce
cycle times in drug discovery. How flow chemistry can be incorporated in the
drug discovery process to access novel chemical space and the combination of flow
chemistry with emerging technologies as photochemistry or electrochemistry is also
highlighted. Additionally, representative examples that showcase the combination
of continuous-flow synthesis with downstream operations and bioassays are also
included in a chapter, including the latest developments in end-to-end machinery
platforms as a whole discovery process. This strategy shows the impact of such
integration of the available technology on lead identification and optimization.

Multiple examples of the use of flow chemistry in the synthesis of active phar-
maceutical intermediates are presented in the current book. One chapter showcases
several case studies focused on the application of flow chemistry technologies to the
synthesis and discovery of inhibitors of Bcr-Abl kinase as a thread to show the solu-
tions and strategies to overcome several challenges presented during the application
of continuous-flow chemistry for these synthesis processes. These could include the
use of heterogeneous reactions as well as the application of high prevalent reactions
in drug discovery as, for instance, Pd-mediated cross-couplings. Other two chapters
include most recent routes toward the continuous-flow synthesis of APIs, most of
them being essential medicines. The potential of continuous-flow methodology as
a viable technology for the efficient and sustainable discovery and manufacture of
APIs including efficient multistep flow synthetic processes is highlighted. The inter-
esting approach to how this technology can increase the capacity of production of
such essential medicines in developing economies is also pointed out.

The last two chapters are focused, one on the application of enantioselective
catalysis in continuous flow for the synthesis of important chiral building blocks
and advanced intermediates of APIs. Enantioselective catalysis, including metal,
organo-, and biocatalysis, is a methodology commonly used in pharma and fine
chemicals industries and represents one of the main greener protocols for the syn-
thesis of chiral molecules. In combination with the advantages of flow chemistry,
this strategy provides a very efficient pathway for the synthesis of chiral APIs in
comparison with classical batch reactions. Examples of homogeneous and hetero-
geneous catalysis are included as well as in applications of multistep total synthesis.
And the other in the application of continuous flow to manufacturing processes for
the synthesis of various pharmaceutical intermediates at large-scale productions
using facilities under GMP condition. Handling hazardous reagents at large scale or
the engineering challenges when scaled up are showcased, highlighting the safety,
productivity, and scalability of such processes.
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Volume Editor’s Preface

As editor of the book my goal was to provide a versatile overview on the appli-
cations of flow and microreactor technology in medicinal chemistry, not only from
the cutting-edge and innovative point of view of academia, but also including the
pragmatic, efficient, and objective-focused perspective of pharmaceutical industry.
I'would like to express my deepest gratitude to all the authors who have contributed
with their excellent work to make this book a reality, as well as to Methods and Princi-
ples in Medicinal Chemistry series editors Helmut Buschmann, Raimund Mannhold,
and Jorg Holenz, together with Frank Weinreich and co-workers from Wiley-VCH
GmbH for their inestimable support.

I hope that reading this book will provide, from students to experienced
chemistry scientists working in industry and academia, a greater knowledge of
this technology and encourage them to open up new application possibilities in
Medicinal Chemistry.

May 2022 Esther Alza
Barcelona
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Flow Chemistry at the Extremes: Turning Complex
Reactions into Scalable Processes
Andrew R. Bogdan

AbbVie, Inc., Drug Discovery Science and Technology, 1 North Waukegan Rd, North Chicago, IL 60064, USA

1.1 Introduction

The use of flow chemistry within the pharmaceutical industry is often used to
facilitate the discovery of an active pharmaceutical ingredient (API) or to make
its manufacturing route more efficient. Through the combined efforts of academia
and industry, significant advances have been made in the field of flow chemistry,
which in turn has led to a prevalence of this technology in high-impact settings. The
benefits of running reactions in flow are well documented in a number of compre-
hensive reviews [1-17]. With these reviews, how flow setups can range drastically in
their complexity has become obvious. Flow systems in early-stage pharmaceutical
settings tend to be automation-intensive platforms, focused on reaction scouting,
automated optimization, or library synthesis. For later-stage programs, however,
the focus becomes designing highly efficient routes to synthesizing intermediates
or final APIs. Depending on the setting, however, the same practical considerations
need to be addressed before setting up a reaction in flow. Do reactions need to
be run at very low or very high temperatures? Would improved heat transfer and
mixing optimize yields and selectivity? If the synthetic route involves the use of a
hazardous species, can flow be used to generate this material in situ? Is an alternate
energy source such as light or current required? If the answer to any of these
questions is yes, flow chemistry should be explored. If reactions are heterogeneous
or sluggish, however, conventional batch reactors may still be preferred (Table 1.1).
In this chapter, a number of examples from the pharmaceutical industry will be
discussed where flow chemistry shows obvious advantages over batch techniques.
These examples can likely be used as a basis for running future reactions in flow
before running reactions in batch. Over time, a number of trends have emerged,
and more and more often, specific types of chemistry are preferentially being run
in flow on a large scale (Figure 1.1).

Flow and Microreactor Technology in Medicinal Chemistry, First Edition. Edited by Esther Alza.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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1 Flow Chemistry at the Extremes: Turning Complex Reactions into Scalable Processes

Table 1.1 Examples of when and when not to use flow chemistry in the pharmaceutical
industry.

When TO use flow When NOT TO use flow
High-/low-temperature applications Heterogeneous/slurries
In situ use of hazardous intermediates Slow reaction rates

Reactions mediated by alternative energy
sources (photochemistry)

Flow reactor equipment o
(- —
— —
= ==
E I BPR =—
Back-pressure Static mixer
Pump T- or Y-mixer Reactor coil regulator
Tube-in-tube UV flow LED flow
flow reactor photoreactor photoreactor

Figure 1.1 Legend for flow reactor equipment.

1.2 Temperature Extremes

Flow chemistry has remained a tried and true method for running low- and
high-temperature reactions ever since the field started taking off in the early 2000s.
Due to the high surface-area-to-volume ratios, flow reactors have unmatched heat
transfer, often times leading to high yields and clean reaction profiles. For cryogenic
reactions, flow reactors are readily able to dissipate any exotherms that may be
generated. As a result, reactions that run at cryogenic temperatures in batch can
frequently be run at higher temperatures in flow. Flow reactors can also reach tem-
peratures that may otherwise be unattainable in batch, thus accelerating reaction
rates and resulting in chemistry that is not feasible in batch. High-temperature
reactions can also be run much safer in flow as active reactor volumes are lower
in comparison to batch systems. In this section, a number of examples of flow
chemistry at these two temperature extremes will be discussed in the context of the
pharmaceutical industry.

1.2.1 Cryogenic Flow Chemistry

To grasp the differences in cooling a batch reactor versus a flow reactor, it is easiest to
first envision cooling a large round-bottom flask. The heat transfer in this instance
mainly occurs at the walls of the flask, meaning that as a flask size increases, the
effective cooling of the reaction changes and temperature gradients are likely being
formed across the reactor. In order to ensure proper reaction control, it is necessary
to have excellent mixing and to add reagents in a dropwise manner to keep tem-
peratures from fluctuating. Flow reactors, however, have dimensions on the order
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(d) (e)

Figure 1.2 Examples of mixers for use in flow chemistry. (a) Standard T-mixer, (b)
narrow-bore tubing, (c) IMM static mixer, (d) microchip mixer, or (e) Koflo static mixer.

of millimeters, which result in efficient cooling and limited hotspots. Being able to
rapidly dissipate exotherms results in reactions that can be run much more cleanly
and at potentially higher temperatures. It is also worth noting that while a 500 ml
reaction in batch would likely require at least a 11 reactor, the same-sized reaction in
flow would require a far smaller reactor volume (potentially even a few milliliters).
As opposed to a stir bar or impeller, flow reactors can be mixed using a number of
options that vary depending on scale (Figure 1.2).

1.2.1.1 Organolithium Chemistry in Flow

Perhaps one of the most prevalent types of flow chemistry involves the use of organo-
lithium species such as n-butyllithium or lithium diisopropylamide [18]. While in
batch, these reactions are predominately run at —78 °C or lower, for safety and selec-
tivity reasons. For these reason, running these reactions on large scale in batch can
be somewhat limiting if these concerns are not mitigated. As a result, more and more
examples of organolithium-mediated flow chemistry are being described within the
literature. Frequently, these examples can be classified as “flash chemistry,” a term
coined by the Yoshida group, where reactions take place on the order of milliseconds
to seconds [19].

1.2.1.1.1 Boronate Synthesis

Flow examples using organolithiums commonly involve a rapid deprotona-
tion/transmetalation followed by a quench with some sort of electrophile such
as a boronate (Scheme 1.1). These flow processes are completed typically by
the use of some form of aqueous quench in batch, leading to the isolation of
the desired product. A number of examples have been described to generate
aryl boronates from both academic and industry laboratories. Ley’s group has
used the commercially available Polar Bear reactor to prepare gram quantities of
(4-chloro-2-fluoro-3-methoxyphenyl)boronic acid [20, 21]. In this instance, the
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Scheme 1.1 Continuous flow boronate synthesis.
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o-lithiation/quench occurred at —50°C and was capable of preparing >100g of
product within seven hours.

Similarly, Novartis has reported a flow borylation based upon the transmetalation
strategy [22]. Both the metalation and boronate quench occur at —30 °C, with a total
residence time in the reactor of just one second. When used in scale-up mode, this
process proves to be of incredibly high throughput, generating 146 g of product in
just 25 minutes. The process operates at incredibly high flow rates, which coupled
with the short reaction times allows kilos of this material to be generated in short
order if needed. Takeda has exemplified two lithiation-borylation sequences that are
used to generate kilogram quantities of various boronates [23, 24]. As with the work
by Novartis, these examples could be characterized as “flash” chemistry, as their
combined residence times are on the order of seconds. In the first reported example,
a Boc-protected aminobenzoxazole is borylated at 0 °C. When run ~10 hours, 1.23 kg
of the final boronate is isolated. Similarly, Takeda later reported their efforts to syn-
thesize two aryl ether boronates on a large scale using a very similar procedure.
Again, the use of flow chemistry permitted these reactions to occur at —15 °C, much
higher than the norm for these types of reactions, allowing 0.75-1.55 kg of final mate-
rial to be prepared in less than 5 hours. In all the cases described earlier, the use of
flow has shown to be beneficial over traditional batch reactions. All processes are
rapidly scaled and can operate effectively at temperatures >—78 °C. Not only does
this increase in temperature provide some increase in kinetics, but also in many
cases the warmer temperature can boost solubility, making the reactors far more
stable for long-term operation.

1.2.1.1.2 Formylation

Similar to the boronate synthesis, aldehydes are frequently synthesized via
a two-step flow process using organolithium species (Scheme 1.2). Again, a
lithium-halogen exchange is carried out at low temperature in flow, followed by a
rapid quench with N,N-dimethylformamide to afford the final product. Large-scale
flow runs using this chemistry have been described by chemists at both Merck and
Takeda. At Merck, a route to synthesize kilograms of a formylated intermediate
was developed [25]. In this case, a lithium salt was used as a starting material
in order to avoid competing deprotonation and transmetalation during and after
treatment with the organolithium species. This lithium salt was mixed with nBuLi,
and the resultant dianion was treated with a solution of dimethylformamide (DMF)
in tetrahydrofuran (THF), to afford the formylated product. At Takeda, a similar
formylation was carried on a substrate containing both an isopropoxycarboxylate
and a cyano group [26]. These two functional groups led to rapid decomposition
and by-product formation. Reaction times in this instance were on the order of
milliseconds. While the flow process was initially screened at —50 °C, exotherms in
the cooling bath were observed, as was an increase in reaction pressure. As both of
these observations would hinder scale-up efforts, the temperature was dropped to
—60 °C without having a deleterious effect on the reaction outcome. Although not
high yielding (237 g of final product represents ~40% isolated yield), the product
was otherwise unattainable in batch. Flow chemistry however makes this route
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Scheme 1.2 Examples of continuous flow formylations.

tractable, benefitting from the rapid heat transfer and the rapid quench of the
lithiated species. Another key to the success of these processes is their simplified
batch workups. In both cases, substrates were subjected to an acidic workup
followed by extraction. Final products were obtained following concentration, and
further purification was deemed unnecessary.

1.2.1.1.3 Carboxylation

A flow carboxylation route was described by SARcode in the synthesis of Lifite-
grast (Scheme 1.3) [27, 28]. After noting issues with the batch carboxylation process,
an alternative, high-yielding flow method was developed. A feedstock of tetram-
ethylethylenediamine (TMEDA) mixed with the dichloride intermediate was treated
with a solution of nBuLi at —78 °C in flow, generating an anion species that was
mixed with CO, gas. The output of the reactor was again subjected to an aqueous
workup in batch to yield the desired product. The flow process described earlier was
utilized to prepare >22kg of the carboxylic acid material, typically in 4-5kg, run
with isolated yields consistently between 88% and 91%. This carboxylation process
is complimentary to the borylation and formylation procedures described earlier
as it highlights how a gas can be used to quench the lithiated species to generate
high-value compounds.
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Cl
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CO, (gas) 88-91% yield

Scheme 1.3 Cryogenic flow carbonylation by SARcode. Source: Based on Refs. [27, 28].

1.2.1.1.4 Nucleophilic Addition

In their synthetic campaign toward eribulin mesylate, flow chemistry was utilized in
two separate processes by Eisai (Scheme 1.4) [29]. Following a cryogenic flow reduc-
tion of an ester using DIBAL-H, nBuLi was used in flow to couple an advance sul-
fone intermediate to an aldehyde. In their work, a process was developed that takes
<5seconds to complete. While the process was previously run in batch at —70°C,
the flow process was capable of being run at 10 °C in flow due to the enhanced heat
transfer exhibited with this type of reactor.

oTBS QMe

o]
TBSO\/K SO,Ph
e
A
of
' “ 24s

In THF |
M 10°C

.. O
o
21s Batch
nBulLi 10°C  workup
in hexanes | 7

H oTBS
o) (0N > | §
H () ﬁ OTBS

OTBS >96% by UV
In heptane

Scheme 1.4 Flow-enabled syntheses of eribulin mesylate intermediates. Source:
Fukuyama et al. [29] / American Chemical Society.

1.2.1.1.5 Halomethyllithium Species

Both dichloromethyllithium and bromomethyllithium have proven to be versatile
building blocks in organic synthesis; however their utility is somewhat limited due
to their unstable nature, even at very low temperatures. To circumvent issues with
these reagents, members of pharma and academia have resorted to flow chemistry
in order to facilitate their use. At Novartis, it was discovered that dichloromethyl-
lithium could be formed from dichloromethane and nBuLi at —30 °C (Scheme 1.5)
[30]. In their setup, the deprotonation and quenching steps both took place in
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Scheme 1.5 Dichloromethyllithium generation in flow. Source: Hafner et al. [30] /
American Chemical Society.

0.5 seconds. The dichloromethyllithium intermediate has a very short lifetime
and is consumed almost immediately after it is generated. A series of carbonyl
species are dichloromethylated, which provides an intermediate that is amenable to
heterocycle synthesis. Furthermore, a series of boronates could be homologated by
switching the reactor input to an aryl boronic ester. While the manuscript describes
gram scale productions within five minutes, the process is capable of generating
~225mmol/h of product.

A similar continuous flow boronate homologation has been reported, resulting in
a process used to generate hundreds of kilograms of material in a good manufac-
turing practice (GMP) setting (Scheme 1.6) [31, 32]. Similar to the example high-
lighted by Novartis, dichloromethyllithium is prepared in flow by mixing nBuLi and
dichloromethane. This reagent stream is subsequently mixed with a solution of the
boronate and collected in a batch reactor containing ZnCl, in THF to facilitate the
rearrangement to the desired product. After two additional steps, the final product
vaborbactam could be completed.

—60 °C bath
ABULE ey LTnemeeesesseeaeaaaas
In THF/heptane
1 ZnCl. h o. -~
o o e 5 oo
In THF (0] OTBDMS
H
Hundreds of kg isolated
¢ ¥o
B~ o~ T Meieiiedessessssssseseeead
H O " coytBu
OTBDMS
In THF/heptane

Scheme 1.6 Kilogram-scale flow homologation using dichloromethyllithium. Source:
Based on Stueckler et al. [31].
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Kappe and coworkers have demonstrated the utility of bromomethyllithium in
flow. Similar to dichloromethyllithium, bromomethyllithium has extreme temper-
ature sensitivity and, as a result, frequently needs to be used at around —120 °C.
In flow, however, it has been observed to be stable between —80 and —20 °C. Upon
treatment of a series of ketones with bromomethyllithium, a bromomethyl alkoxy
intermediate forms, which cyclizes to a terminal epoxide upon warming to ambient
temperature. A series of epoxides are prepared using this route in high yield, as is a
complex chloromethyl epoxide that is an important building block in the synthesis
of the drug fluconazole (Scheme 1.7).

(0]
joas
-20°C 20°C
F F 10s 60 s
+ CH,Br, »
in THF

MelLi LiBr 78% yield
in THF 34 mmol run over 3 h

Fluconazole

Scheme 1.7 The use of bromomethyllithium in the synthesis of fluconazole.

1.2.1.1.6 Mannich-Type Additions

A series of Mannich-type additions to sulfinyl imines has been reported by Merck
and Eli Lilly, both generating >100 kg of material in continuous flow (Scheme 1.8).
At Merck, a continuous flow route was explored in the synthesis of the verubece-
stat intermediate [33, 34]. Similar to the continuous flow formylation previously
described by Merck, it was determined that it was optimal to preform the lithiated
starting material in batch. This reagent stream was mixed with the aryl sulfinyl imine
through a static mixer at high flow rates to afford the desired intermediate. In total,
>100 kg of the intermediate was generated using this route, corresponding to an 88%
yield. As there were concerns about the temperature stability of the lithiated start-
ing material, the flow route was utilized due to its ability to better control exotherms
caused when mixing the two reagent streams.

Similarly, chemists at Eli Lilly used flow chemistry to produce 185kg of
an isoquinoline intermediate of LY3154207, a dopamine D1 receptor-positive
allosteric modulator [35]. In this process, a dibromo intermediate undergoes a
lithium-halogen exchange at —70 °C and is treated with a chiral sulfinyl imine to
generate an intermediate that, upon treatment with HCI, is converted to a chiral
primary amine. The final tetrahydroisoquinoline intermediate was isolated after
two subsequent batch steps (cyclization then deprotection). Overall, flow chemistry
was beneficial in this instance for two reasons. First, the ability to telescope
reactions reduced the total number of isolations that were required in the scale-up
run. Second, the use of flow once again aided in the control of exotherms caused
by the use of an organolithium. As a result, the scaling of this chemistry proved
only to be successful in flow, and the batch route was abandoned. Also included in
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Scheme 1.8 Continuous flow Mannich-type syntheses from Merck and Eli Lilly.

the manuscript is an honest discussion about the trials and tribulations of running
such a process on a scale >100kg, as well as potential solutions to the problems
highlighted.

1.2.1.2 Cyanation

Scientists at Gilead have performed a cryogenic flow cyanation on plant scale in the
synthesis of an intermediate of remdesivir (Scheme 1.9) [36]. In order to achieve high
levels of selectivity in this transformation, temperatures between —30 and —40 °C are
preferred. While a batch process was used for early deliveries, much larger batches of
material were processed using a flow setup, proving to have high selectivity as well as
better control over reaction conditions. The manuscript highlights the optimization
of the flow process from early-stage work, where a commercial Vapourtec reactor
was used to prepare 9 g product per hour of material to the late-stage work where
a custom-built plant-scale reactor was capable of generating nearly 2 kg of product
per hour.

1.2.2 High-Temperature Flow Chemistry

Flow reactors have the ability to be run at elevated temperatures due to their ability to
be pressurized. In doing so, traditional reaction solvents such as THF and EtOH can
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Scheme 1.9 Continuous flow cyanation work from Gilead. Source: Vieira et al. [36] /
American Chemical Society.

be used at temperatures well above their boiling point, and the need for high-boiling,
less favorable solvents can be mitigated. A number of smaller-scale operations have
been reported by Roche, where a series of annulated pyridines were synthesized
using a flow reactor coupled with a gas chromatograph oven [37, 38]. A commercial
flow reactor capable of reaching 450 °C, the Phoenix from Thales Nano, has been
used for parallel library synthesis of aminated heterocycles [39], as well as cycliza-
tion reactions such as the Gould-Jacobs [40-42] and Diels-Alder [43]. In all cases,
solvents such as toluene, THF, and ethanol were used at temperatures between 230
and 390 °C (Scheme 1.10). Additionally, a series of substrates are synthesized in all
cases, and reactions are generally proceeded in modest to high yield.

A high-temperature, additive-free N-Boc deprotection using the Phoenix has also
been described (Scheme 1.11) [44]. Instead of treating substrate with acid, it was dis-
covered that heating substrates to 300 °C for two minutes afforded quantitative yield
to a wide variety of substrates. Furthermore, two multistep syntheses using a Boc
deprotection are highlighted in which nearly 200 mg of material can be generated in
under 10 minutes. Both processes also avoid any intermediate purification steps.

While the preceding examples were not carried out on particularly large scale,
more examples are being reported where high-temperature flow chemistry can
be carried out on scale. A flow-based Hemetsberger-Knittel indole formation has
been reported by O’Brien et al. where an acrylazide is cyclized at temperatures
between160 and 220°C [45]. This process has inherent safety benefits as low
volumes of azide are superheated at any given moment. In AbbVie discovery
chemistry, this methodology was applied to the synthesis of various indoles and
azaindoles on multigram scale (Scheme 1.12) (Bogdan, A. R., AbbVie Inc, North
Chicago IL, Unpublished results).

Much larger-scale, high-temperature applications have been reported by Actelion
Pharmaceuticals and Eli Lilly (Scheme 1.13). A flow-mediated Overman rearrange-
ment at 220 °C was used to synthesize an intermediate for an API, capable of being
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Scheme 1.10 Examples of high-temperature flow chemistry using standard solvents at elevated temperatures.
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Scheme 1.12 Scale-up of indole using high-temperature-mediated indole formation in
flow. Source: Bogdan, A. R., AbbVie Inc, North Chicago IL, Unpublished results.
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Scheme 1.13 High-temperature flow chemistry on large scale.

carried out on >95kg scale over the course of 84 hours. The process benefited by
high levels of heat transfer, enabling a quantitative yield of the desired compound.
Eli Lilly has demonstrated a high-temperature ring cyclization in flow to enable the
delivery of >500 g of material in support of early phase development [46]. Specifi-
cally, an intramolecular SnAr was developed where the combination of high heat, an
organic base, and a less polar solvent led to high yields and enantioselectivity. Using
more traditional SnAr conditions in batch resulted in higher impurity formation.

1.3 In Situ Use of Hazardous Reagents

A key benefit of flow chemistry is its ability to generate reactive or unstable inter-
mediates and use them immediately in subsequent reaction steps. This has been
highlighted previously in a number of cryogenic reactions. In addition, it can be
applied at higher temperatures and can be used quite effectively on a large scale.
Species such as these can also be prepared at ambient temperatures. By prepara-
tion of these species in situ, storage issues are mitigated, as are various other safety
concerns.
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1.3.1 Vilsmeier Reagent

The Vilsmeier reagent is a versatile formylating agent, typically prepared by the
treatment of DMF and phosphorus oxychloride (POCl,). However, thermal stability
issues with this reagent can cause concern when being used on a large scale (specif-
ically in exothermic processes). For this reason, a number of examples highlight
preparing the Vilsmeier reagent in flow and using it directly in subsequent reaction
steps (Scheme 1.14). In one such example, a series of pyrroles are formylated using a
multistep flow process [47]. First, the DMF and POCl, are mixed at ambient temper-
ature for 90 seconds, generating small quantities of the Vilsmeier reagent, which is
subsequently mixed with the heterocycles being formylated. Output on this system
can be in the grams per hour range. The process was later applied on an industrial
scale, in flow in the synthesis of Vildagliptin [48]. Similar to the prior example, the
Vilsmeier reagent is prepared at ambient temperature but is now reacted with an
advanced intermediate to generate a cyanopyrrolidine at a rate of 5.8 kg/h/1.
Alternative Vilsmeier chemistry has been employed using diethylformamide
(DEF) or N-formylmorpholine (NFM) as opposed to DMF (Scheme 1.15) [49]. Upon
treatment of cyclohexanone with the Vilsmeier reagent and the subsequent reaction

POClI3 RT
975s FEEEEPCEE N
E \Tﬁ/ i
: Cl) :
' , 60°C
DMF
60 min production
POCI, RT
30s
DMF

[ on
N — Vildagliptin
leO

o 12.7 g
mf 79% yield

Preformed in batch

Scheme 1.14 Applications of in situ generated Vilsmeier reagent.

https://lwww.twirpx.org & http://chemistry-chemists.com

15



16

1 Flow Chemistry at the Extremes: Turning Complex Reactions into Scalable Processes

R = Et, ~CH,CH,OCH,CH,—
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Scheme 1.15 Alternative Vilsmeier reagent use in flow. Source: Carrera et al. [49] /
American Chemical Society.

with sodium acetate, 2-chloro-1-formyl-3-(hydroxymethylene)cyclohex-1-ene can
be obtained in high yield. The described process not only benefits from not isolating
the Vilsmeier reagents in large quantities but also relies on more environmentally
friendly formamides than previously reported examples.

1.3.2 Phosgene

Phosgene is another versatile chemical in organic synthesis; however, its hazards
are well known, and large-scale use is avoided if possible. Flow chemistry again can
be used to generate this hazardous reagent on the fly. In this work, a solution of
phosgene in toluene is prepared by mixing triphosgene and tributylamine in flow
for five seconds and immediately reacted with a tetrahydroisoquinoline [50]. The
developed process has the potential to result in vast amounts of material, given that
64 g of material was isolated in under five minutes (Scheme 1.16).

10 °C bath
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ClsCO”~ "OCCly
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in toluene
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NH _@ 4.5 min production
Ph ~
In THF

Scheme 1.16 Synthesis and reaction of phosgene 31 in flow.
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Figure 1.3 Schematic of a tube-in-tube reactor and the structure of Teflon AF-2400.

1.3.3 Diazomethane

Diazomethane (CH,N,) is a versatile reagent in organic synthesis; however, its use
is limited due to the safety concerns associated with its use [51]. This reagent, how-
ever, is gaining broader utility due to recent advances in flow chemistry technology,
specifically with the development of tube-in-tube reactors or other gas-permeable
membranes. With a tube-in-tube reactor, an inner gas-permeable tube (commonly
made of Teflon AF-2400) is housed within a larger, standard piece of tubing. Gases
permeate through the Teflon AF-2400 into the outer stream, where reactions can
take place (Figure 1.3). For the examples to be highlighted, Diazald and potassium
hydroxide are mixed within the inner tube of the tube-in-tube reactor and the gen-
erated gas permeates out into a reaction or solvent stream.

The Kappe group has pioneered the generation of diazomethane using
tube-in-tube reactors [52]. In this case, a series of reactions are carried out to
synthesize cyclopropanes, methyl esters, and a-diazocarbonyls (Figure 1.4). A
stream of reactant is passed through the outer tube of the tube-in-tube reac-
tor to generate a product. A multistep process was later developed where the
a-diazocarbonyls was treated with HCl to generate o-chloromethyl ketones on
gram scale, in excellent yield [53]. Similarly, by treating the a-diazocarbonyl
species with water, followed by irradiation with ultraviolet (UV) light, a series of
homologated amino acids could be prepared in a multistep continuous flow process
(Scheme 1.17) [54].

Scientists at AbbVie have developed the diazomethane reactor in flow tech-
nology (DRIFT) platform to automate diazomethane production, in both library
and scale-up format [55]. A key difference between the DRIFT platform and the
examples highlighted earlier is that DRIFT prepares an anhydrous solution of
diazomethane in THF in the outer tube of the tube-in-tube reactor, which is used
in downstream reactions (Figure 1.5). During development, it was noted that
when running reactions in the outer tube of the tube-in-tube reactor, results were
inconsistent and long-term use was not feasible. On the DRIFT platform, a small
library of cyclopropyl boronates was synthesized in modest yield with an output
of up to 190 mg/h (Scheme 1.18). The DRIFT platform continues to be applied to
various projects in support of discovery chemistry programs.
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Scheme 1.17 Multistep continuous flow diazomethane chemistry. Source: Based on Pinho et al. [54].
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Figure 1.5 Schematic of the DRIFT flow reactor.

While many of the aforementioned diazomethane reactions are high yielding,
they are limited by their output. To address this, the Kappe group has developed
hybrid batch/flow procedure for facile scaling of diazomethane reactions [56]. A
coil of AF-2400 tubing is submerged within a batch reaction vessel, and substrates
are added. Diazomethane is generated by mixing Diazald and KOH in flow, and
diazomethane permeates out of the AF-2400 tubing, converting starting materials
to product (Figure 1.6). Larger scales can be achieved by adding additional coils
of the AF-2400 tubing. This process was reported to synthesize >40g of methyl
benzoate during an eight hour run.

More recent examples of diazomethane chemistry have emerged in flow chem-
istry, where the diazomethane gas is extracted by way of a gas-permeable membrane
(Figure 1.7) [57]. In this case, substrates are treated with a gaseous stream of dia-
zomethane in a nitrogen carrier gas, as opposed to an organic solvent. Examples
highlighted using this approach include methyl ester formation, as well as the cyclo-
propanation of styrene. In both instances, multigram per hour outputs were noted,
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Figure 1.6 New approach for running tube-in-tube reactions with diazomethane in batch
using Teflon AF-2400 coil.

where a relatively small amount of diazomethane was present at a given time. As
such, this route is proposed as a method to be used in small-scale manufacturing in
the event that diazomethane is required for synthesis.

1.4 Photochemistry on Scale

Photochemistry on scale has gained far more attention over the past decade, thanks
to a variety of simple flow reactors [58-63]. In many cases, the systems can rapidly
be prepared using traditional photoreactor equipment, coupled with a pump and
some tubing (Figure 1.8). Many of the benefits of running a flow photochemical
reaction are the result of short path lengths (i.e. tubing diameter). For this reason,
there have been a number of gram- to kilogram-scale processes developed using flow
chemistry, using either UV or visible light sources. (In Chapter 3 the reader could
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Figure 1.8 Example of flow photochemical reactor.

also find several examples of photochemical transformation in continuous flow at
smaller scale, useful for medicinal chemistry).

Flow photochemical reactors can be readily prepared to accommodate various
scales of chemistry. While a number of microscale photoreactors are available,
larger-scale operations can be achieved by wrapping tubing around an immer-
sion well or a glass/quartz sleeve. A standard setup has been highlighted by the
Booker-Milburn group [64], which has subsequently been utilized in various
industrial and academic applications.

Scientists at Vertex have utilized flow photochemistry to generate lactams
on multigram scale via a light-catalyzed rearrangement of spiro-oxaziridines
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(Scheme 1.19) [65]. Examples highlighted within the manuscript are high yielding
and often have shorter reaction times than corresponding batch reactions. Similarly,
the Booker-Milburn used a photochemical Paterno-Biichi reaction to reach a key
intermediate in the synthesis (+)-goniofufurone (Scheme 1.19) [66]. After 83 hours
of continuous processing, 42 g of intermediate (2:1 mixture of regioisomers) was
obtained in a 97% isolated yield.

26 PhCHO
min
MeCN . OAc

Ph
@Ph & L= B gk
50 g, 78% @ )
@ 40 g, 51% yield 429,97%

99% based on RSM 2 : 1 ratio of regioisomers

Scheme 1.19 Flow photochemistry-enabled rearrangements. Source: Cochran and Waal
[65] / American Chemical Society.

Flow photochemistry is not just limited to traditional UV light sources. Recently,
a number of examples have been exemplified using longer wavelength light sources
such as LEDs. Enamine, for example, has expanded the scope of scalable flow
processes by generating 1kg of a high-value 2,4-methanopyrrolidine intermediate
(Scheme 1.20) [67]. The process was carried out using a 366 nm light source and
run continuously for one day. The resulting compound was subsequently converted
to dozens of methanopyrrolidine substrates.

PhCOMe
MeCN

( JLcozlvle % ®_0on6

N 2

- 1 kg |soIated
90% yield
366 nm

Scheme 1.20 Flow preparation of 2,4-methanopyrrolidine intermediate. Source: Levterov
et al. [67] / American Chemical Society.

A fair amount of research has additionally been undertaken to synthesize
the highly strained 1,4-cubanedicarboxylate (Scheme 1.21). Early examples of
photochemistry to synthesize this compound were run on pilot scale, isolating
nearly 3 kg of material over the course of 173 hours (~1 week) [68]. The apparatus
described within uses a 6.41 quartz flow cell, used in conjunction with a 2kW
medium-pressure mercury lamp. While this represents an impressive example of
flow photochemistry on scale, the process uses highly specialized equipment and
required further optimization of the light sources. Linclau and coworkers have
since reported a simplified, laboratory-scale flow photochemical reactor capable of
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Scheme 1.21 Flow-mediated synthesis of 1,4-cubanedicarboxylate.

generating ~40 g material per day [69]. In this example, cheap 310 nm UV lamps
are used and provide clean conversion. In developing a simplified, yet scalable
synthesis, the process could be further adapted to synthesize additional sp3-rich
building blocks such as this.

A series of simplified trifluoromethylation papers were published by Stephen-
son’s group, where trifluoroacetic anhydride was used as the trifluoromethylating
agent [70, 71]. Early examples were reported to be scalable up to 100g in flow
(Scheme 1.22). The process was further explored to trifluoromethylate, an addi-
tional pyrrole on roughly 1kg scale in 24 hours. In the large-scale reactor, PFA
tubing was wrapped around three blue LED lamps and submerged in a garbage bin
to provide cooling (Figure 1.9).

25-35 °C
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Boc
Ru(bpy)sCl,, TFAA 1y

- )= 71% yleld
23.1 g product
3.33 g/h rate of production

13.2 W blue LEDs

WCOZMe
N
Boc

0.1% Ru(bpy)sCl,
pyridine N-oxide, MeCN

o1,
N
Bo

. COMe

50% yield

o O 0.95 kg, 20 g/h

PPN

FsC~ O° "CF3
in MeCN

Blue LEDs

Scheme 1.22 Trifluoromethylation in flow using trifluoroacetic anhydride.

Scientists at Merck have reported the use of a flow photochemical reactor to syn-
thesize bicyclo[1.1.1]pentane (BCP) trifluoroborate salts (Scheme 1.23) [72]. Up to
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Figure 1.9 Scale-up of flow trifluoromethylation.
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Scheme 1.23 Flow synthesis of bicyclo[1.1.1]pentane (BCP) trifluoroborate salts. Source:
VanHeyst et al. [72] / American Chemical Society.

100 g of BCP pinacol esters are synthesized in flow, before being converted to the
corresponding trifluoroborate salt in batch. In doing so, a jacketed photoreactor was
prepared capable of heating/cooling reactions while being irradiated with 465 nm
blue LEDs.

A number of manuscripts highlight efforts to push flow photochemistry to a large
scale (Figure 1.10). A photoreactor capable of kilograms per day output has been
reported by Merck [73]. The reactor overall has a small footprint (fitting within a
standard fume hood) and can be built from a number of readily available pieces.
The light source on this reactor consists of a series of high-power LED connected
to a heat sink to assist with dissipating temperature. Amgen, in collaboration with
Asymchem, has developed a production-scale photoreactor that was demonstrated
to prepare >50kg of a [2+2] cycloaddition product from a single run [74]. In their
setup, a series of high watt 365 nm LED panels were used to irradiate a 291 reactor
coil. These examples highlight how there are relatively few limitations on the scale
that can be achieved using photochemistry. A lot of this technology is facilitated
by the development of new LED light sources of varying power and wavelength.
Coupled with the narrow path lengths of flow chemistry, photochemistry is no
longer a thing of the past and will continue to gain more utility across the chemical
industry.
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Figure 1.10 Examples of large-scale photoreactors built by Merck (left) and Amgen (right).

1.5 Conclusion and Outlook

In conclusion, there exists a litany of examples where flow chemistry has obvious
advantages over traditional batchwise processes. By this point, most major phar-
maceutical companies have developed large-scale flow operations that can deliver
hundreds of grams, if not hundreds of kilograms, of material in relatively short order.

Reactions being run at high- and low-temperature extremes are no longer novel,
small-scale processes. Cryogenic “flash” reactions have shown great promise. Cou-
pled with proper pumps and mixing, incredibly high-throughput processes can be
developed to synthesize valuable building blocks in API development. At the other
end of the spectrum, reactions that were found to behave well under high-heat have
been readily scaled up in flow. Issues of superheating large reactor volumes are mit-
igated using a flow process, and temperatures well above solvent boiling points can
be used. In both the low- and high-temperature examples, flow has inherent safety
advantages as well as superb control over reaction parameters. Looking forward, it
is anticipated that the volume of examples highlighting these temperature extremes
will continue to increase.

Flow chemistry also offers the ability to generate hazardous reagents in situ,
eliminating the hazards associated with working with these materials on larger
scale. Reagents such as the Vilsmeier reagent and phosgene can be used on large
scale, without even having to isolate or store these materials prior to their use.
Other reagents such as diazomethane are also gaining more traction in synthetic
chemistry due to newer, safer methods of use.

A final area seeing continuous growth is the area of photochemistry. Thanks to
new, improved light sources, as well as a rapid expansion of photoredox reactions,
more and more examples of flow photochemistry are being highlighted to enhance
scalability. Both simplified and complex systems have been developed to address
concerns of scalability in photochemistry. Now, an area that was once viewed as lim-
ited by scale can be used to prepare tens of kilograms of material. This area, too, will
likely continue to grow, specifically as more cross-coupling reactions are developed
and run on larger scale.
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The lowest hanging fruit in the flow chemistry realm is likely the expansion of
scalable flow electrochemistry. This is viewed almost as a complementary tool as
photoredox chemistry, where an alternative energy source is used to facilitate a reac-
tion. A few examples exist already, highlighting the scalability of these processes,
which shows great promise in the future of the field (some of them are presented in
Chapter 3) [75, 76]. Initial reports demonstrate how >100 g of material can be pre-
pared via electrochemistry in flow, and its growth within pharma will likely increase
over time.

While the initial uptake of flow chemistry in the pharmaceutical industry was
slow, we have reached a point where these processes are safely and effectively being
applied on scale. Companies have either implemented their own infrastructure or
are working with contract manufacturing organizations (CMOs)/contract research
organizations (CROs) to enable this technology. Very large deliveries of compound
are now being handled exclusively in flow, whereas a similar process would not have
been considered a few years ago. As time goes by, new applications of flow will con-
tinue to emerge, and the barriers to apply this technology will continue to fade. And
while not all reactions benefit from being run in flow, there are a number of appli-
cations where flow chemistry should potentially be explored as a first pass.

Notes

The authors declare no competing financial interest.
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Automated Flow Chemistry Platforms
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2.1 Introduction

Medicinal chemists are relentlessly looking for new ways of improving productiv-
ity. The pharmaceutical industry, like any other sector, has been revolutionized
by the advent of Industry 3.0 and the computerization and simple process
automation advantages. In the case of medicinal chemistry, high-throughput and
high-performance solutions that automate several aspects of the discovery and
development process in areas like compound library synthesis, sample preparation
for analysis and/or biological testing, reaction screening, route scouting, or drug
formulation screening have been developed with success.

Industry 4.0 [1] is a term that originated from a technological high-level strat-
egy of the German government and was adopted ultimately across the world. This
new paradigm involves the integration of all parameters with increased digitaliza-
tion, smart automation, and real-time process monitoring. Basically, a smart factory
would be constituted by cyber-physical modules that would communicate with each
other and with humans in real time. Inside the pharmaceutical sector, the industry
is entering a new stage with Chemistry 4.0 [2], in which digitalization and sustain-
ability play key roles. In this regard, flow chemistry and continuous processing [3],
in general, provide a much better parameter control, new possibilities for process
development, and easier real-time analysis and process monitoring [4]. All these
advantages together are the main drivers and foundation for the development of
automated flow chemistry platforms.

2.2 Analytical Techniques

The development of analytical techniques for monitoring chemical processes or
purity determination, also known as process analytical technology (PAT), is key
for the success of automated platforms whether in batch or flow [5]. Different
classifications can be done for analytical techniques. If we consider the position

Flow and Microreactor Technology in Medicinal Chemistry, First Edition. Edited by Esther Alza.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 2.1 In-line, online, and offline analytical techniques.

of the analytical sensor, we can differentiate between in-line, online, and offline
analysis (Figure 2.1).

For in-line analysis, the sensor can be placed in the stream of flowing material to
conduct the analysis (e.g. in-line nuclear magnetic resonance [NMR] monitoring,
in-line infrared [IR] analysis, UV spectroscopy monitoring). The real-time acqui-
sition of analytical data allows fast and efficient screening of the reaction mixture
composition for the monitoring of reactive intermediates and offers the possibility
of changing the reaction parameters “on the fly.” For online analysis, analyzers are
connected to the process usually through a bypass line in order to discriminate the
process from the analysis stream, avoiding technical challenges such as blockages
or product loss during the analysis and allowing isolation of the analytical system to
perform routine or maintenance activities, including equilibration, flushing, clean-
ing, calibration, or software updates (e.g. online HPLC, online GC). In contrast to the
previous types, offline analysis consists on samples being taken away from the reac-
tion stream or from the reactor outlet and performing the analysis (any standard
technique) in a separate equipment.

In an ideal situation, the availability of multiple monitoring techniques in
a bespoke platform would allow for choosing the best option for every case.
This is exactly what Kappe and coworkers have recently described for the opti-
mization of a multistep organolithium transformation, developing a platform
that couples real-time monitoring by in-line IR and NMR, in addition to online
ultra-performance liquid chromatography (UPLC) [6] (Figure 2.2).

However, other more common classification can be done based on the analytical
technique itself, and a brief description of the most used techniques is discussed in
the following text.

2.2.1 In-line NMR Monitoring

NMR is probably the most powerful and sophisticated spectroscopic technique avail-
able to synthetic chemists, but its integration in flow chemistry setups is complicated
by the cost and the size of standard high-field NMR spectrometers. Although flow
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Figure 2.2 Multiple integrated PAT tools for multistep reactions. Source: Sagmeister
et al. [6]/Royal Society of Chemistry/CC BY.

cells that permit the monitoring of reactions exist for some decades [7], high-field
systems need specific locations for its efficient use due to their size and need of
cryogenic liquids and therefore are usually far from the fume hoods where the chem-
ical reactions take place. Moreover, the acquisition and maintenance costs and the
intrinsic sophistication of these systems have hampered the implementation as a
routine monitoring technique. However, the technique has grown to a great extent
in the recent years, thanks to the development of low-field (or benchtop) NMR spec-
trometers [8]. These pieces of kit, in contrast to the high-field instruments, have a
much smaller footprint, as a result of not requiring cryogenic liquid so they can be
placed inside of the hoods next to the flow reactors. They are equipped with a perma-
nent magnet and offer reasonable resolution at fields of 1-2 T (40-80 MHz) with the
present state of the art, and most of them have a built-in flow cell [9]. Given all the
advantages depicted earlier, these equipment have been used, apart from monitoring
chemical processes, in a variety of biochemical applications such as food and agri-
cultural analyses, structural and forensic chemistry, and potential biofluid screening
and metabolomics studies for disease monitoring [10]. Additionally, the affordabil-
ity, low maintenance, and easy-to-use characteristics of these devices make them
ideal for academic teaching [11].

2.2.2 In-line Infrared Spectroscopy (IR)

it is a very powerful technique as it allows the identification of structural elements in
quasi real time [12]. One of the limitations is that the analysis is often complicated by
overlapping signals; thus, careful choice of the structural motif band to focus in must
be done. There are a small number of relevant examples utilizing this technique in
the context of automated flow platforms [13, 14].

2.2.3 Online HPLC and GC Sampling

Online HPLC and GC sampling remain the most versatile techniques and are
the workhorse tools of pharmaceutical analytical chemistry mainly due to its
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capability of qualitatively and quantitatively separating mixtures, without the
interfering problems with solvents or reagents that other techniques have. These
chromatographic methods are probably the most frequently used in batch chemistry
monitoring, as offline analyzers, and therefore they are ubiquitous in research
and development labs. Thus, their implementation in automated flow chemistry
platforms is very wide [15-17]. The main limitation though are the long cycle
times that limit the optimization speed. In this direction, recent developments
toward UPLC (three to five minutes run times) and multiple injections in a
single experimental run (MISER)-based approaches aim to reduce the analysis
time [18].

On the other hand, they are mainly online analyzers as the flow stream is
bypassed, and samples are injected into the column after sometimes dilution,
derivatization, or pre-purification to remove interfering components and increase
the measurement sensitivity [19].
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Figure 2.3 (a) General schematic for flow titrations. BRP = back pressure regulator.

(b) Photograph of the automated titration system. Source: Bedermann et al. [20] / with
permission from the American Chemical Society.
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2.2.4 UV/Vis Spectroscopy

Little structural information can be obtained from UV/Vis spectroscopy, hence only
a few examples of its use are described in the field. However, the technique is very
powerful and sensitive. This has been utilized by Jamison et al. to discern subtle
changes in color based on small shifts in the spectra, for the development of an auto-
mated flow chemistry platform to titrate organometallics (Figure 2.3) [20].

2.2.5 Other Analytical Techniques

2.2.5.1 Online Mass Spectroscopy

Online MS has been used to overcome the issues of the long duration analyses of
other techniques. It enables rapid quantification (<1 minute analysis) and can mon-
itor continuous reactors for the identification of compounds and intermediates or
analysis of relative composition. MS can provide structural information and prod-
uct composition, all in real time due to its short method times. Therefore, it could
be the ideal analytical technique for optimizing an automated flow reactor as it can
determine steady state and then calculate a product yield with minimal data manipu-
lation. In a recent example, Bourne and coworkers exploited these features to enable
rapid optimization of an ester 1 amidation with methylamine using an automated
flow reactor (Figure 2.4) [21].
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2.2.5.2 In-line Raman Spectroscopy

It shares many characteristics with near or mid-IR spectroscopy but has some advan-
tages, like the weak Raman signal of water that makes it more convenient to analyze
aqueous mixtures. However, it is not as straightforward to implement as IR as high
concentrations and high-power lasers are needed, which limits its use [22].

2.2.6 Future Opportunities

PAT in the context of continuous-flow chemistry is an area of remarkable activity,
and end users, instrument, and data analysis vendors are collaboratively trying to
design effective solutions for the challenges that the pharmaceutical industry are
facing for the safe and sustainable manufacturing of active ingredients [23].

2.3 Automation

2.3.1 High-Throughput Screening Platforms

High-throughput experimentation (HTE) has proved to be a very powerful tool to
optimize chemical reactions and has traditionally helped to the discovery of new
lead compounds in medicinal chemistry. The development of different instrumenta-
tion and technology, capable to work at nanoliter scale, has permitted to validate the
chemistry until a level that minimize the amount of material required for biological
assays. This miniaturization of the chemistry has been enabled by the implementa-
tion of elegant engineering solutions applied to nanomole-scale screening, allowing
the synthesis of complex molecules [24].

Moreover, the integration of nanomole-scale HTE with flow chemistry platforms
permits to expand the scope of the possible reactions to be made by circumventing
the issues found with chemistry in plates associated with solvent volatility and
limits of reaction temperature and pressure. In this regard, researchers at Pfizer
have developed a fully automated system that integrates HTE with flow chemistry
technology and in-line high-resolution LC-MS analysis for real-time reaction
monitoring [25]. This platform was successfully applied to a Suzuki-Miyaura
reaction and was able to perform up to 1500 reactions in 24 hours. Due to the
potential air sensitivity of the chemicals and catalysts used in this reaction, the flow
chemistry platform was placed in a glove box to ensure the maximum probability of
technical success. The flow setup essentially consisted of three synergic, dynamic
components working with aim of getting maximum throughput: two UPLC-MS
that alternated analysis and waiting time and the reaction segment preparation unit
(Figure 2.5).

Thus, each different reaction segment was elaborated in a preparation unit where
the chemical stock solutions were injected using a precise nanoliter handler. The
residence time of each segment was controlled by the pump flow rate, and the tem-
perature was set in a controlled reactor coil. It was critical that each reaction segment
was analyzed as it came out from the reactor so two UPLC-MS systems were put in
place alternating analysis and waiting time.
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Figure 2.5 Flow system setup and segment preparation. Schematic depiction of the flow
system. Source: Reproduced from Perera et al. [25] with permission from American
Association for the Advancement of Science.

The reaction segments preparation was validated first by mixing four internal stan-
dards in increasing volume and methanol as carrier solvent and allowed to diffuse
together. The offline analysis of each segment, split in 40 ul fractions, showed that the
ration of each internal standard was equivalent through the segments and demon-
strated homogeneous diffusion of the components in the carrier solvents and that
the stoichiometries of the components were consistent with the ones intended for
the real reaction (Figure 2.6). The platform was used to screen the Suzuki-Miyaura
cross-coupling between different quinoline and indazole coupling partners using
12 ligands (including blank one), eight bases (including the blank one), and four
aqueous-based solvents to avoid precipitation of inorganic salts. These appro-
priate combinations made up 5760 different reactions evaluated, which pushed
the boundaries of the high-throughput experimentation using a flow chemistry
approach.

2.3.2 Integrated Chemistry and Bioactivity Screening Platforms

The integration of microfluidic systems with biological platforms is gaining a lot
of interest due to the ability of the flow chemistry technology to simplify the pro-
cess of interacting potential protein binders and further analysis putting in place
PATs. Chapter 5 of the present book is focused in this subject. In a recent work,
Guo and coworkers [26] have devised a microscale and screening platform for the
development of protein-directed dynamic combinatorial chemistry (DCC) for the
rapid identification of bioactive molecules using a microflow system (Figure 2.7).
They used a size-exclusion chromatography (SEC)-mass spectrometry (MS) analy-
sis technique, which isolates highly sensitive binders from a dynamic combinatorial
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Figure 2.6 Model Suzuki-Miyaura cross-coupling. (@) Coupling evaluates electrophiles
1la-1d/2d, with 2a-2c/1le-1 g evaluated across a matrix of 11 ligands (plus one blank) x 7
bases (plus one blank) x 4 solvents. (b) UV analysis of internal standards (see legend) in the
fractionated reaction segment derived from increasing volumes of components confirming
adequate mixing. Source: Reproduced from Perera et al. [25] with permission from
American Association for the Advancement of Science.
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Figure 2.7 The general protocol for protein-directed DCC in the microflow system with
SEC-MS as an analytical method. Source: Reproduced from Qiu et al. [26] with permission of
The Royal Society of Chemistry.

library (DCL) and then exclusively identifies the best binders by MS analysis. The use
of a microflow system turned out to be beneficial since it provided better mixing and
mass transfer to enhance the contact between compounds and the protein of inter-
est, and the short equilibration times avoided hydrolysis or decomposition of the
potential inhibitors.

Very recently, Felpin and coworkers [27] have designed a reconfigurable flow
platform for automated reagent screening to optimize an oxidative dimerization
using different Co"(salen) complexes as catalysts and oxidants (Figure 2.8) for
natural product synthesis. This platform sought to be particularly attractive in terms
of flexibility since it was used to first identify the best pair of oxidant and catalyst
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Figure 2.8 Reconfigurable flow platform for automated reagent screening and
autonomous optimization. Source: Reproduced from Figure 2.3: Schematic drawing of the
reconfigurable platform used for the reaction screening and automated self-optimizing
platform. Reproduced from Aka et al. [27] with permission from the American Chemical
Society.

and then used to self-optimize the reaction of interest, by simply integrating an
additional optimization algorithm to the process control software.

The yield of the reaction was optimized in a four-dimension space using the
residence time, temperature, equivalent of the ‘BuOOH, and loading of the [Co]
catalyst as input variables. A very satisfactory optimum was located after only 16
experiments, and the system reached a stopping criterion after only 24 experiments
(Figure 2.9).
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Figure 2.9 Schematic drawing of the reconfigurable platform used for the reaction
screening and automated self-optimizing platform. Source: Reproduced from Aka et al. [27]
with permission from the American Chemical Society.

https://lwww.twirpx.org & http://chemistry-chemists.com



42

2 Automated Flow Chemistry Platforms

i Optional assay
| i 1 sample output

- ELSD
CURELRLRTLLE S8 I Integrated LC-|__
| 1 MS
— Automated flow o
synthesis L | Optional manual
oo W sample loading
Monomers/ Calculatf assay
templates concentration
Algorithrin—driven CHI LogD
compound selection assay |

Assay
. Generate IC, | i Reformat for | |
' — : assay
- posay | ST
o 8

Control, scheduling, and data capture software

Figure 2.10 Schematic of the CyclOps platform indicating the key components, fluidic
path, and the optional functionality (yellow boxes) to omit either or both of synthesis and
assay. Source: Reproduced from Parry et al. [17] with permission of the American Chemical
Society.

Probably, one of the most ambitious approaches to integrate the synthesis of
new compounds and their testing in biological assays by means of intelligent,
microfluidic platforms was done by Cyclofluidic Ltd [17]. The Cyclofluidic Optimi-
sation Platform (CyclOps™) was born with the aim of shortening the lead discovery
design-synthesis-test cycle from weeks to minutes and connected flow chemistry,
purification, screening, and drug design in a closed loop mode (Figure 2.10).
All these elements were combined with a machine learning algorithm that used
the structure-activity relationship data generation from every iteration into the
algorithm for the selection of the next compound to make.

Different pharmaceutical companies took advantage of this platform to rapidly
generate SAR for drug discovery. Interestingly, Sanofi-Aventis applied this tech-
nology to the integrated synthesis and testing of substituted xanthine-based DPP4
inhibitors [28]. To validate this platform, Sanofi-Aventis provided a series of com-
pounds with known inhibitory activity against DPP4 in a blinded experiment. First,
the reproducibility of the process was confirmed by synthesizing and screening a
single compound 10 times on the integrated platform. The consistency between
cycles was achieved within normal error and the IC,, agreed with a discrete sample
determined manually. Once the reproducibility of the platform was confirmed, a
series of different diamines and amino alcohols were synthesized in two flow steps:
one step involving the displacement of the 8-bromosubstiuted xanthine and the
second one with the deprotection of the Boc-protected intermediate (Figure 2.11).
Thus, the product obtained at the maximum concentration was injected via loop
into LC-MS purification system. The middle of the HPLC peak, the so-called
heart cut, provided the desired compound at the highest purity and concentration.
This was enough for testing, even for low-yielding reactions, due to low material
requirements for the biological assay. The total cycle time per compound for
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Figure 2.11 General synthesis of the DPP4 inhibitors. Source: Reproduced from Czechtizky
et al. [28] with permission of the American Chemical Society.

synthesis, purification, and testing was around 120 minutes, and the data generated
with this platform agreed with the previously reported values by Sanofi-Aventis.

Going beyond the validation and proving the correlation with the traditional
medicinal chemistry approach, Cyclofluidic Ltd. also implemented a self-optimizing
activity model to identify a novel and potent series of Abelson tyrosine kinase
inhibitors (Abl), which will be presented in depth in Chapter 4 [29]. This was
achieved by using the microfluidic synthesis and screening of compounds, from a
virtual chemical space, coupled with an activity mapping algorithm that used the
random forest activity prediction under two design strategies: “chase potency” and
“most active under sampled.” This approach created a bioactivity prediction model
that was automatically updated after every single screening result.

2.3.3 Flexible and Modular Automated Platforms

Automating flow platforms require using different types of equipment for hardware
control and monitoring of process variables and species. Due to the different require-
ments of the chemistries of interest, it is very frequent that the individual equipment
components are changed in order to meet the specific needs. Thus, automating the
entire process requires software solutions that integrate all individual systems into a
master control unit to execute the scheduled events. Moreover, the level of autonomy
is increased by integrating automated systems with monitoring techniques and feed-
back loops (also called “closed loops™) that enable the machines to take decisions in
real time based on instant process behaviors. The challenge is that each equipment
unit comes from a different vendor, having different communication protocols and
commands.

Today, there is a trend toward developing automated flexible, modular platforms
from the software and hardware standpoints and with the aim of extending the
usability of the platforms to nonexperts in automation, reducing time-consuming
development of application-specific control programs. In a general framework, it is
worth mentioning the global initiative to standardize software interfaces in research
instrumentation for laboratory automation, known as SiLA [30]. In the world of
continuous-flow chemistry, there are different solutions that have been adopted. The
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commercial solutions most broadly used are LabVIEW™ [31], MATLAB® [32], and
LabManager® and LabVision® from HiTec Zang [33], as shown by different publica-
tions. However, there is a continuous effort to develop open-source alternatives that
drive efficient and accessible solutions to the community. Richard Ingham devel-
oped an open-source platform named Octopus [34] using Python [35] as program-
ming language for controlling flow chemistry systems, with a similar structure to
that of Clarity [36] written in C# programming language developed at Harvard Uni-
versity. Although this approach involves developing drivers and control tools using
a programming language and, thus, increased implementation efforts at first, it has
the potential to provide a fully customized software to specific needs. In addition, it
can benefit from already developed solutions that are freely shared and available on
the Internet in platforms such as GitHub [37].

In this section we describe in detail examples of automated flow platforms with
modularity and flexibility from the point of view of hardware and software. Some of
these also include artificial intelligence (AI) to drive the synthesis of compounds or
self-optimization algorithms to obtain the best operating conditions for a predefined
chemistry and objective function.

2.3.3.1 Robotic Platform for Synthesis in Flow Informed by Al Planning

Jensen and coworkers developed a system in 2019 [38] that used Al for planning
the synthesis of compounds and a robotic platform to execute the synthesis in flow.
The developed software, open source, was trained on millions of reactions from the
Reaxys database and the US Patent and Trademark Office. The recipes were gener-
ated through the web-based graphical interface called ASKCOS [39] for each small
molecule to synthesize, which suggests batch reaction conditions that are manually
screened in order to find proper concentrations and residence times for implemen-
tation in flow.

The robotic arm is able to (i) find the selected process units according to the recipe,
(ii) place them into the process stack, and (iii) perform the appropriate fluidic con-
nections of reagents. The system has available different process modules to choose
from: (i) laminar flow reactors (100 pl to 3 ml); (ii) packed-bed reactors (1-3 ml), with
maximum temperatures of 200 °C and pressures of 250 psig; and (iii) liquid-liquid
membrane separator.

The robotic platform was demonstrated with several medicinally relevant
small molecules: aspirin, secnidazole, lidocaine, diazepam, (S)-warfarin, and
safinamide. In addition, the system included two 24-way selector valves that
enabled selection of many different feeds. This feature enabled synthesizing a
library of five angiotensin-converting-enzyme (ACE) inhibitors based around
quinapril and derivatives and a two-dimensional compound library of nonsteroidal
anti-inflammatory drugs (NSAIDs) based around celecoxib (Figure 2.12).

2.3.3.2 Reconfigurable System for Automated Optimization of Diverse

Chemical Reactions

It is noteworthy to mention the automated continuous-flow system developed
by Jamison and coworkers [16] in 2018, which was built to integrate hardware,
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Figure 2.12 Planning and execution. A robotically reconfigurable flow chemistry platform
performs multistep chemical syntheses planned in part by Al. Source: Reproduced from
Coley et al. [38] / with permission of American Association for the Advancement of Science.

software, and analytics inspired by gas chromatography and high-performance
liquid chromatography systems. This platform is plug and play, reconfigurable
for diverse chemical reactions, and with the possibility to perform (i) automated

self-optimization of a specific reaction or sequence of reactions, (ii) synthesis of

different substrates under user-selected conditions, and (iii) scale-up of selected
synthesis under the optimal conditions obtained.

From the hardware viewpoint, the platform was designed to be reconfigurable in
terms of reactor modules and separators, while the pumps, tubes, valves, and other
flow components were fixed, allowing a maximum of six different reagents and/or
solvents to be delivered. To achieve hardware modularity, a standardized and flexible
interface with five bays accepting six different modules was built: (i) heated reac-
tor (to 120 °C), (ii) cooled reactor (to —20 °C), (iii) light-emitting diode (LED)-based
photochemistry reactor, (iv) packed-bed reactor, (v) membrane liquid-liquid sepa-
rator, and (vi) bypass for minimal volume reagent addition, mixing or unused bay.
The reactor volumes range from 215 to 860 pl and the entire platform occupies a total
of 0.22 m? (Figure 2.13).

The software was developed in LabVIEW, providing a user-friendly and intuitive
interface to facilitate its use requiring only minimal expertise. MATLAB was
used to implement the “black-box” global optimization algorithm Stable Noisy
Optimization by Branch and Fit (SNOBFIT), which does not require previous
knowledge of the system to perform optimization and ensures a global optimum
is found. Monitoring of the process and species was achieved by integration of a
variety of sensors and analytical equipment, which enabled performing closed-loop
optimizations. The process was monitored by two pressure sensors, two flow
meters, one phase sensor, five IR-based temperature sensors, and two cameras
for web-based remote monitoring. Regarding the analytical techniques to monitor
species, HPLC, IR, MS, and Raman were available. The platform was demonstrated
to be portable in terms of software and physical system between two laboratories
(Jensen and Jamison laboratories at Massachusetts Institute of Technology), each
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Figure 2.13 Plug-and-play, reconfigurable, continuous-flow chemical synthesis system.
(a) General four-step protocol for using the system. (b) Representative configuration of the
components in the system. (c) CAD (computer-aided design) representation of the LED
reactor - shown as a view of the end that attaches to a universal bay on the system. (d)
Schematic representation of the configuration shown in (b) and available modules. Source:
Bédard et al. [16] / with permission of American Association for the Advancement of
Science.

one using its own HPLC analytical equipment, for the optimization of a Paal-Knorr
reaction.

In order to demonstrate the general applicability of this reactor system, the plat-
form was used to optimize six different chemical transformations: (i) Buchwald-
Hartwig (BH) amination, (ii) Horner-Wadsworth-Emmons (HWE) olefination, (iii)
reductive amination, (iv) Suzuki-Miyaura cross-coupling, (v) nucleophilic aromatic
substitution (SNAr), and (vi) visible-light photoredox reaction.

Table 2.1 includes the chemical transformations that were tested in the platform,
with the number of variables optimized, the required number of experiments to
reach the optimum conditions, and the total time required for the optimization
of a model compound for each transformation. The optimal conditions were used
to increase the scope of the transformation to different substrates, which is also
shown in the summary table, together with the range of yields and productivity
achieved.

https://lwww.twirpx.org & http://chemistry-chemists.com



Table 2.1 Summary of chemical transformations tested in reconfigurable platform.

Optimal
Reaction Chemical transformation Modules Mt (h) conditions Ssope Y (%) P (mg/h)
Buchwald- Veo OB Heated reactor, 32 21 1: 1.0 equiv, 9 72-99 436-816
. r L .
Hartwig BrettPhosPdG, 3 SR liquid-liquid 2: 1.2 equiv
amination ! NaOH 4 separator BrettPhosPdG,;:
+
1.4 mol%
MeO @NHe NaOH: 1.5 equiv
2 T:100°C
tp: 1.80 min
HWE 00 Two heated 33 10 16: 1.0 equiv, 10 73-96 696-3083
olefination  EQ:r A, o reactors 17: 1.5 equiv
16 KOtBu 18 _ -OEt KOtBu: 1.6
+ equiv
o 19 T:40°C, 66°C
17 fy:2.61 min
Reductive (:Co Two heated 33 14 29: 1.0 equiv, 9 73-97 173-338
amination OMe AOH 31 reactors 30: 1.2 equiv
29 NaBH,CN 32 AcOH: 4.0 equiv
+
NH, NaBH,CN: 1.9
equiv
30 T:100°C, 100°C
tg:2.05min
Suzuki- B(OH), Packed-bed 30 8 41: 1.0 equiv, 10 84-98 630-1652
Miyaura K,CO, 43 S reactor 42: 1.0 equiv
4: SiliaCatDPP-PD 44 i \/ K2C032 4.0
N .
S Br 45 equlv°
N T:43°C
42 ty: 2.54 min
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Table 2.1 (Continued)

Optimal
Reaction Chemical transformation Modules N M ¢t (h) conditions Seope Y (%) P (mg/h)
SyAr NO, Heated reactor 4 34 12 55: 1.0 equiv, 10 88-99 253-496
©/C' 56: 1.0 equiv
nBusN 57 System nBu,;N: 10 equiv
55 DMF 58
+ T:100°C
@\/j ty: 1.82min
N
H
56
Photoredox @O LED-photoreactor 3 33 7 69: 1.0 equiv, 5 73-93 223-283
N@ with active NaCN: 1.0 equiv
Ru(bpy)sClp 71 i .
o B0, 72 ) cooling Ru(bpy),Cl:
. — \© 2.6 mol%
1l .
NaCN N BrC.Cly 4.2
70 7 equiv
T:5°C,25°C
ty: 4.28 min
Multistep o Heated reactors, 5 45 34 81:1.0equiv,82: 5 47-90 201-353
ketene Ph \)Lm quench, 1.2 equiv
generation Et nBugN 57 separator nBu.N:
and cyclo- 81 EtAICI, 83 1.0 e3qu1v
L +
addition O EtAICL,: 6.7
equiv
5 T:25°C, 25°C,
78°C
fz: 11.3 min

N: number of variables optimized; M: number of experiments; t_ : total optimization time (h), S,

opt*
yield of all products (%); P: productivity of all products (mg/h).

Source: Chemistry excerpts reproduced from Bédard et al. [16] with permission of American Association for the Advancement of Science.
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2.3.3.3 OpenFlowChem as a Flexible Software Platform

In 2018, Cherkasov et al. [40] developed a flexible automation platform from the soft-
ware viewpoint with integrated self-optimization of flow chemistry. This platform,
open access, is based on LabVIEW and is cloud based for data transfer interacting
with MATLAB. This platform incorporates, in addition to a stepwise operation and
self-optimization, a proportional integral derivative (PID) control.

The software platform was developed inspired by the necessity of accommodating
to changes ensuring quick deployment and minimal effort, based on the following
requirements: (i) operational safety, (ii) robustness, (iii) automated and manual con-
trol, (iv) quick extendibility, (v) low entry level for system alteration, (vi) built-in data
logging, (vii) visual interface, (viii) remote control and operation. To achieve this
goal, the OpenFlowChem platform contains three main layers: (i) device monitors
(self-sufficient), (ii) module to integrate individual components and enable interac-
tion among them, and (iii) optional external safety devices. In this way, the software
allows the design of complex control systems by plugging the instrument-specific
programming elements through the integration module, so that a flow chemist can
create a control system within hours.

The platform was demonstrated with three examples of hydrogenation reactions
in flow using catalyst-coated tubular reactors:

- First, the authors studied the reversibility of the catalyst (5wt% Pd/SiO,)
poisoning by quinoline through automatic stepwise predefined operations in
a spreadsheet file (Figure 2.14). In this experiment, the safety layer included
sensors for the detection of hydrogen that would shut down the pumps, mass
flow controllers, and oven. With this system that took approximately 20 hours to
automate, the authors were able to demonstrate catalyst recovery to the initial
performance prior to addition of quinoline with varying recovery times, ranging
from 2 to 20 minutes, depending on quinoline concentration.

- The second experiment aimed to maximize the throughput of a heterogeneously
catalyzed hydrogenation of nitrobenzene by adjusting the operating conditions
using a PID controller that monitored hydrogen consumption. Arduino relays
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Laboratory Reactor .
H, sensor H, sensors

Convection oven

(oo
Ui}
: A A.
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System module
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Figure 2.14 (a) Scheme of the reactor used in the automated stepwise study of the
quinoline poisoning reversibility in 2-methyl-3-butyn-2-ol (MBY) semihydrogenation.

(b) Scheme of the OpenFlowChem automation system with the jigsaw joints showing digital
communication. Source: Reproduced from Cherkasov et al. [40] with permission of

The Royal Society of Chemistry.
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Figure 2.15 Scheme of the OpenFlowChem self-optimization reactor containing a flow
reactor, a MATLAB program calculating the next set of experimental conditions, and an
online GC with the native software for the analysis of the reaction products with the data
transferred to the main computer via the cloud. Source: Reproduced from Cherkasov

et al. [40] with permission of The Royal Society of Chemistry.

were used to control pneumatic valves to prevent from gas leaks after the mass
flow controllers. The reactor outlet passed through an in-line liquid sensor
and was analyzed by an online GC for reaction validation. In this example,
the automation involves two horizontal systems: (i) OpenFlowChem reactor,
of a similar function as in the first example, and (ii) OpenFlowChem control
system, for the Arduino microcontroller that was connected to the liquid sensor.
The system adjusted the nitrobenzene flow rate to ensure full conversion, main-
taining the product liquid holdup at 95%. Both automated systems established a
connection and interaction through text files: the control system updated a text
file every two minutes with new set of parameters, and the reactor system sent
the new set points to the equipment for operation. The creation of this software
took about five hours.

— The third example involved a three-dimensional (3D) self-optimization of
the hydrogenation of 2-methyl-3-butyn-2-ol (MBY), with the following vari-
ables to optimize: substrate flow rate, catalyst poison, and IPA solvent. The
communication between the reactor system and the GC was performed through
text files generated by its native software that were stored in the cloud. These
were read from a different computer by a MATLAB program that suggested the
next operating conditions given by the SNOBFIT algorithm and wrote them
into text files read by the reactor system (Figure 2.15). Minimization of the
objective function - which considered MBY flow rate, MBE selectivity, and MBY
conversion - yielded an optimum yield of 96.5% MBE, MBY conversion of 98.6%,
and MBE selectivity of 97.9% for substrate flow rate of 100 pl/min, quinoline
flow of 165 pl/min, and solvent flow rate of 200 pl/min.

2.3.3.4 Internet-Based Software Platform

Other software platforms have been developed within the context of the Internet of
Things and Industry 4.0 in chemistry research, such as the Internet-based solution
published by Steven Ley and coworkers in 2016 [41], called LeyLab. This plat-
form facilitates the laboratory control by researchers without requiring advanced
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Figure 2.16 LeylLab communicates with both users and equipment through the Internet
(TCP/IP), rendering it a fully cloud-based system. Source: Reproduced from Fitzpatrick
et al. [41] with permission of the American Chemical Society.

programming skills. It is based on Internet protocols (TCP/IP) for user-server
and server-equipment communication, using serial-to-Ethernet adapters for the
equipment that communicates via RS232 and can be accessed through any Internet
browser in the world (Figure 2.16). This software has four main components: (i) a
graphical interface, (i) database (for experiment, equipment, and user information),
(iii) equipment communication module, and (iv) equipment command module.
The implementation of new modules to integrate new pieces of equipment would
take about 30 minutes.

Implemented within the software is a modified version of the Simplex algorithm
(called Complex), which allows to perform self-optimization of reaction conditions,
where relative performance is used for iteration ranking. The self-optimizing plat-
form was tested with two different examples [40].

In another publication [13], Ley et al. demonstrated the use of their web-based
platform across different countries with servers located in Tokyo (Japan), the
laboratories in Cambridge (UK), and the researcher in Los Angeles (USA) for the
self-optimization of the synthesis of tramadol, lidocaine, and bupropion.

2.3.3.5 Other Platforms

Recent efforts have been directed toward developing modular software packages,
although not specific to flow chemistry. ChemOS was developed by Aspuru-Guzik
and coworkers [42] and includes different structured layers enabling autonomous
lab operation: interaction with researchers, databases, robots, characterization, anal-
ysis, and artificial intelligence-based learning procedures. Another example is the
Chemputer platform from Steiner et al. [43] who developed a chemical program-
ming language that standardizes chemical synthesis and unit operations protocols
through different integrated robotic modules within a backbone of series of pumps
and valves. This system was validated for the synthesis of three pharmaceutical com-
pounds: Nytol, rufinamide, and sildenafil.

It is also worth mentioning the current trends toward using low-cost
open-source hardware. For instance, O’Brien et al. [44] implemented an auto-
mated computer-vision controlled liquid-liquid extraction step using a Raspberry
Pi® [45] single-board computer to interface with the motors and valves. Ingham
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et al. [46] describe the use of the same microcomputer to control multiple flow
chemistry devices through Ethernet connections for remote control and equipment
communication and apply it to the multistep synthesis of pyrazine-2-carboxamide
and piperazine-2-carboxamide. Open-source microcontrollers, such the Arduino
board, have been often used to control syringe pumps [47, 48] or peristaltic
pumps [49].

2.3.4 Self-Optimization Algorithms

A common objective in today’s automated optimization platforms is to work
in an autonomous manner through experimentation guided by an algorithm
reducing human bias and following the most efficient path to the optimum. An
N-dimensional optimization problem involves the modification of N variables (i.e.
reagent flow rates, reactor temperature, reagent concentration, equivalents, and
residence time, among others) until (i) a target value for an objective function is
reached, (ii) the difference between two consecutive evaluation functions is smaller
than a specified tolerance, or (iii) the maximum number of iterations has been
reached. For an automated platform to behave autonomously with minimal human
intervention, sensors and process analytical technologies are required to analyze
the output of a reaction, a computer to process the data, and algorithms to decide
what is the set of parameters to test in the next iteration step (Scheme 2.1). The
self-optimization of a chemical reaction in continuous flow is thus at the interface
of chemistry, engineering, and computer science.

There are recent reviews on self-optimizing platforms and algorithms [5, 50, 51]
related to flow chemistry. In this section we cover the basics of the most used algo-
rithms and discuss a few application examples.

The decision on the next values for the input variables depends on the algorithm
used. It is important to note that not all algorithms perform in the same way, and
not all of them guarantee finding a global optimum. A local optimum is a solu-
tion that is better than the neighboring solutions but may not be the best within
the design space. A global optimum is the best solution within the design space,
with a value of the objective function that is better than any other feasible solutions.
The optimization algorithms can also be classified as gradient-based or gradient-free,
depending on whether they require first- and/or second-order derivatives for the
objective function and/or constraints. The advantage of gradient-based methods is
their rapid convergence. However, their derivatives are not always available or are
unknown.

Another aspect to consider is the applicability of the algorithm to the specific
problem to solve with respect to the modified variables and the response(s) or objec-
tive function to optimize. While numerous publications consider self-optimizing
continuous variables (such as flow rates, temperature, residence time), very few
include the optimization of discrete variables (i.e. solvents, ligands, or bases).
Frequently, the response to optimize is strongly dependent on other responses that
are also important. Although most self-optimizing platforms target a single-objective
function, multi-objective optimization has recently gained more attention.
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Scheme 2.1 Typical elements of a closed-loop reaction optimization platform. A material
stream with reagents and solvents pumped into the reactor, where a chemical
transformation occurs. The output of the reactor is a crude reaction mixture stream that is
analyzed by a process analytical technique (PAT). Sensors attached to the reactor and PAT
generate data that is stored and processed by a computer, which also sends commands to
the equipment according to the self-optimization algorithm output that selects the next
operating conditions. Source: Reproduced from Mateos et al. [5] with permission of The
Royal Society of Chemistry.

The most frequently used algorithms for single-objective optimization problems
include model-based design of experiments (MBDoE), Nelder-Mead Simplex algo-
rithm with its variations, and SNOBFIT.

Among the model-based examples, the work by Reizman and Jensen, who cre-
ated a droplet-based microfluidic automated system (Figure 2.17) that optimized
Pd-catalyzed Suzuki-Miyaura cross-coupling reactions [52] based on a DoE strategy
that was able to optimize both discrete (palladacycle and ligand) and continuous
variables (temperature, time, loading) within 96 experiments, is worth mentioning.
Variables were randomized through fractional factorial DoEs, and discrete variables
were treated as yes/no decisions. Response surface models for each precatalyst con-
sider linear, interactions, and quadratic effects, as well as independent temperature
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Figure 2.17 (a) Concept and (b) flow diagram for automated Suzuki-Miyaura
cross-coupling optimization. Source: Reproduced from Reizman et al. [52] under the
Creative Commons Attribution License [53].

and pre-exponential offsets for each discrete variable set, to iteratively predict reac-
tion performance.

Another example from Reizman and Jensen is the optimization of the alkylation
of 1,2-diaminocyclohexane in 16 pl droplets, for discrete (solvents, catalysts, ligands)
and continuous (reaction time, temperature, equivalents) variables [54]. They used
fractional factorial DoEs and additional feedback to refine response surface mod-
els and remove poor-performing discrete variables. They identified DMSO out of 10
solvents as the most favorable one and used a gradient-based search to reach the
optimum.

In 2017, Lapkin and coworkers optimized a Pd-catalyzed C—H activation pro-
cess to synthesize aziridines [55]. They demonstrated that MBDOE generates rapidly
process models to enable in silico training of optimization surrogate models. The
Latin hypercube sampling (LHS) was used to discretize the experimental space and
the multi-objective active learning (MOAL) algorithm to perform self-optimization.
They demonstrated that this algorithm was suited for multimodality, enabling the
detection of multiple possible solutions.

More recently, Gavriilidis and coworkers [56] designed an autonomous plat-
form for improved kinetic parameter estimation and model discrimination for a
liquid-solid heterogeneous catalytic reaction, namely, the esterification of benzoic
acid with ethanol using Amberlyst-15. The platform was automated with LabVIEW
and integrated with Python for the online MBDOoE, and parameter estimation was
achieved using the Nelder-Mead Simplex algorithm, with 1000 restarts to prevent
the algorithm from converging to a local solution.

The Nelder-Mead Simplex algorithm is a derivative-free, black-box local
optimization algorithm designed to optimize single-objective functions with fewer
than 10 variablses and was developed first by Nelder and Mead (Figure 2.18) [57].
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(©

Figure 2.18 Graphical representation of the Simplex algorithm. It forms a Simplex with

n +1 vertices, reshaping at each iteration depending on the new evaluation function value
after reordering the vertices: (a) reflection (red) and expansion (green), (b) outside
contraction (red) and inside contraction (green), (c) shrinking (red). The blue line represents
the original Simplex. Nomenclature of vertices: x,, worst; x|, best; x,, second best; x
reflected; x., contracted; x,, expanded; ¢, centroid [57].

s? r

Perhaps it is the first, with its derived algorithms, used in self-optimization platforms
for chemical synthesis in flow. One of the earliest examples of its application is the
self-optimization of a Heck reaction using an automated microreactor platform,
by McMullen et al. in 2010 [58]. They optimized the reaction yield in 19 iterations
by adjusting equivalents of alkene reagent and residence time. Ley and coworkers
applied a modified version of the Simplex algorithm (called Complex) to several
optimization examples [41]. (i) First is the 3D optimization of the heterogeneous
hydration of 3-cyanopyridine to its amide over manganese dioxide, using an Advion
miniature MS. Residence time, temperature, and concentration were optimized
within 12 experiments and 17 hours, based on the ratio between the product and
starting material MS as objective function. (ii) Second is the five-dimensional
optimization of an Appel reaction, using an in-line IR for species monitoring
(Figure 2.19). Within 30 iterations, 92% yield was reached at 111 °C reactor tem-
perature, residence time of 4.3 minutes, and overall concentration of 0.3 M with
0.87 and 1.72 equivalents (to the alcohol) of CBr, and PPh,, respectively. For this
optimization, an evaluation function that accounted for contributions of conversion,
throughput, and material consumption was defined. However, instabilities in the
performance of the algorithm were observed depending on the weighting factors
and form of the different terms in the evaluation function.

In 2011, Poliakoff and coworkers [59] applied the super-modified Simplex algo-
rithm to self-optimize continuous reactions in supercritical carbon dioxide. Opti-
mizations were completed in 35 hours, and an efficient and cost-effective exploration
of parameter space (temperature, flow rates, and pressures) was achieved. Felpin
and coworkers demonstrated the use of this algorithm for constrained optimizations
using different objective functions, requiring 14 experiments to maximize yield, 13
to maximize throughput, and 18 to minimize production cost [60]. In another pub-
lication of the same group, they combined the Simplex algorithm with a golden
search method to optimize a four-step synthesis to maximize yield in 66 experiments
(Figure 2.20) [61].
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Rueping and coworkers recently demonstrated an adaptive and automated sys-
tem optimization for heterogeneous flow-hydrogenation reactions of carbonyl com-
pounds to alcohols using solid Pd/C catalyst and N-heterocycles using solid Ir@CNT
catalyst to amines [62]. They used FT-IR, and after 12 iterations a broad parameter
space was screened to deliver conversions greater than 18%. In this work and in an
earlier one where a photochemical Paterno-Biichi reaction was optimized in 25 iter-
ations [63], they demonstrated the robustness and ability of the Simplex algorithm
to reject experimental errors or adaptively regulate fluctuations such as changes in
stock concentration.

The SNOBFIT algorithm is a derivative-free global optimization algorithm for
continuous variables, developed by Huyer and Neumeier [64]. The algorithm com-
bines global and local search by branching and local fits. It uses a combination of
stochastic linear and quadratic surrogate models to map the process inputs to an
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Figure 2.20 Example of Simplex optimization: (a) evolution of the yield of carpanone with
iteration number, (b) representation of the three-dimensional experimental conditions for
the maximization of the yield of the last reaction step for carpanone synthesis. Source:
Reproduced from Cortés-Borda et al. [61] with permission of the American Chemical Society.

objective function, and it generates points that are widely distributed across the
design space to increase the chances of finding a global optimum.

The SNOBFIT algorithm was already applied in 2007 by Krishnadasan et al. to
the synthesis of CdSe nanoparticles, maximizing the intensity for a chosen emission
wavelength by modifying injection rates and temperature [65]. Bourne et al. [66]
used an automated flow reactor to self-optimize the final two steps (amide coupling
followed by an elimination reaction) in the synthesis of EGFR kinase inhibitor
AZD9291, using an at-line HPLC (Figure 2.21). Four parameters (temperature and
three flow rates) were optimized in 42 experiments and 26 hours, achieving yields
of 89%, calculated as the ratio of percent area of product to percent area of an
internal standard. In another publication Bourne and coworkers [21] performed a
central composite face-centered (CCF) DoE to account for curvature, fitted the data
to surface response models, and compared the optimum conditions obtained with
self-optimization strategy, for the amidation of methyl nicotinate with aqueous
MeNH,, obtaining >93% yield.
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Figure 2.21 Multidimensional plot of the optimization of acrylamide. The three-axis flow
rate shows the aniline 1 flow rate (x-axis), acid chloride equiv (y-axis), and temperature
(z-axis). The size of the point corresponds to the molar equiv of NEt;; the color is the yield.
Optimum conditions: 9.36 minutes, 123.9 °C, 10.5 equiv NEt,, 2.7 equiv are highlighted by
the star. Source: Reproduced from Holmes et al. [66] / Royal Society of Chemistry / CC
BY-3.0.

Jensen and coworkers [16] selected the SNOBFIT algorithm to perform the
self-optimization of several reaction chemistries in their reconfigurable flow
platform: C—C and C—N cross-couplings, olefination, reductive amination,
nucleophilic aromatic substitutions, photoredox catalysis, and multistep sequence.
A total of 30-45 experiments were required to optimize 3-5 parameters to maximize
yield with a total experiment time range of 7-14 hours, depending on the reaction
to optimize.

Cherkasov et al. [40] performed a 3D self-optimization of alkyne semihydrogena-
tion with substrate, catalyst poison, and solvent flow rates as process parameters to
maximize alkene yield in a tubular reactor coated with 5wt% Pd/SiO, catalyst. The
objective function incorporated the squared product yield calculated through selec-
tivity to product and substrate conversion, reaching convergence in 61 experiments
for an alkene yield of 96.5%.

Simultaneous optimization of various responses has been frequently approached
in the past by the definition of the objective function as a weighted average of single
responses and addition of penalty terms to account for multiple performance cri-
teria. However, this approach has several disadvantages: (i) it does not account for
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trade-offs between opposing performance variables, (ii) finding appropriate values
for the weights may require additional experimentation, and (iii) instabilities on
the performance may be found. Algorithms that target multi-objective optimiza-
tion problems include the multi-objective active learning algorithm (MOAL) and
Thomson-sampling efficient multi-objective optimization (TSEMO).

The multi-objective active learning algorithm (MOAL) [67] is a black-box
sequential optimization algorithm that combines Gaussian processes (GPs),
mutual information, and genetic algorithms for multitarget optimization of
expensive-to-evaluate functions. Lapkin and coworkers demonstrated its use for the
optimization of a C—H activation reaction in flow, with cost and yield as evaluation
functions. The process required 11 iterations, 5 of which were used in the training
set [54].

The Thompson sampling efficient multi-objective optimization (TSEMO)
algorithm is used for expensive-to-evaluating black-box multi-objective optimiza-
tion problems. It uses a Bayesian methodology with GPs surrogate models, coupled
with acquisition functions to be optimized, random sampling to determine the
next point of evaluation, and the elitist genetic algorithm to propose a set of
candidate points. Its use was demonstrated by Lapkin and coworkers in 2018 to
obtain a Pareto front for productivity environmental competing objectives with
fewer iterations than genetic algorithms [4], and solvent selection for optimal
reactivity and selectivity, finding solvent descriptors that were incorporated to
create predictive surrogate models [68]. Lapkin and coworkers recently published
an automated self-optimization of a multistep reaction and separation using this
algorithm [69]. They demonstrated that using batches of four experiments increased
the optimization speed. They optimized a Sonogashira reaction in 13 hours and
obtained a Pareto front for the trade-off between conversion and productivity, using
20 initialized LHS experiments and 60 subsequent experiments as designed by the
TSEMO algorithm. The challenge of determining the termination criterion was
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Figure 2.22 Results for the multi-objective self-optimization of the Claisen-Schmidt
condensation reaction. Source: Reproduced from Clayton et al. [69] / ELSEVIER / CC BY-4.0.
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overcome by monitoring visually the Pareto front, observing no significant changes
to the GP surrogate models between experiments 60 and 80. A second example
demonstrated the optimization of a Claisen-Schmidt condensation reaction and
work-up simultaneously. Four variables (residence time, acetone/sodium hydroxide
equivalent ratio, solvent ratio, and temperature) were optimized to maximize
three objective functions: purity, space-time yield, and reaction mass efficiency
(Figure 2.22). The optimization started with 20 LHC experiments followed by 89
experiments designed by the TSEMO algorithm, requiring 65hours to complete,
being more efficient than other optimization strategies; for example, the SNOBIFT
would require 252-420 experiments and does not provide a Pareto front for the
trade-off of objectives.

2.4 Summary and Future Perspective

As described earlier, the significance of the automated flow chemistry platforms
has been demonstrated in many cases and exemplified in very different types of
chemistry. The implementation of flow chemistry processes in the pharmaceutical
industry, either in drug discovery or manufacturing phases, has become very mature
and is very often integrated with automated tasks, such as PAT control, extraction
and/or purification, and biological testing, giving systems with higher performance
that simplify routine operations and can make a very large number of experiments
for synthesis of libraries and reaction optimization. The flexible and modular design
also permits different configurations capable to adapt to different chemistries, and
the use of intelligent algorithms increases the level of autonomy of the machines that
learn, make decisions, and take actions depending of the different scenarios that
arise with minimal human intervention. The integration of the synthetic and bio-
logical capabilities in microfluidic platforms turned out to be a powerful tool for the
identification of active scaffolds and lead compounds in terms of productivity and
shortening the cycle times. Although the combination of artificial intelligent algo-
rithms that learn from past data and guide the experimentation facilitates to drive
the SAR, this is still far to be used as the default strategy in early drug discovery
programs. However, we expect to see the use of deep learning algorithms increasing
soon and the industries adapting these methodologies driven by market demand,
innovation speed, and cost reduction.
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3.1 Introduction

3.1.1 Drug Discovery

The development of new drugs is a very costly, long, and tedious process. It is estab-
lished that the average time of a new drug to be found, developed, and approved by
FDA is more than 12 years with an associate cost of more than 1000 million euros [1].
One of the limiting steps in this process is the large number of molecules generated
that fail at different stages of the drug discovery path [2].

The drug discovery process is considerably complex and starts with the identifica-
tion of a certain protein target linked to a certain disease. However, the same illness
can have several pathways, and this situation is where a large number of companies
compete to have their own active pharmaceutical ingredients (APIs) in the market
[3]. These reasons are really key for medicinal chemists to access the widest possible
chemical space.

Once the protein target has been identified and validated, the process of discover-
ing a new drug can be divided into several stages, hit identification (Hit I.d.), hit to
lead (HtL), lead optimization (LO), and late lead optimization (LLO):

- Hit Identification. At this stage the first binders for the selected protein target
are identified. Herein, an appropriate profiling of the molecules found is key to
avoid failures down in the process due to unexpected toxicities or lack of activity.
Among all the strategies to discover good hits, the most used ones within pharma
companies is high-throughput screening (HTS), in which a large number of com-
pounds are tested in each campaign [4]; chemical genomics, study of genomic
responses to chemical compounds [5]; virtual screening, computational in sil-
ico filtering to select candidates; [6] and fragment-based screening, alternative or
additional to HTS that involves the study of interactions between small fragments
and the protein by spectroscopic techniques, such as nuclear magnetic resonance

Flow and Microreactor Technology in Medicinal Chemistry, First Edition. Edited by Esther Alza.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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or X-ray diffraction [7]. All these approaches need to be combined with the most
applicable and precise assays to identify the best molecules to start [8].

- Hit to Lead. Once a limited number of active molecules in a micromolar range
have been identified (Hits), medicinal chemists begin to modify such molecules
to establish structure-activity relationships (SARs) and structure-property rela-
tionships (SPR) [9]. These studies help them to rank the series of compounds
into clusters and select the most suitable ones for further exploration [4]. The
final goal at this stage is having compounds in the nanomolar range with suit-
able selectivity and pharmacokinetics (PK) properties to test them in available in
vivo models.

- Lead Optimization. Compounds that have shown activity in vivo at the HtL phase
are further modified at this phase to optimize their absorption, distribution,
metabolism, excretion, and toxicity (ADMET) properties in order to establish
their (PK/pharmacodynamic (PD)) relationship. Only compounds with enough
difference between these parameters (therapeutic window) are selected as
potential compounds to be tested in humans.

- Late Lead Optimization. All the information collected in the previous step will
allow the selection of one or two candidates that will be further studied in this
phase. The selected compounds are prepared in a multigram scale in order to
carry out preclinical studies that optimize the target product profile to be pre-
sented to the regulatory authorities.

Each phase of the drug development process is reviewed to make “go-no-go” deci-
sions to continue to the next level. The chemistry during these stages moves from
the synthesis of a large number of compounds at milligram scale during HtL studies
to the 50-g scale required for the selected candidates at the end of the process.

3.1.2 Flow Chemistry

There is a growing interest in expanding the medicinal chemistry toolbox by intro-
ducing new synthetic technologies to reach what is nowadays considered as inacces-
sible chemical space [10, 11]. In this regard, continuous-flow chemistry has appeared
as a real alternative for the preparation of organic molecules to get novel drug-like
compounds in a more efficient and sustainable manner. This chapter will disclose
the important benefits of using this technology as well as recent advances for drug
discovery [12-16].

The advantages of continuous chemistry compared with conventional batch pro-
cesses are well established [17-19]. Very likely, one of the main concerns in the phar-
maceutical environment is related to safety. For this reason, the small reactor size
used in flow chemistry is ideal, specially, when hazardous reagents or unstable inter-
mediates are involved. In addition, chemical reactions requiring gaseous reagents,
such as hydrogenations or carbonylations, are also included due to the little space of
vapor pressure of the reactor that minimizes the risk of an explosion and toxicity.

Likewise, higher temperatures and pressures can also be achieved in continuous
flow, resulting in an acceleration of the reaction times. The improved mixture and
heat transfer processes, as a result of a high surface area-to-volume ratio, allow sim-
ple scale-up of exothermic reactions, which can be problematic otherwise. Moreover,
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the accurate control of the reaction parameters such as temperature, concentration,
or residence times is also related with more selective transformations. Consequently,
improved purity and better yields are normally obtained, with a smaller footprint
than batch processes.

This technique is also versatile in terms of setup size because it can be adapted
depending on the requirements of the reaction. Thus, several pieces of equipment
(pumps, mixers, reactors) can be installed to increase the productivity of the trans-
formation as well as in situ analysis of the reaction with different analytical tech-
niques (Fourier transform-infrared spectrometry (FT-IR), nuclear magnetic reso-
nance (NMR) spectroscopy, mass spectrometry (MS)) and/or subsequent purifica-
tion procedures. The facility of combining flow methodologies with novel synthetic
approaches such as photochemistry, electrochemistry, or biocatalysis supports their
acceptance by medicinal chemist. On top of that, continuous-flow protocols allow
the realization of fully integrated automated systems, which clearly increases sus-
tainability and reduces cost and time of the process.

The chance to make organic transformations safer, cleaner, faster, and with shorter
reaction times is always desirable from a pharmaceutical perspective. So in the last
few decades, many companies such as Eli Lilly, Novartis, GSK, Pfizer, or Janssen
have made important investments in the field. Although this technology has been
mostly implemented in process scale, the benefits for drug discovery have already
been introduced, but not significantly used so far.

3.1.3 Merging Flow Chemistry and Drug Discovery

Drug discovery programs require a rapid investigation of the chemical space. In con-
sequence, the development of new methodologies, which can provide a wide variety
of new entities in short time frames, is highly desirable. Typically, a few milligrams
of a compound are usually enough to carry out in vitro assays. For that reason, the
use of microreactors, the so-called lab-on-a-chip, offers the opportunity to optimize
the reaction by sequentially conducting a series of experiments to synthetize a fam-
ily of analogs. This parallelization and miniaturization of the reactions reduce the
cost and time required to achieve the desired compounds.

In order to identify new drug candidates that can interact with the protein, a wide
variety of chemical analogs must be produced. First, parallel synthesis speeds up
the preparation of chemical libraries, which are subsequently screened with biolog-
ical targets; for that reason, automation fits perfectly in this goal. A diverse number
of reagents are loaded into the system, and the different corresponding products
are collected individually. In this regard, segmented flow is a very suitable strategy
because separated reaction droplets are flowing continuously between an inert sol-
vent. Subsequent analysis and separation of the different microreactions are carried
out automatically at the end of the system, giving rise to a diverse set of products.

Furthermore, the small size of these reactors allows the installation of novel tech-
niques such as photochemistry or electrochemistry, which have gained attention
during the last years. The chance to carry out these technologies under continuous
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flow not only increases the selectivity of the transformation but also overcomes
some limitations found in batch, facilitating undoable reactions [20].

Diversity-oriented synthesis (DOS) is also a very convenient approach. The sim-
plicity of preparing reactive intermediates in flow allows the combination of simple
starting materials with different substrates, which cover the maximum of the chem-
ical space.

3.2 Current Drug Discovery Toolkit

Several publications have reported the most used reactions carried out in pharma
companies in the last 20 years. The commercial availability of the starting reagents,
high chemoselectivity, and the sense of urgency to deliver have been identified as
the main reasons for the lack of novelty observed. For instance, Roughley and Jor-
dan [21] described the reactions that medicinal chemists at GSK, AstraZeneca, and
Pfizer had used most frequently in this period. The conclusion of this analysis is that
the reactions of formation of C-heteroatom bonds were the most numerous followed
by those of amide bond formation. Subsequently, Bostrém, Brown, and coworkers
[11, 22] have shown that since that publication, some of the most popular reactions
have changed, although, some remain part of the top five (Figure 3.1). Therefore, for
example, the reactions of amide bond formation are still the most numerous (divided
in peptide synthesis and other amide bond formation), followed by Suzuki-Miyaura
cross-coupling reactions, SyAr (aromatic nucleophilic substitution), reductive ami-
nation reactions, and protection/deprotection of amines with Boc.

As mentioned in a previous section, flow chemistry sometimes represents an
advantage over traditional or batch chemistry that is why an increment of publi-
cations that involve flow and pharma companies has been observed. For instance,
most of the reaction in Figure 3.1 have been reported in flow.

3.2.1 Reactions for C-Heteroatom Bond Formation

As has been highlighted before, amide bond formation is a very common trans-
formation in medicinal chemistry that usually consists of three stages: hydrolysis,
acid activation, and treatment with the amine. To avoid these three steps, it is very
common to use trimethylaluminum (AlMe,), which is a pyrophoric reagent diffi-
cult to handle on a large scale. Therefore, Seeberger et al. described the synthesis
of trimethylaluminum-mediated amide bonds in continuous flow using a microre-
actor [23]. They use this methodology as a key step for the synthesis of rimona-
bant (anti-obesity drug) and efaproxiral (enhancement of radiation therapy). The
use of microreactors makes the synthesis of amides with AlMe; safer, controlling
the exotherm of the reactions and shortening reaction times.

Another example of a synthesis of amides in flow is described by Janssen’s
researchers in collaboration with the University of Castilla La Mancha [24], where
they carry out the Bodroux reaction as a safer alternative for the preparation of
amides in a single step. Starting from different esters and amines and using a
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Figure 3.1 Evolution of reaction types used in pharma. Source: Reprinted with permission
from Brown and Bostrom [22]. © 2016 American Chemical Society.
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Scheme 3.1 Preparation of amides by Bodroux reaction in flow.

simple Sigma-Aldrich microreactor, a coil, and isopropylmagnesium chloride in
tetrahydrofurane (THF) as base, the corresponding amides were obtained at room
temperature with very good yields and with a broad scope of esters and amines
(Scheme 3.1). This straightforward and simple methodology could be considered a
greener alternative to others described in literature.

In a follow-up article, the same group in collaboration with the University of Leu-
ven, described the synthesis of amides using lithium bis(trimethylsilyl)amide (LiH-
MDS 3) from esters 1 and low nucleophilic heterocyclic amines 2 [25]. This proce-
dure, in turn, is an alternative of the Bodroux reaction because the solubility of many
of these heterocyclic amines is very poor in the aprotic solvents used. LIHMDS was
selected due to its high basicity and low nucleophilicity, thereby resulting in a large
functional group tolerance compared to what was described previously with other
organometallic reagents (Scheme 3.2).
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Scheme 3.2 Preparation of amides with LIHMDS in flow.

Peptide synthesis is another chemistry that contributes to the large use of the
amide formation reaction in Pharma. There are several methods described in
flow; for instance, Tanaka et al. [26] carried out the synthesis of biologically
active oligopeptides in a linear manner that allows the coupling of several amino
acids quickly and with the minimum protection of the terminal carboxyl group,
minimizing the formation of undesirable diketopiperazines.

Another example of the peptide flow synthesis was reported by Pentelute et al. who
described an automated flow approach of the solid phase peptide synthesis, carrying
out the formation of the amide bond in a very short period of time (seven seconds)
and with a total synthesis time of 40 seconds for each amino acid residue [27]. The
yields obtained are comparable to those described for solid phase synthesis of pep-
tides in batch, allowing the synthesis of a large number of peptides in a very short
period of time.

Nevertheless, other alternative reaction to form an amide bond was described
by James and Lange [28]. They obtained a library of aminoindazolines in only
17 minutes using the Conjure™ flow reactor [29] in a three-step process that
involved amide formation, Sonogashira coupling, and subsequent ring closure
reaction (Scheme 3.3).

Reductive amination is one of the most used reactions in pharma. One of the first
examples was described by Seeberger, McQuade, and coworkers [30]. They carry
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Scheme 3.3 Library synthesis of aminoindazolines in flow.
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out a method for reductive amination in flow using solid sodium borohydride. In
this protocol, they flowed a mixture of the carbonyl compound with the correspond-
ing amine through a column prepared with the borohydride, Celite®, and LiCl in a
Vapourtec reactor. With this system they can perform the reductive amination in
good yields and in a safer and greener manner because the residual active material
is destroyed with methanol and disposed of as a solid waste (Scheme 3.4).

8
H,N-Rj
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j\ Celite/NaBH 4/LiCl |:|—> YR,
Ri” "R, Ry
9 10

Scheme 3.4 Reductive amination using supported sodium borohydride.

Another method to carry out reductive amination reactions in flow is by using
hydrogen as a reducing agent. Kobayashi et al. described the continuous-flow reduc-
tive amination of aromatic and aliphatic aldehydes and ketones with primary and
secondary amines using a cartridge of Pt/C and a source of H, regulated by a mass
flow controller. With this method they can prepare a great variety of secondary and
tertiary amines with an excellent functional group tolerance, with good yields, and
in a procedure that is both safe and without production of any hazardous chemical
waste (Scheme 3.5) [31].
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Scheme 3.5 Reductive amination by catalytic hydrogenation. Source: Laroche et al.
[31]/John Wiley & Sons.

Examples reporting flow reductive aminations for the synthesis of APIs can
also be found in literature. For instance, the one described by Matsuo et al. where
they combined flow reductive amination with an Ullmann reaction in batch with
aqueous ammonia to prepare abemaciclib, a selective ATP-competitive inhibitor of
cyclin-dependent kinases CDK4 and CDXKG6 for the treatment of multiple types of
cancer [32].

Nucleophilic aromatic substitution (SyAr) has been widely used in medicinal
chemistry as shown in Figure 3.1 and recently transferred to flow. For example,
Djuric et al. used this reaction to prepare a library of 2-aminoquinazolines
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Scheme 3.6 Preparation of nevirapine in flow.

by reaction of 2-chloroquinazoline with different amines in ethanol at high
temperatures and pressures (225 °C, 120 bar) with moderate to good yields [33].

It is common to find the SyAr reaction as a key step for the preparation of APIs,
such as the one described by Gupton and coworkers for the continuous synthesis
of nevirapine 16 (non-nucleoside reverse transcriptase inhibitor for the treatment
of HIV-1) [34]. They reported the synthesis of a key intermediate, which they called
CYCLOR 15, used to prepare 16 by intramolecular nucleophilic substitution through
a column filled with sodium hydride at 165 °C (Scheme 3.6). This API was obtained
in 92% yield, decreasing drastically its cost when compared with the procedure pre-
viously described in batch.

Although C—O bond formation is less numerous than C—N, authors like
Varghese and coworkers developed a novel and efficient procedure, by coupling
heteroaryl chlorides 17 with primary aliphatic alcohols and phenols 18 under mild
conditions to form pyrimidines 19 and pyridines [35]. Reactions are carried out in
a continuous-flow microfluidic reactor, which leads to a clean and high-yielding
process, which does not require the use of transition metal catalysts (Scheme 3.7).
By this method, intermediates of industrial importance (requiring the formation of
a C—O bond) can be prepared in a safer manner.

Buchwald-Hartwig amination reaction has become a popular alternative method
to build C—N bonds within the medicinal chemistry community [36]. This is
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Scheme 3.7 Preparation of aryl ethers in flow.
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shown in the increasing number of publications in the literature applying the
Buchwald-Hartwig coupling reaction to prepare biologically active aryl amines
and amides. This fact has caught the attention of flow chemists who have explored
the use of this technology for the reactions and its possible application in drug
discovery [37, 38]. Most of these examples have to deal with the use of inorganic
strong bases, such as potassium tert-butoxide, which have limited solubility in the
organic solvents usually used. Different strategies have been developed to overcome
this limitation such as the one described by Buchwald et al. that combined a new
reactor design with the use of acoustic irradiation [39].

As an improvement to these methods, Buchwald and Jensen described an
alternative method to carry out the C—N coupling reactions catalyzed by pal-
ladium using a wide range of organic bases such as triethylamine (TEA) or
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) [40]. The advantage of this method is
that all the bases are soluble and their different pKa’s allowed a broad functional
group tolerance (Scheme 3.8).
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Scheme 3.8 Buchwald-Hartwig amination in flow using organic bases.

3.2.2 Reactions for C—C Bond Formation

One of the most popular reactions for medicinal chemists is the Suzuki-Miyaura
cross-coupling. This is the most used reaction for building C—C bonds (Figure 3.1).
Therefore, the implementation of the Suzuki-Miyaura coupling under flow condi-
tions is highly desirable to allow its use in continuous production of the desired
APIs. A representative example of this approach is the one described by Janssen’s
researchers in collaboration with the University of Castilla La Mancha [41]. The
supported palladium catalyst allows a broad reaction scope for both aryl halides and
boronic acids in less than five minutes (Scheme 3.9). The silica support offers a better
thermal stability than polymeric supports, and it is also compatible with a numerous
type of solvents due to its lack of swelling. This was proved by reusing the catalyst
up to 30 times without decreasing its catalytic activity, having clean reaction crudes
and free from phosphine ligands that prevent subsequent purification by column
chromatography.
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Scheme 3.9 Suzuki-Miyaura coupling using silica supported catalyst.

Another application of this type of C—C bonds formation was described by
Martin-Matute et al. in collaboration with the University of Stockholm [42]. In this
case, researchers packed the catalyst (PdA@MIL-101-NH,) in a microflow reactor,
describing the first example of nanoparticle supported on mesoporous MOF as
catalyst in a flow environment. The reactions were carried out either with boronic
acids, boronates, and N-methyliminodiacetic acid ester (MIDA), having very good
yields with a great variety of aryl halides, and the protocol used was susceptible
to automation. The products were absent of metal contamination, but after 12
reactions the supported catalyst became unproductive.

More recently, Senayake and coworkers reported the preparation of (BIDIME)Pd
26, a third generation palladacycle commonly used in Buchwald coupling reactions
in batch [43]. The reaction was carried out in flow with only 0.5% catalyst and at
80-120 °C to get the coupling products 25 in very good yields (Scheme 3.10).

The Sonogashira reaction is another common procedure used by medicinal
chemists that requires a palladium catalyst and copper cocatalyst to form a C—C
bond between a terminal alkyne and an aryl or vinyl halide [44]. The use of the
copper cocatalyst allows the reaction to be carried out under mild conditions and,
therefore, increasing its compatibility with a higher number of functional groups
and attracting the interest of the pharmaceutical industry. Those facts make this
reaction very attractive to transfer to flow [45-47]. Variants of the Sonogashira
reaction have been developed such as the copper-free cross-coupling in which
the absence of Cu as cocatalyst allows for the carrying out of the reaction under
air, thereby avoiding the unwanted homocoupling products. One example was
described by Routier and coworkers where they used continuous chemistry to
prepare 7-azainoles (presented in many products with biological activity) by
copper-free Sonogashira coupling using a recyclable palladium catalyst [48].

3.2.3 Heterocyclic Synthesis

Heterocyclic synthesis has been an important part of drug discovery throughout the
years (Figure 3.1). Heterocycles present the capacity to interact with the target pro-
teins through the different heteroatoms present in the ring. Flow chemistry has been
also used for the synthesis of heterocycles [49]. As the topic is very broad, this chapter
will only cover some representative examples.
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Click chemistry is a chemical reaction that joins two small units through a
1,2,3-triazole core. It was introduced by Sharpless and coworkers in 2001, and
they were inspired by the fact that nature also generates substances by combining
small modular units [50]. These reactions are known for being modular, high
yielding, wide ranging, stereospecific, and physiologically stable and having a large
thermodynamic force and a high atom economy. In addition, these reactions are
usually simple, using available starting reagents and benign solvents and with an
effortlessly isolation of the products. All of that makes this methodology extremely
interesting for the pharmaceutical industry to generate large libraries of compounds
to screen in discovery research and also very attractive for its development in flow.

The first example in a continuous reactor was described by Bogdan and Sach [51].
They prepared a library of triazoles using a copper tube reactor generating the com-
pounds in a fast manner (residence times of five minutes), without loss in catalytic
activity of copper after hundreds of reactions, with a completely safe handling of
organic azide intermediates and where the copper reactor is also useful for other
types of copper-mediated couplings such as Sonogashira and Ullman couplings [52].

Since then, many publications have appeared in literature, such as the one
described by Vogtle and Leforestier in which they show a procedure for the
preparation of chlorine azide as intermediate to prepare triazoles in a safe manner
[53]. Once the chlorine azide specie (CIN,) is generated, by the reaction between
NaN, and NaOCl in toluene in the presence of acetic acid, it is trapped with olefins
27 in a 1,2-addition. Afterward, these intermediates 28 react with alkynes 29 in a
copper-catalyzed click reaction to give the corresponding triazoles 30 with good
yields (Scheme 3.11).

One year later, in 2017, Rai¢-Mali¢ et al. presented a series of click reactions of
an azido compound derivative of L-ascorbic acid as a precursor for Cu(I)-catalyzed
1,3-dipolar cycloaddition with alkynes [54]. These reactions were carried out either
in batch or flow at the same time to compare both methodologies. To successfully
transfer the batch conditions, ultrasound irradiation and flow microreactors were
employed, and reaction times were decreased from hours to only minutes, improv-
ing significantly the yields. This methodology (explained more in detail in Chapter
5) was described as an important method to prepare novel molecular entities that
can exhibit biological properties, in which flow chemistry shows a great advantage
versus batch.

In 2018, Lin et al. described a 1,3-dipolar cycloaddition between azides 32 and
terminal alkynes 31 catalyzed by copper (I) (CuAAC) in flow conditions at low pres-
sures to generate a library of triazoles 33 with biological interest [55]. The use of
an AuCu nanopore membrane as catalyst allows the click reaction to be carried out
in a completely homogeneous medium, avoiding the difficulties of separating the
catalyst in comparison with other heterogeneous methods (Scheme 3.12) [56-58].
The authors also showed the reusability of this membrane, reusing the same mem-
brane up to five times without decreasing its catalytic activity. They highlight the
importance of this method to prepare several important pharmaceutical drugs, for
example, a-glucosidase inhibitors and the possibility to prepare these products on
gram scale.
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Scheme 3.12 Click reaction using an AuCu nanopore membrane. Source: Based on Refs.
[56-58].

Buchwald and Chen published an example of synthesis of benzotriazoles 36 in
continuous flow, which is interesting from the point of view of medical chemistry
since benzotriazoles are key structures that are present in antibacterial, antifungal,
or antimalarial compounds as well as in kinase inhibitors or potassium channel
activators [59]. They described two different approaches for the synthesis of ben-
zotriazoles 36, depending on the electronic of the chloronitrobenzene 34, used as a
starting material. One was an Sy Ar or by Pd-catalyzed C—N cross-coupling reaction,
followed by hydrogenation and diazotization/cyclization (Scheme 3.13).

They rationalize the big advantages that this method presents versus batch such
as safer diazotization, less time-consuming, and labor intensive. They also mention
that this process is efficient and regiospecific.

3.3 Expanding Drug Discovery Toolkit Through Flow
Chemistry

In the previous section, the use of flow chemistry to improve the most used processes
in drug discovery has been overviewed. However, flow chemistry cannot be limited
to improve what is usually used, but to expand the toolkit bringing back to the bench
uncommon chemistries, reactions that are usually disregarded due to the presence
of chemical species that are difficult or dangerous to handle. The capability of flow to
keep under control these kind of reagents, which are used as they are made, opens
up new avenues to medicinal chemists to access a chemical space, which was not
considered before. Moreover, flow can be easily combined with other technologies,
such as photochemistry or electrochemistry, to enable novel reactions.

3.3.1 Handling Hazardous and Unstable Reagents

A very useful advantage that flow chemistry provides is the in situ generation of
reactive intermediates, which can be used in the same reaction media. For example,
diazo and diazonium derivatives are versatile intermediates in medicinal chemistry;
however, these highly energetic compounds have inherent risks associated because
they are potentially explosive and toxic agents as has been discussed in Chapter 1
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Scheme 3.14 Handling diazometane in a tube-in-tube reactor.

[60]. The generation in flow from readily available starting materials eliminates the
need of isolation, therefore, improving safety.

Kappe et al. reported the in situ preparation of diazomethane in the inner-tube of a
tube-in-tube reactor. In this manner, diazomethane passes through a gas permeable
membrane, and it is mixed with the coupling partner (Scheme 3.14). Thus, several
interesting transformations such as cyclopropanations, 1,3-dipolar cycloadditions,
or methylation of acids were successfully achieved [61].

In recent years, DOS has appeared as an interesting tool for the rapid access to
a broad chemical space from simple starting materials [62]. The high reactivity of
hazardous and unstable reagents can be controlled in flow and used to get a dif-
ferent compound. One illustrative example was reported by Janssen and University
of Castilla-La Mancha researchers through the Reformatsky and Blaise reactions in
flow [63]. Collection of the intermediates obtained over different electrophiles and
nucleophiles allowed the access to different and important intermediates and hete-
rocyclic cores 46-50 (Scheme 3.15).

In a follow-up article, the authors reported the preparation of Grignard reagents
using a column filled with magnesium [64]. After the generation of the correspond-
ing Grignard derivative, different electrophiles were reacted in either batch or flow,
depending on their solubility. In this example, the same starting material gave rise to
eight different products 9, 54-57, which demonstrates the value of the methodology
for DOS purposes (Scheme 3.16).

Escaping flatland has been identified as a key feature to access a chemical
space that is not covered currently [65-67]. Increasing C(sp®) fraction in bioactive
molecules has been linked to higher chances to get clinical candidates.
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Scheme 3.16 Preparation of Grignard reagents in flow.

Researchers at Janssen and Florida State University demonstrated that alkyl
organozinc reagents can be easily obtained in flow by passing the alkyl halide
through a column filled with zinc [68, 69]. These unstable reagents can be
directly used in a subsequent Negishi coupling as a way to introduce C(sp®) motifs

(Scheme 3.17) [70].
X
e o ol o g

tg=10min  tg=2.5min

Scheme 3.17 Zinc insertion-Negishi coupling as a way to introduce C(sp®) motifs. Source:
Egle et al. [70] 3.21/Springer Nature.

The generation of highly reactive intermediates has been also used to carry
out fast reactions in a highly controllable manner. This concept named as “flash
chemistry” gives access to new reactivities, not suitable in batch due to the short
reaction times achieved [71]. In this context, Yoshida and coworkers described the

https://lwww.twirpx.org & http://chemistry-chemists.com



84 | 3 Flow Chemistry Opportunities for Drug Discovery

Cl
cl

ln-BuLi
Li Cl gt E' C sBuli E' Cl E2? E' ¢l

- _E . . _
Cl cl Cl Li cl E2

-LiCl -LiCl
Cl——-H

Cl———°t"'

n-BuLi
Cl——1Li

E1

. E2

Cl——¢! s-Buli Li———F¢! E2——F!'
(a)

LDA! 0.5 ml -90°C

e
2.5 ,, @})ﬁ

1 ml/min

60  0.62 mi/min

(b)

Scheme 3.18 Selective metalations of halogenated derivatives.

lithiation of 1,2-dichloroethene using flow microreactors [72]. The accurate control
of the reaction conditions provided by continuous chemistry produces different
vinylic or propargylic organic scaffolds, showing the versatility of the transforma-
tion (Scheme 3.18a). The lithiation of different halogenated starting materials has
been also described by Ley’s group [73]. The metalation of dibromomethane 59 and
subsequent reaction with an ester 60 give rise to a-dibromoketones 61, which are
important building blocks for the synthesis of heterocycles in the pharmaceutical
industry (Scheme 3.18b).
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Another advantage of flash chemistry approach is the possibility to run reactions
at higher temperatures than the corresponding batch process. Due to the contin-
uous generation and reaction of the unstable intermediates, low temperatures are
not required as reaction times are drastically reduced. For instance, Knochel and
coworkers described the formation of organomagnesium heterocycles 64 and acry-
lates 65 using TMPMgCIl-LiCl (TMP = 2,2,6,6-tetramethylpiperidyl) under continu-
ous flow [74]. Despite the typical conditions found in batch, the reaction takes place
at room temperature. Several transformations were achieved from the intermedi-
ates formed such as iodination, generation of the corresponding zincate and Negishi
coupling (Scheme 3.19).

cl
[ Electrophile (E)
~
N 62
” Cr
EtO,C._~ - 64
2 \/\CO2E1® N/ E
63

or
TMPMgCILICl (] Etozcwf\coza
E &

1.1-1.2 equiv 0.5ml+1ml
5

Scheme 3.19 Selective metalations of heterocyclic compounds.

3.3.2 Combining Flow with Emerging Technologies

The facility of combining flow technologies with novel synthetic methodologies
opens the doors to preparing complex organic molecules, which are difficult to
achieve by traditional approaches. In this regard, an increasing number of enzy-
matic, photo-, and electrochemical (EC) transformations have been reported in the
last years.

The number of enzymatic reactions reported in medicinal chemistry is limited due
to the low mass transfer between the organic substrate and the hydrophilic enzyme.
Continuous-flow alternatives have overcome this problem. First, segmented flow
enhances enzymatic transformations, reducing emulsion formation and providing a
better separation [75]. Another convenient approach is flowing the organic substrate
through an immobilized enzyme. In this case, better selectivity and less amount of
the biological partner are regarded as important advantages. One such example was
reported by Pentelute and coworkers. The researchers afforded a sortase-mediated
ligation of peptides, which allows generating protein bioconjugates, nonaccessible
by a solution phase in batch mode [76].

3.3.2.1 Photochemistry

Recent advances using photochemistry have been described using flow method-
ologies [77-79]. These photoflow reactions provide a more homogeneous and
effective irradiation of the entire reaction mixture, shortening reaction times
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Scheme 3.20 Trifluoromethylation in flow with CFI.

and reducing the possibility of side reactions. Typically, these transformations
involve the participation of excited species as key intermediates. In drug discovery
programs, photochemistry has been used for the preparation of high value building
blocks, opening new chemical space [80, 81].

Introduction of trifluoromethyl groups is important in medicinal chemistry as it
can modulate different parameters in bioactive compounds, such as permeability
or metabolic stability [82, 83]. Noél’s group described the trifluoromethylation and
perfluoroalkylation of five-membered ring heterocycles using Ru(bpy),;>* as photo-
catalyst and TMEDA as base [84]. A variety of pyrroles and indoles 66 were per-
fluoroalkylated in continuous microflow, generating the products 68 in moderate
to excellent yields. The gaseous reagent CF,I 67 was introduced in a segmented
gas-liquid flow system to perform the trifluoromethylation under light irradiation.
The mixture with the corresponding heterocycle takes place before being irradiated
(Scheme 3.20). Comparing with the analogous batch process, this continuous-flow
protocol supposes a great reduction of the reaction time (from up to 72 hours in batch
to less than 20 minutes in flow).

Another trifluoromethylation reaction of highly functionalized arenes and het-
eroarenes was reported by the same group in collaboration with Janssen researchers.
In this work, the combination of the solid and air-stable trifluoromethylating agent
CF,SO,Na with iridium catalysts provides trifluoromethylated heterocycles 71 and
72 in reasonable yields and after 30 minutes of residence time (Scheme 3.21) [85].

In the previous section the importance of the introduction of sp*-carbon moieties
into potential drug candidates has been highlighted. In this regard, photochemical
transformations have gratifyingly contributed to achieve this goal.

For instance, Ley’s group described a photoredox process combining iridium and
nickel catalysts with Lewis bases to generate radical intermediates from boronated

-cy, ) co
or Ej Contlnuous,ﬂow Ej\n
@ g

* 30 min
NaSO,CFs 18 examples

Scheme 3.21 Trifluoromethylation in flow with CF;SO,Na. Source: Abdia et al. [85]/ Georg
Thieme Verlag KG.
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Scheme 3.22 Flow photoredox with organoboron compounds.

derivatives 73. Once generated, radicals give rise to an sp?>-sp3 cross-coupling reac-
tion using cyanoheteroarenes 77 or bromoarenes 76 [86]. The use of boronic esters
instead of trifluoroborate salts allows the synthesis under continuous flow due to
solubility issues of the boronic scaffold (Scheme 3.22a). A soluble version for the
continuous-flow cross-coupling of trifluoroborate salts with alkyl bromides 79 was
reported by the Boyd group [87]. With this methodology, a small library of quinazo-
lines 82-84 was prepared, and the procedure was also scalable (Scheme 3.22b).

Scientists from Janssen described a decarboxylative arylation of cyclic amines
through a dual photoredox-nickel catalysis (Scheme 3.23). This transformation
supposes an sp>-sp> cross-coupling reaction, in which interesting heterocycles are
functionalized with aryl groups [88]. This new protocol under continuous-flow con-
ditions allows the preparation of typical drug-like scaffolds at a higher throughput
than the previously reported batch process [89].

Different photosensitizers as iridium and ruthenium complexes have been widely
used in photoredox catalysis. Despite the great number of reactions promoted by

! R-CO,H i 20—42énin
| Photocatalyst 21— 60
bt g @) R-Ar
' Ar—Br :

'N| catalyst, DBUE ﬂ

Scheme 3.23 Dual photoredox and nickel catalysis in flow.
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Scheme 3.24 Light-induced Negishi coupling in flow.

these complexes, their high cost, toxicity, and low abundancy make it necessary to
look for greener alternatives. A collaboration between Janssen and University de
Castilla-La Mancha researchers allowed the installation of C(sp*) moieties, from
readily available alkyl halides into aromatics using nickel [90] or palladium [91] cat-
alysts in the absence of a photosensitizer (Scheme 3.24). This methodology based
on the Negishi cross-coupling expands the functional groups tolerated due to the
acceleration of the key step in the catalytic cycle.

Another approach for the light-promoted formation of sp?-sp® bonds under
continuous flow has been recently reported using iron catalysis [92]. This
continuous-flow version of the Kumada cross-coupling favors the reaction between
aliphatic Grignard reagents 86 and a variety of aryl chlorides 85, affording the
products 87 in good to excellent yields in shorter times (Scheme 3.25).

rt 5-20 min
85
c Alk
+  AlkMgX ‘/
Ar = neutral/ Xx=clpr Fe(acac), NHC
electron-rich, *
heteroaryl

Scheme 3.25 Light-induced Kumada coupling in flow.

3.3.2.2 Electrochemistry
During the last decade, a renaissance in EC transformations for the creation of new
organic molecules has been experienced [93, 94]. The chance of using electric cur-
rent as a cheap reagent supposes a greener method in terms of sustainability. Strong
oxidizing or reducing agents can be avoided, increasing safety and reducing waste
generation. Moreover, the reactivity of the different functional groups can be con-
trolled by simply adjusting the potential [95].

From a drug discovery perspective, an important application of flow electrochem-
istry is the generation of drug metabolites. Oxidative processes of drug candidates
can give information of which positions of the molecule are more susceptible to suf-
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Scheme 3.26 Preparation of metabolites through electrochemistry in flow.

fer chemical transformations in vivo, simulating CYP450 oxidation. Considering the
biological studies of the derivatives formed (e.g. pharmacological activity, toxicology
screens), the direction of the medicinal chemistry program can be directed or recon-
ducted in order to achieve a better drug candidate.

The EC oxidation of drug metabolites was described by Shono and coworkers in
1980s [96, 97]. The online detection of the biotransformation was achieved through
an EC/mass spectroscopy system. However, this work was regarded as an analytical
technique, and not as a synthetic method. One such example for the synthesis of
metabolites was reported by Stalder and Roth using a new EC module [98]. Com-
mercial drugs such as diclofenac, primidone, albendazole, tolbutamide, and chlor-
promazine were subjected to EC oxidation (Scheme 3.26). Metabolites were obtained
in a 10-100 mg scale, an amount great enough to carry out activity versus toxicity
studies. Instead of carrying out a de novo synthesis for each of these new analogs, dif-
ferent derivatives were achieved in a single step by changing the reaction conditions.
This approximation in the derivatization of late-state drug candidates will accelerate
the discovery of improved chemical scaffolds in terms of PK and metabolic stability.

The EC synthesis of a small library of indole alkaloids 96 was reported by Ley
and coworkers. In this transformation, a-methoxyamine derivatives 94 were initially
generated in high yields from the Shono oxidation of cyclic amines 93. A change
in the solvent and filtration allows the outcome solution to react in a subsequent
Pictet-Spengler reaction under microwave irradiation (Scheme 3.27) [99].
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Scheme 3.27 Preparation of metabolites through electrochemistry in flow. Source:
Kabeshov et al. [99]/ Georg Thieme Verlag KG.

3.4 Automated Flow Synthesis

The pharmaceutical industry is constantly evolving, and for that reason it needs to

be adapted to these changes. The pressure to have a new drug in the market on time
is higher than ever before, which has led to changes in their research and develop-
ment process. Therefore, innovative strategies have been developed to accelerate and

improve drug discovery programs.

A new emerging approach for the preparation of series, which provide large
amount of information in early stages of drug discovery programs, is the use of
automated flow reactors as has been introduced in Chapter 2. These systems allow

a fast reaction optimization in the early stages and rapid scalability.

There are several examples in literature of synthesis of drugs in continuous flow
and fully automated. For example, James and Lange described a fully automated
way for the synthesis of 3-aminoindolizine libraries 101, important compounds

for medicinal chemists, with three points of diversification [28]. The choice of the

heterocycle, followed by a derivatization in the free amino group presented by the
molecule and ending with a Sonogashira reaction with different propargylamines
100 followed by a cycloisomerization step, afforded the desired compounds 101 in
good yields. They generate a matrix of four different heterocycles with four different
derivatizations in the free amino groups plus five different propargylamines, giving

rise to a total of 100 compounds that can be carried out employing the Conjure™
flow reactor system (Figure 3.2).

In 2019, Vilé et al. [100] described the synthesis in a continuous-flow reactor of
N-fused-trifluoromethylated heterocycles 105 and 106. These reactions were car-
ried out in the Vapourtec R2S-series flow reactor by continuously mixing different

amines 102 and 103 with trifluoroacetic anhydride (TFAA 104) as a CF; source.
Subsequent dehydration using TEA as base at 80 °C for 30 minutes afforded the cor-

responding compounds 105 and 106 in acceptable yields and with good productivity

(Scheme 3.28). They also showed that the compounds can be scaled-up to gram
quantities.

Pasau and coworkers described the synthesis of 1,3-disubstituted arylcyclobu-
tanes 108 and 109 by reaction between halo-heteroaromatic compounds and

different functionalized cyclobutylzinc reagents [101]. The authors showed two
different protocols to prepare these analogs, a batch procedure using Zn Rieke as

metal source and other flow-based procedure using a column containing activated
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Figure 3.2 Automated synthesis of 3-aminoindolizine libraries. Source: Lange et al. [28] /
with permission of American Chemical Society.
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Scheme 3.28 Automated synthesis of trifuoromethylated heterocycles.
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Scheme 3.29 Automated zinc insertion-Negishi coupling in flow.

Zn. They proved that the outcomes for both protocols are comparable. They
also demonstrated that the flow process can be automated by integrating two
autosamplers for reagents loading and a fraction collector for reaction compilation
(Scheme 3.29). In this way, libraries of functionalized cyclobutane derivatives can
be obtained from stable halogenated reagents 107.

The combination of automated synthesis with design-of-experiments (DoE) has
been regarded as an interesting alternative to reduce the optimization stage. Using
this approach, reaction variables can be optimized using advanced algorithms [102].
Jensen and Jamison groups have developed a reconfigurable system, which opti-
mize automatically a series of different transformations, with relevant application in
the pharmaceutical industry (Buchwald-Hartwig amination, SyAr, Suzuki-Miyaura
coupling, and photoredox) [103]. Up to five variables can be optimized, and the data
is obtained between 7 and 34 hours depending on the number of screening condi-
tions carried out. Subsequent scale-up can also be performed in the same platform
once the best parameters are found (Scheme 3.30).

Design synthesis path Load modules
select unit operations and reagents

Reagent 3 Reagent 4 Reagent 5 Reagent 6

Q © Q

W

Automated
optimization

Obtain product
+
Data

Reagent 1 @
| Lig-li [ nnnl | inine
T-Mi < 1 el 5 ui |
xer Qry U Bypasy O separator o1 = analytics
Reagent 2 —{=)- Cooled Photo (LED) Heated
reactor reactor reactor

Scheme 3.30 Reconfigurable system for reaction optimization.
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Figure 3.3 Flow platform for reaction optimization and library synthesis.

Attending to the high-throughput experimentation area (HTE), scientists from
Pfizer developed an automated flow-based system for screening and synthesis on
submilligram scales. This concept is also explained in Chapter 2 [104]. A set of
reaction variables (temperatures, solvents, ligands, bases) were analyzed to validate
the platform using the Suzuki-Miyaura coupling. As microliter volumes were
used for each reagent, a great number of combinations were achieved obtaining a
real-time analysis data in a fast manner. Thus, the system is able to run more than
1500 reactions in a 24-hour period, which can be translated to scale-up in both
batch and flow (Figure 3.3).

Artificial intelligence (AI) has also been implemented as an outstanding alterna-
tive in continuous-flow integrated systems. Massachusetts Institute of Technology
(MIT) researchers reported the automated synthesis of complex organic molecules
combining Al and a robotic platform under continuous flow [105]. This autonomous
platform analyzes scientific databases through an integrated software, which evalu-
ates the best synthetic route (Scheme 3.31). Thus, while AI allows planning the syn-
thesis, the execution of chemical libraries is done robotically. This combination sup-
poses a reduction of time and cost in drug discovery, not only in HtL but also in LO.

Route selection - [ Process development J- [ Reaction execution ]

v Retrosynthetic planning v Specification of residence ¥" Recipe-driven synthesis
v Condition times, concentrations ¥ Robotic reconfiguration
recommendation ¥ Module selection ¥" Process monitoring

v Pathway evaluation

Scheme 3.31 Flow platform integrating automated synthesis, robotics, and Al.

3.5 Integrated Platforms

Automatic synthesis capabilities described earlier can be coupled with automated
purification, biological screening, and algorithmic predictions for a full automation
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of the design-make-test cycle. This will reduce the time required to optimize a drug
candidate [106]. Compared with the parallel methodology, a more rational synthesis
is achieved diminishing the number of compounds synthetized. Multiple research
groups have investigated these integrated platforms [107-111].

For instance, scientists at Cyclofluidic developed a platform combining a reagent
autosampler connected to a high-performance liquid chromatography (HPLC) mass
spectrometer. The purification and characterization of the products is done through
an integrated liquid chromatography mass spectrometry (LC-MS) attached. Subse-
quent concentration of the samples using an evaporative light-scattering detector
(ELSD) can be followed by biological assays including SAR to discover new DPP4
[112] and Abl kinase inhibitors [113]. In this last example, the authors use the Ran-
dom Forest Regression with sampling algorithms to explore the chemical space,
which allows the setup of an activity model, which is refined after each repetition
of synthesis and biological result. By this method and with only 21 compounds syn-
thesized, they were able to identify a novel motif with pIC,, > 8 against Abl-Kinase.
In comparison with the several days required for the preparation, purification, and
transport of the compounds submitted to biological assays, this integrated system
only takes two hours, considering all the steps. A more detailed explanation can be
found in Chapter 2.

For instance, an approach comprising synthesis, purification, and quantifica-
tion of the derivatives was developed by Hoffman-La Roche researchers. [114]
The generation of SAR data for BACE1 inhibitors 110 and 111 was carried out
using a chip-based assay generating the corresponding IC., values. In this case,
a cycle time of 60 minutes per compound was necessary for the synthesis, purifi-
cation, and biological screening. This considerable reduction of time clearly
showcases an efficient manner to accelerate drug discovery programs using
integrated systems (Figure 3.4). This example, among many others, integrating
systems for continuous synthesis and biological screenings is widely explained in
Chapter 5.
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3.6 Conclusions and Outlook

Flow chemistry has grown over the last decade to become a useful tool for drug
discovery. Initially it had been used to improve problematic chemical processes but
limited to reproduce the same reactions that has been applied in this field over the
years. More recently, it has been used to bring back to bench reactions rarely used in
a medicinal chemistry setting but very valuable in terms of exploring novel chemi-
cal space. Currently the use of automated flow platforms and the combination with
underused technologies, such as electrochemistry and photochemistry, allows to
access new chemical space in a more efficient manner, reducing cycle times in drug
discovery.

This interesting present is opening a brilliant future where flow chemistry will be a
central capability in the discovery of new drugs. Automated multistep reactions will
be done in flow, allowing full structure chemical libraries to be synthesized and puri-
fied online, drastically reducing the time needed to move from hit to lead and from
lead to clinical candidate when combined with in line biological screening and Al
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Flow Chemistry in Medicinal Chemistry: Applications to
Bcr-Abl Kinase Inhibitors
Paul Richardson
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4.1 Introduction

There are numerous recent reviews highlighting the advantages of flow chemistry
with several specifically focused on the potential benefits to be realized within
drug discovery [1]. While core benefits of the technology are well recognized (for
example, automation, speed, reproducibility, enhanced safety, smaller footprint) [2],
it can sometimes be challenging to see how these can be an immediate advantage
to a conventional medicinal chemist [3]. While, there are multiple impressive
flow chemistry-based technology platforms in current use to facilitate medicinal
chemistry programs (for example, library synthesis, reaction screening), it is impor-
tant to bear in mind that the development (conceive/build/test) of these requires
a relatively significant investment in terms of cost/resource and time with the
realization that the payback for this will be provided through their continued utility
(naturally with minor tweaks in terms of enhancements), typically by dedicated
specialist users over time on multiple medicinal chemistry programs [4]. However,
in the regular classical discovery research laboratory, it appears that except for
several specific applications (for example, flow-based hydrogenation) [5], the
uptake of flow chemistry on a routine day-to-day basis has been somewhat limited.

At the outset, it is instructive to consider the reasons behind this trend with sev-
eral possible causes. The first to consider is somewhat counterintuitive particularly
considering that it is often cited as one of the main drivers for incorporation of flow
within early-stage medicinal chemistry programs, and that is increased speed and
efficiency. As has been well documented, in a conventional setting, drug discovery
programs operate with a “design-make-test-analyze” based cycle, with the speed
at which a team can move through each iterative sequence often being defined as a
quantitative measure of project progress (Figure 4.1) [6]. Whereas, clearly, the situ-
ation is not as straightforward as this, one can distill out the baseline fact that the
“faster one can synthesize-relevant drug-like compounds” is likely to determine a
go/no-go decision for a specific project. With this statement, it is important to also
highlight the importance of a team reaching a “no-go” decision. While clearly not

Flow and Microreactor Technology in Medicinal Chemistry, First Edition. Edited by Esther Alza.
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Figure 4.1 Conventional “design-make-test-analyze” drug discovery cycle. Source: Based
on Ref. [6].

the optimal outcome, given the established high costs associated with drug discov-
ery in general, being able to rapidly reach a judicious decision regarding a program
long-term feasibility for success prior to it progressing to development (or the clinic)
represents an opportunity to dedicate resources (time/cost) elsewhere.

The intention of the current review is to take a slightly different perspective on the
application of flow chemistry technologies within medicinal chemistry and place a
more narrow focus on how solutions have been developed in this space toward a
specific problem, namely, the synthesis of imatinib and related Bcr-Abl inhibitors.
Hopefully from the work described, the reader will note that there is not only an
array of flow-based techniques to evaluate and solve a problem but also that a signif-
icant amount of development/optimization work often has to be invested to identify
a successful path forward. It is the latter point that perhaps presents the greatest bar-
rier to wider uptake of flow within medicinal chemistry. Several different approaches
to the synthesis of imatinib are presented, namely, those from the laboratories of Ley,
Buchwald, and Jamison. One thing to note here is that all feature a critical depen-
dence on Pd-mediated couplings to assemble the target molecule and highlight the
challenges inherent in executing this chemistry in a continuous manner. It is instruc-
tive to see how each of the case studies provides a different approach to overcoming
this, and these can provide guidance for future practitioners in developing strategies
to carry out these highly prevalent Pd-mediated (and related) couplings in their own
laboratories. The “hybrid” flow/batch approach to imatinib shifts focus to another
common problem encountered when investigating synthetic routes to pharmaceu-
tically relevant molecules in flow specifically the insolubility of many of the inter-
mediates encountered [7]. Finally, a more aspirational approach to drug discovery
is describe notably a “closed-loop” discovery platform followed by its application to
the discovery of next-generation Bcr-Abl kinase inhibitors.
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Despite the challenges, there is no doubt that there will continue to be an uptake of
flow chemistry within medicinal chemistry laboratories most notably owing to the
next generation of scientists emerging from academic laboratories having a greater
appreciation for the concepts and skills required in this space [8]. In addition, while
flow hydrogenation has enjoyed uptake based on the ability to safely execute this
chemistry in a discovery setting, there is growing recognition that for methodologies
growing in use such as photoredox transformations that flow may present the most
viable method to successfully scale such chemistries [9]. It is hoped that the work
presented herein will highlight both the creativity and flexibility in which solutions
applicable to successfully carry out the desired chemistry can be implemented in a
practical manner.

4.2 Discovery of Imatinib

When considering the utility of flow methods to access active pharmaceutical ingre-
dients (APIs) and their analogs, it is of value to study the development of such syn-
theses and compare/contrast the advantages and disadvantages with the reported
conventional batch-based approaches. In addition, herein looking at four flow-based
approaches enables us to see how different solutions can be employed through rapid
developments in this technology to overcome key issues presented by flow chem-
istry. These studies not only provide an insight into how to develop multistep flow
syntheses and the planning behind them but also highlight how novel synthetic
disconnections can be enabled that would be challenging to execute under batch
conditions.

Imatinib is a Ber-Abl tyrosine kinase inhibitor launched by Novartis in 2001 for the
treatment of chronic myeloid leukemia (CML) and gastrointestinal stromal tumors
(GIST) and is produced under the brand name Gleevec (USA) and Glivec (Europe,
Australia, and Latin America) as the mesylate salt. Bcr-Abl kinase has been shown
to induce leukemia in mice and is produced by a chromosomal translocation known
as the Philadelphia chromosome. Being implicated as a cause of CML, the kinase is
unable to self-regulate as a result of fusion of the Bcr domain to the protein, and as
such the undesired signaling path is permanently turned “on,” thus promoting pro-
gression of disease. Since its initial report, imatinib has represented a popular target
for synthetic chemists, though herein we will consider only four reported flow-based
approaches as well as the commercial route to the API [10].

Given the remarkable efficacy observed in clinical trials, the expeditious pro-
gression of imatinib through development led to an urgent need to generate a
suitable process for the APIs commercial manufacture. This led to an overall
12-step synthesis featuring formation of the pyrimidine 5 through condensation
of the appropriate guanidine 4 with the 3-dimethylaminoenone 2 as a key step.
Nitro-group reduction and amide bond formation with the functionalized acid
chloride followed by salt formation led to the desired mesylate salt as the required
final form of imatinib 8 (Scheme 4.1). This commercial route is very similar to that
initially reported by medicinal chemistry for imatinib with exploration of analogs
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Scheme 4.1 Commercial synthesis of imatinib.

relaying on the availability (or ease of access) of the acetyl-substituted heterocycles
and substituted phenylguanidine derivatives [11].

4.3 Ley Flow Synthesis of Imatinib

One of the major cited barriers for the implementation of flow chemistry is the
inability to handle solids. Given the reported insolubility of both the nitro- and
guanidine-substituted materials utilized in many syntheses (including the com-
mercial route) of imatinib, Ley and coworkers proposed an alternative strategy to
obtain the molecule of interest (Scheme 4.2) [12]. Notably, this approach effectively
reverses the steps involved, avoiding a potentially hazardous nitration reaction
(though this may be somewhat surprising given the advantages offered by flow
in performing such chemistries) as well as opening up diversification studies for
analog synthesis through alternative pools of building block starting materials
(9,11, and 12).

The strategy implemented in developing a multistep synthesis in flow here
involved breaking the route down into its constituent steps and looking to optimize
each of these (in some cases initially in batch) focusing on the key elements for
reactivity as well as monitoring the nature (components, purity, and concentration)
of the output stream. One hallmark of the reported approach developed by Ley and
coworkers is the utilization of packed columns of reagents or scavenger resins in
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Scheme 4.2 Proposed initial disconnection for flow-based synthesis of imatinib. Source:
Based on Ref. [12].

order to either mediate reactions and/or facilitate purification. Whereas this can
become somewhat impractical on scale owing to the escalating costs and the need
to replace (or regenerate) exhausted solid reagent cartridges, it can be an extremely
useful methodology to employ on typical discovery chemistry scales. One reason
that packed-bed columns are perhaps underutilized in flow in drug discovery
laboratories could be the limited understanding of the flow dynamics/diffusion of
reactants through the column, which is a topic that is addressed well in this imatinib
work. However, this also highlights a broader barrier to wider implementation of
flow by conventional chemists in a somewhat limited grounding in the principles
of chemical engineering. Successful examples of use of continuous processing in
the pharmaceutical industry have consistently demonstrated the critical synergy
between chemists and engineers to generate innovative solutions to deliver an
optimal solution.

The initial proposed step involves amide bond formation between the ani-
line 11 and the carboxylic acid 12 (formed from chloride displacement of
4-(chloromethyl)benzoic acid) with methyl-piperazine (Scheme 4.3). Previous
work had demonstrated that amide bond formation could be achieved by initial
activation of the acid by passing a N,N-dimethylformamide (DMF)-solution of this
combined with PyBrOP and Hunig’s base through a packed column of PS-HOBt
(polymer-supported) resin [13]. Subsequent reaction of the generated supported
active ester with the amine would then lead to the desired amide.

Implementation though of this protocol with the functionalized acid and
3-bromo-4-methyl-aniline 11 led to only ~5% conversion of the desired amide
despite an excess of the acid being used to ensure saturation of the PS-HOBt
column. Replacing the amine with allylamine (14) to probe whether poor
nucleophilicity might be the reason for the low conversion only gave a minor
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Scheme 4.3 Initial attempt at amide bond formation through acid activation.

improvement (~15%) to the reaction output, leading to the hypothesis that the
basicity of the N-methylpiperazine might be the pivotal issue here. Coupling of the
4-(chloromethyl)benzoic acid 13 with allylamine 14 under these conditions led to
a significantly improved 55% yield of the amide 15, though reverting to the “real”
aniline substrate only provided ~20% conversion, suggesting that relative nucle-
ophilicity combined possibly with reduce reactivity of immobilized reagents — a key
point that is often overlooked - was an issue (Scheme 4.4).
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7N
HO = cl
13 (0.42 mmol) Waste
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0
i 3
DMF =< [* T | BT = (N
(0.1 mmin) (2 o == o a A H
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e
Then H,N" > @_&1ml
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O
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Scheme 4.4 Probing the effect of amine nucleophilicity on the amide bond formation.

An alternative approach was investigated based on coupling of the acid chloride
with the aniline compound (Scheme 4.5). 4-(Chloromethyl)benzoyl chloride
16 is commercially available and presents a better solubility profile than the
corresponding acid. Whereas acid chloride/amine coupling in batch is relatively
straightforward, the corresponding reaction in flow presents challenges specifically
with precipitation of in situ generated hydrochloride salts representing a concern.
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Scheme 4.5 Revised retrosynthesis with later introduction of the N-methylpiperazine
fragment.

Screening of base/solvents in batch rapidly revealed that a soluble base was
likely to be necessary, as without one, rapid precipitation of the aniline salt of 11
occurred, while the use of a solid-supported base (QP-DMA - polymer-supported
dimethyl amine) led to formation of the DMF as a significant by-product. With
soluble tertiary amine bases, solvent selection was also a key factor based now
on the tendency of the amide product precipitating from solution. The use of
N,N-diisopropylethylamine (DIPEA) in dichloromethane (methylene chloride)
(DCM) proved to be a suitable combination for translation to flow with the reactor
output monitored by both in-line UV and liquid chromatography (LC)-mass
spectrometry (MS). Removal of the DIPEA hydrochloride by-product was achieved
by passage through a single-scavenging column containing both PS-DMA (to trap
HCI) and PS-SO,H (to trap the free DIPEA). Evaluating the complete flow setup
led to isolation of the amide 17 in 67% yield (>95% purity) (Scheme 4.6). Yield loss
is caused by chromatographic effects of the immobilized reagents, while an elution
time of 35 minutes (monitored by UV compared with the expected theoretical time
of 25 minutes) is attributed to increased dispersion due to diffusion/mixing occur-
ring to a larger extent as the reaction passes through a column of polymer-supported
reagents.

\_L‘.-'ff"_-\\)__ [Absorbance
o =/ g
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DIPEA (1.1 equiv)
o Time!

CHCl, =y i CHs
(0.2 ml/min) == . . Brs | S al
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CH,Cl, o> w5m (101,45 equiv) H,\I_ S
0.2 mI/mln) 12.5 min g :
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Br._ A
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~

NH,

Scheme 4.6 Amide bond formation utilizing the acid chloride as starting material.

Ideally, the flow stream with DCM as the solvent would be taken directly into the
next step, which is planned to be the displacement of the benzylic chloride with
N-methylpiperazine (18), with the excess nucleophile then being trapped with a
polymer-supported electrophile. Testing this reaction in batch demonstrated that
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the desired product precipitated from DCM, thus leading to the investigation into
identifying a suitable cosolvent. The utilization of DMF proved to be effective with
control of the stoichiometry of the nucleophile important to ensure a reaction rate
suitable for translation to flow and balancing this with the need to avoid a large
excess in order to minimize the amount of scavenging resin required to treat the
outlet stream (Scheme 4.7).

GHs
CHj ENJ
Br N

\© Conditions
|: j 0.05 M, 1:1 CH,Cl,/DMF

Amine equwalents Temperature (°C) Time (h)

120 0.5 80
3 120 0.5 95

Scheme 4.7 Batch optimization on N-methylpiperazine displacement reaction.

Translation to flow using 1 : 1 DMF/DCM as the solvent system not only
provided guidance on the impact of concentration, temperature, and residence
time on the conversion but also showed that protonation of both product 10 and
N-methylpiperazine 18 by the HCI generated was inhibiting the overall reaction,
suggesting that the use of a solid-supported base might be beneficial (Scheme 4.8).
Challenges herein revealed with PS-carbonate leading to hydrolysis of the halide
lead to the corresponding alcohol, though PS-TBD or PS-BEMP could be used with
the former proving to be the reagent of choice (Scheme 4.9).

2.5ml, 0.03M

CHs
N
CHy [ ]
CHZCIZ/DMF @ e 100 psi Br y

(a:
\ T°C,10ml
Ti )
ime (min) HN
CH3 10
(¢]

\¢ [ Flow (ml/min) | Temp (°C) | Residence time (min)
0.3 120 33 62

0.3 130 33 61
17 (1 equiv) 18 (2 equiv) 0.15 120 67 68
0.15 130 67 71

Scheme 4.8 Translation of displacement reaction from batch to flow.
The excess N-methylpiperazine 18 was removed using the macroporous resin ver-

sion of polymer-supported isocyanate with the desired product then “caught” on a
QP-SA column. Elution with methanolic ammonia led to the desired product 10 in
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Scheme 4.9 Base/condition screening for the displacement reaction.

56% yield (lower than expected due to incomplete elution of the resin) and >95%
purity (Scheme 4.10). While PS-TBD represents a short-term solution, the resin is
relatively expensive, and, thus, this was replaced with powdered K,COj;. This is only
sparingly soluble in the reaction solvent system and being inexpensive can be used
in large excess enabling an increased retention time to be employed to drive the
reaction to completion (Scheme 4.11).

While both steps have been optimized in a discrete manner, combining them
in a single flow process presents challenges most notably with how to introduce
the N-methylpiperazine reagent 18 in a consistent manner while enabling an
“in-line” solvent switch. An initial strategy to accomplish this was to UV-trigger
collection of the product output from the amidation step into a DMF-solution of
N-methylpiperazine (18) to provide a homogeneous solution of known concentra-
tion ready for injection into the next reactor. This approach was subsequently tested,
though led variable conversions in the displacement reaction demonstrate a critical
dependence of this step on the overall concentration (Scheme 4.12). A specific
issue herein was believed to be the dispersion in the scavenging process after the
amidation leading to a limitation in terms of the concentration of the output stream
that can be achieved, thus impacting the subsequent step.

To mitigate this issue, an alternative method for the synthesis of the amide 17
was investigated, though initial loading of the acid chloride 16 onto PS-DMAP with
elution of the desired product was achieved through reaction with the aniline 11
(Scheme 4.13). Control of the solution of the latter was critical with higher concen-
trations (0.5 M), leading to crystallization of the amide within the flow system. While
lower concentrations of the aniline resulted in the desired amide formation, this was
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Scheme 4.11 Switching to K,CO; as a cheaper, solid inorganic base for displacement
chemistry.

contaminated by the corresponding carboxylic acid (from hydrolysis of the acid chlo-
ride presumably caused by residual water within the resin), though this could be
efficiently scavenged using a cartridge filled with QP-DMA, leading to the amide 10
in 78% yield (~95% purity) after removal of the solvent. After elution from the reac-
tion, the product monitored through UV was collected in a fraction collector prior
to dilution with DMF. Addition of N-methylpiperazine 18 was then carried out with
the reaction mixture and then passed through a column of K,CO, at 80°C. With a
2 : 1 mixture of DCM to DMF, a 62% conversion was recorded compared with 80%
(1:1 DCM/DMF) and 95% in neat DMF, indicating that the presence of DCM was
inhibiting the reaction. In addition, a co-eluting carbamate by-product was observed
resulting from the K,CO; acting as a CO, source.
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Scheme 4.12 Combination of amide bond formation/displacement in continuous flow.
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Scheme 4.13 Re-evaluation of amide bond formation to minimize issues with dispersion.

These pilot studies highlighted the need to identify an alternative suitable base to
mediate the reaction while also implementing a complete solvent switch between
reaction steps. For the former, CaCO; was tested based on the hypothesis that being
less soluble in adventitious water, it would be less likely to liberate the CO, required
for the carbamate formation. Testing the displacement led to a 95% conversion with-
out any by-product formation.

A facile innovative solution was developed to carry out the solvent switch taking
advantage of the fact that DCM is significantly more volatile than DMF. This
entailed collection of the output stream from the amidation reaction into a vial,
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which already contained a DMF-solution of N-methylpiperazine 18, capped with
a rubber septum and venting tube on a hot plate. Passing a stream of nitrogen
through this vial expedited the evaporation of DCM, enabling the preparation of a
solution ready for the displacement reaction. Another issue that was noted in the
first-generation approach to this step was the “slow diffusion” of the product from
the “catch and release” purification of the sulfonic acid-based resin. To address
this, a switch was made to evaluate a similar purification strategy through using
a sulfonic acid-functionalized silica, which features smaller particles with the
acid moieties on the surface, thus presenting an enhanced surface area for faster
scavenging and release with the desired outcome being a more concentrated “slug”
of material being obtained for the next step (Scheme 4.14).
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Scheme 4.14 Modified amide bond formation/displacement reaction in flow.

Optimization of the stoichiometries of both the N-methylpiperazine 18 and the
PS-NCO scavenging resin was carried out utilizing the projected yield/output from
the amidation step with the desired product 10 obtained in 47% yield (>95% purity)
after the coupling of the two flow steps. This yield reflects an 80% yield for the
displacement (cf. 56% using PS-TBD), while a visual change was noted with the
silica-supported sulfonic acid column, allowing the progress of the reaction to be
monitored.

The prevalence of Pd-mediated couplings within the pharmaceutical indus-
try makes this a prominent research area for performing and optimizing such
processes in a flow paradigm [14]. One of the chief challenges to enabling the
Buchwald-Hartwig reaction under evaluation herein is that this Pd-mediated
process is typically carried out in nonpolar solvents, leading to potential solubility
concerns for cases involving pharmaceutically relevant substrates such as this.
Inspired by the previous work on the synthesis of nilotinib (20), a solvent mixture
of 1,4-dioxane/t-AmOH (2 : 1) was evaluated, while Xantphos was chosen as the
ligand owing to its previous application in this synthesis (Scheme 4.15).

Selection of the base also proved to be critical for this transformation with opti-
mization screening carried out in batch using microwave irradiation to balance reac-
tivity with solubility concerns (Scheme 4.16). While both NaOtBu and Cs,CO, were
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Scheme 4.15 Buchwald-Hartwig coupling in the synthesis of nilotinib.
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Scheme 4.16 Base/condition screening for Buchwald-Hartwig coupling.

shown to be effective, the former led to issues with precipitation of NaBr and the
formation of Pd black as the reaction progressed. However, though effective, chal-
lenges remain in transitioning the use of Cs,COj; to a flow paradigm for the reaction
specifically with the goal of achieving a long enough residence time using a packed
column of the base to ensure high conversion to the desired product 8. While the
use of the base with a Celite packing material to enable a larger column volume to
be achieved coupled with a low flow rate of 0.05 ml/min led to a residence time of
30 minutes and a corresponding conversion of 60% (Scheme 4.17), these results were
somewhat capricious, leading to an alternate solution being sought. Evaluating an
excess of K,CO, did lead to an increase in residence time though led only to the
protodehalogenated material being obtained from the reaction.
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Scheme 4.17 Flow-based Buchwald-Hartwig coupling mediated by a solid base.
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Scheme 4.18 Modified C—N coupling using a soluble base.

In light of these issues, the use of NaO¢Bu as the base for the reaction was revisited
with the initial studies focusing on lowering the reaction concentration to ensure
solubility of the base with the formed product being envisioned to be trapped on an
in-line PS sulfonic acid column after reaction for subsequent release (Scheme 4.18).
On initial testing of this scenario, buildup of Pd black was observed, and although
complete conversion could be achieved through increasing the amount of Pd cata-
lysts (10-20%), this exacerbated the precipitation issue leading to eventual blockage
of the flow reactor.

Given the propensity of reported Pd-ligand systems able to mediate Buchwald-
Hartwig and related cross-couplings, an alternative strategy was adopted to prevent
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Scheme 4.19 Advantages of a Pd(ll)-precatalyst complex.

Pd black formation from catalyst decomposition. To this end, the use of an air-stable
Pd(IT)-precatalyst complex was explored for in situ generation of an active Pd(0)
species with minimal decomposition (Scheme 4.19). The precatalyst derived
from BrettPhos 22 was employed in the reaction mixture, and although a totally
homogeneous solution was not obtained, sonication fragmented the larger particles
providing a mixture suitable for injection. While precipitation was observed rapidly
within the reaction coil, this was still a relatively free-flowing suspension containing
a “fine” colorless solid attributed to NaBr with dilution with an aqueous stream
post-reactor employed to dissolve this, thus preventing buildup and blockage of
the QP-SA (sulfonic acid) “catch and release” column. Analysis of the output after
this “in-line purification” demonstrated that this was composed of both starting
materials (9 and 10), imatinib (8), and the protodehalogenated side product with
a 61% theoretical yield of desired being projected based on the mass of the output
(Scheme 4.20).
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Scheme 4.20 Flow synthesis using a Pd(ll)-precatalyst to mediate the reaction.
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The purification of this mixture is exceptionally challenging using scavenger
resins particularly given the chemical similarity of the starting halide 10, the
protodehalogenated material, and the desired imatinib 8. It was thought that the
primary amine based starting material 9 could be effectively scavenged using a sup-
ported electrophile, though issues were encountered either through lack of reactivity
or the desired product also being sequestered onto the resin. A second approach
was investigated to trap the basic components of the product stream on acidic resins
and then modulate the basicity of the eluent stream to selectively release each com-
ponent sequentially, though this proved to be unsuccessful leading to conventional
chromatography being chosen as the preferred option for product purification.

The final challenge to achieve the flow synthesis of imatinib 8 was to cou-
ple the previously described amidation/displacement sequence with the
Buchwald-Hartwig coupling. Optimally, the use of the NaOtBu base required
for the Pd-catalyzed coupling would be utilized to directly elute the intermediate 10
(from the initial two steps) off the acid resin using the desired 1,4-dioxane/t-BuOH
(2 : 1) solvent system, though attempts to achieve this led to blockage of the
column frits. To address this, 1,8-Diazabicyclo[5.4.0Jlundec-7-ene (DBU) was
utilized as the base for the “catch and release” given that it is a stronger base
than N-methylpiperazine 18 with a separate experiment conducted to demonstrate
that incorporation of DBU had a negligible impact on the Buchwald-Hartwig
reaction. The optimal way to achieve the coupling in flow consisted of releasing the
intermediate with DBU into a stream containing the primary amine, Pd catalyst,
and NaO¢Bu with both mobile phases in 1,4-dioxane/t-BuOH combined before
passing through a heated coil at 150 °C. DBU was demonstrated to quantitatively
elute the intermediate 10 from the sulfonic acid column in a controlled manner,
thus ensuring a consistent stoichiometry for the subsequent coupling reaction.
Combination of reagents was achieved using a T-piece connector with dilution with
water performed after reaction. Evaporation of the output led to a residue that after
column chromatography led to imatinib 8 being isolated in 32% overall yield from
the three-step process (Scheme 4.21).

While this yield is lower than that for the batch process, the ability to carry out the
synthesis in a single-flow procedure with only one manual purification represents
advantages in terms of resources and efficiency especially in order to access analogs.
Within this study, 10 further compounds (of 11 attempted) were prepared using the
flow protocol, highlighting the versatility of this methodology through variations of
the aniline in the amide bond formation, the secondary amine in the displacement,
and the primary amine using in the Buchwald-Hartwig reaction (Scheme 4.22).
All the analogs were formed in a single procedure with purification achieved again
through silica gel chromatography though after an aqueous workup to remove the
salts in order to enable a more efficient separation. The stoichiometry of reagents
for the benzylic chloride displacement were based on an 80% estimated yield for
the amide bond formation with the only failed analog featuring imidazole as the
amine component (24) in this reaction, which not only gave a poor conversion
presumably due to the reduced nucleophilicity of the heterocycle but also was
not effectively “trapped” on the acidic column. The amount of DBU was varied to
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Scheme 4.21 Optimized C-N coupling for the synthesis of imatinib.

0,

Oy
Cl Cl
16 (1 equiv)
DIPEA (1.1 equiv)

CH,Cl, S Hﬂ
(0.2 ml/min) .

Exhaust
1ml,02M ; !
1 UV detector — 100psi N2
1ml,02M 10ml (8 equiv)
(0. 2 mI/mln) :> @
R!' R?
Br. T%J 23 N 0.1 mi/min
2 (1 equiv) 24 (2 equiv) in [Fraction,
NH, DMF (4 ml) | autosampler
Waste = -~ 1o0psi —f_sssn p—— Ponico |
(3 equiv) 80°C (3.5 )
.k 1 2
Br.. o RIR
Nl
HN E
DBU (80 mM) g o 25
1,4-Dioxane/t-BuOH (2: 1) (5 L.q_c —f s b
(0.15 ml/min) 2.5ml R
H
1 2
RBN .Jk_h R' R

~ N
. ~
10 ml HN
150°C
3 5ml o
1,4-Dioxane/t-BuOH (2: 1) (% -

(0.15 ml/min) @ ; 24552%
= A H,0 (0.15 mi/min)
R3- NH, + BrettPhos-| Pd
26 precatalyst (2 mM)
(80 mM) NaOt-Bu (80 mM), 1,4~
dioxane/t-BuOH (2 : 1)

Scheme 4.22 Integrated flow synthesis of imatinib analogs.
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release the intermediates 25 depending on the loading of the silica-based sulfonic
acid column, though the concentrations of the Buchwald-Hartwig coupling step
remained the same.

The potency of all the new analogs (28-37) was evaluated in a “% inhibition” assay
against Abll with these studies highlighting both how minor structural variations
(removal of the o-methyl group, changes in the aminopyrimidine) lead to a dramatic
loss of potency as well as the importance of the piperazine moiety for optimal recep-
tor binding in addition to being a solubilizing group (Figure 4.2).

4.4 Buchwald Flow Synthesis of Imatinib

The Buchwald flow synthesis of imatinib follows an identical sequence in terms of
bond disconnections to that reported by Ley and coworkers [12], though its ori-
gins arose from a program to develop general reaction conditions to enable effi-
cient Pd-mediated C—N bond formations in flow [15]. Specifically herein, the work
sought to address the challenges that such reactions cause in flow as noted by Ley
with the formation and precipitation of intermediates and inorganic salts leads to
reactor clogging, while the range of compatible solvents for such reactions generally
leads to the requirement for downstream solvent switching to be carried out [16].
In addition, as we saw with the final step in the previous synthesis of imatinib, the
C—N coupling leads to the formation of by-products, which in that case needed to
be separated by conventional silica gel chromatography though can interfere with
subsequent reactions when carried through multistep flow syntheses.

The use of amphiphilic solvents and surfactant additives in biphasic systems
represents an established methodology to broker contact between organic/aqueous
components of a reaction while maintaining a high local concentration of the
reactants. In a similar manner to flow chemistry, this leads to more efficient
mass transfer and faster reaction rates. Furthermore, such solvents are capable of
enhancing the solubility of a wide range of organic compounds, thus preventing
precipitation and potentially negating the need for downstream solvent switches
in multistep sequences. While phase transfer catalysts have previously been
evaluated and shown to significantly promote C-N cross-coupling reactions in a
toluene/water-based system, the generality of this approach is still greatly limited
particularly for translation to flow by substrate and product solubility (most notably
for heteroaromatic systems). N,N’-Dimethyloctanamide 38 (DMO) has previously
been used as a crystallization inhibitor as well as in crop protection formulations,
and has similar Hansen solubility parameters to those reported for DCM. In addi-
tion, it is readily available as a high production volume chemical, has low solubility
in water (4.3g/1), and possesses a favorable toxicological profile comparable to
many common laboratory solvents (Figure 4.3).

For the C-N coupling, model studies were carried out in flow on the reaction
between aniline 39 and 4-chloroanisole 40. Initial studies were carried out using
DMO as a sole solvent to mediate the reaction using an XPhos-based precatalyst
and aqueous KOH as the base. The nature of the reactor utilized was shown to be
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1 . Figure 4.3 Structure/properties of DMO as an additive
e i for biphasic flow reactions.

Nonpolar tail Polar head

38, N,N-dimethyloctanamide
(DMO)

critical with only poor conversions observed when a perfluoroalkoxyalkane (PFA)
tube reactor was employed, while a stainless steel packed-bed reactor apparatus was
shown to lead to a significant improvement in yield (68% versus 7% at a residence
time of 15 minutes), presumably due to more efficient mixing being achieved in the
biphasic flow system [17]. Switching to a BrettPhos-based precatalyst led to a further
improvement in yield (97%). Further optimization studies focused on employing a
cosolvent with both toluene and 2-MeTHF evaluated for this purpose. These were
both shown to be effective with DMO utilized as an additive (10%) with yields of
>90% achieved with a residence time of 7.5 minutes while control experiments indi-
cated the benefits of the additive with incomplete conversions being obtained in
either 2-MeTHF (~80%) or toluene (~70%) after the same residence time with reac-
tor clogging also being observed as an issue, owing to product precipitation with this
exacerbated upon extending the residence time (Scheme 4.23).
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o
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Solvent (5 ml) e
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Toluene/DMO (9: 1) BrettPhos 95 >95 7.5
2-MeTHF/DMO (9: 1)  BrettPhos 93 >95 7.5
Toluene BrettPhos 70 71 7.5 Reactor clogging
2-MeTHF BrettPhos 80 84 7.5
2-(2-(Hexyloxy)ethyl)THF  BrettPhos 93 94 7.5 Reactor clogging

Scheme 4.23 Solvent/condition screening for C-N coupling using a packed-bed reactor.

Scope studies on the generality of the methodology were carried out using the
toluene/DMO (10%) conditions with a range of aryl chlorides and bromides (43)
featuring either electron-withdrawing or electron-donating substituents being effec-
tively coupled with aniline partners (42) at temperatures between 100 and 120 °C and
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residence times from 2 to 15 minutes. Ortho-substitution on either reaction partners
was also well tolerated with primary alkyl amines also demonstrated to be suit-
able substrates for the reaction. With the precise control of reaction conditions, a
range of base-sensitive functionalities (for example, methyl esters 45) could also
be accommodated with the scope of the electrophile component extended to aryl
triflates (49) with only minimal hydrolysis being observed under the reaction con-
ditions. Coupling of fenofibrate, which is used to reduce cholesterol levels, with
3-trifluoromethylaniline is provided (to give 51) as an example to demonstrate the
utility of the methodology for the late-stage functionalization of medicinally relevant
compounds (Scheme 4.24).
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Scheme 4.24 Scope of C—N bond formation using DMO as an additive.

With the potential applicability to medicinal chemistry in mind, the scope of the
methodology was extended to include heteroaromatic compounds with pyridines,
thiophenes, benzothiazoles, quinolines, piperazines, and phenothiazines all being
shown to smoothly couple with (hetero)aromatic or aliphatic amine partners
(Scheme 4.25). Again base-sensitive groups were well tolerated under the flow
conditions, with the coupling of the anti-psychotic drug chlorpromazine with
2-aminopyridine (62) demonstrated as proof of concept for applicability of the
methodology to proven bioactive substrates.

The propensity of commercially available phenols leads to their activated deriva-
tives such as the corresponding triflates being attractive substrates for such C-N cou-
pling procedures, with the current protocol already being demonstrated to be effec-
tive for these compounds. However, the instability of the intermediate triflates plus
the general need to prepare them prior to reaction (typically at low temperatures)
make this a somewhat laborious endeavor. With this in mind, a two-step single-flow
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Scheme 4.25 Reaction scope utilizing heteroaromatic substrates.

sequence for the direct conversion of phenols into biarylamines was developed via
the intermediacy of the aryl triflate, which is not isolated (Scheme 4.26). Similar
methodology had previously been disclosed involving triflate formation followed
by a Pd-catalyzed Heck reaction, though, in this case [18], an intermediate solvent
switch was carried out with DCM from the triflate formation being removed by
microfluidic distillation prior to being exchanged for DMF for the Heck coupling.

In the current study, the triflation was carried out in a packed-bed reactor in
toluene using aqueous K,;PO, as the base with in contrast to the typical batch
conditions no requirement for low temperatures to be employed nor a need for
slow addition of the triflic anhydride to the system. For the subsequent C-N
cross-coupling step, the emerging flow stream from the phenol activation was
combined with solutions of the aniline/Pd precatalyst in 20% DMO/toluene and
further aqueous K, PO, prior to being passed through a second packed-bed reactor
heated to 120°C (Schemes 4.27 and 4.28). Excellent yields of the products were
obtained over two steps with the protocol being further extended to a phenol
tosylation/C-N cross-coupling sequence (Scheme 4.29).

As noted, it was then planned to incorporate this methodology into a
continuous-flow synthesis of imatinib 8. To achieve this, a similar series of
bond disconnections were envisioned to those demonstrated by the Ley group
though with subtle variations in the conditions utilized to obviate the need for
packed solid columns either as reagents or for purification purposes. For the amida-
tion step, 2-MeTHF solutions of the acid chloride 16 and aniline 11 were combined
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Scheme 4.27 Specific reaction configuration for the synthesis of 63.

with aqueous KOH (excess as this will also serve as the base in subsequent steps) to
give a biphasic mixture (Schotten-Baumann conditions) that was passed through
a coil reactor at room temperature to give the desired amide 17 in 87% yield. For
the nucleophilic substitution of the benzylic halide 17, an aqueous solution of
N-methylpiperazine 18 (3 equiv) was added to the system with the mixture then
pumped through a packed-bed reactor at 120 °C for a residence time of ~15 minutes.
For the final C-N coupling step, there are two important aspects of the flow reaction
to note. The first is that the excess N-methylpiperazine 18 from the displacement
reaction is not removed from the flow stream as it was in the Ley synthesis in which
a polymer-supported isocyanate-based resin was used to achieve this. In Buchwald’s
approach, the high selectivity of BrettPhos (22) for the coupling of primary amines
is exploited, thus enabling the N-methylpiperazine 18 to be present in the reaction
mixture (Scheme 4.30).

The second issue to be addressed is the low solubility of the desired aniline cou-
pling partner 9 in organic solvents, and in order to overcome this, the compound is
introduced into the flow stream as an aqueous solution of its hydrochloride salt. To
execute the coupling step, the output from the displacement reaction is injected both
the BrettPhos precatalyst (5mol% in 30% DMO/2-MeTHF) and the aqueous solu-
tion of the amine hydrochloride 9 (1 equiv) with the complete mixture then passed
through a packed-bed reactor at 120 °C for a 15 minutes residence time. Workup of
the output from the reaction consisted of acid/base extraction followed by trituration
with acetonitrile to provide imatinib 8 in 56% overall yield (Scheme 4.31).

Although there are no syntheses of analogs of imatinib 8 reported, given that the
disconnections and chemistry involved are identical to the route developed by Ley
et al., it is not hard to envision that simple substitution of the various starting mate-
rials would enable the same series of compounds to be prepared particularly given
the scope studies on the C-N coupling (Scheme 4.32). The second route is higher
yielding and avoids intermediate purifications using supported resins, as well as
in-line solvent switches. Key features to note in order to achieve this are the use
of DMO (38) as an organic cosolvent to facilitate a biphasic reaction as well as the
use of packed-bed reactors for optimal mixing efficiency. For the imatinib synthesis,
the final workup and purification is also very efficient comprising of an extractive
workup followed by precipitation to obtain the desired product, thus making this an
attractive approach for potential scale-up.
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Scheme 4.28 Specific reaction configuration for the synthesis of 64.
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Scheme 4.30 Synthesis of imatinib in flow exploiting packed-bed reactors and DMO as an
additive.

4.5 Jamison Flow Synthesis of Imatinib

Whereas the two previously reported approaches to imatinib have enabled access to
the API and in the case of the Ley synthesis, a series of analogs, there still remains
a potential issue with regard to a limited variation in terms of the substitution pat-
terns available of the functionalized substrates used, thus restricting the structural
diversity of related analogs that can be accessed. To alleviate this, Fu and Jamison
developed an alternative retrosynthetic approach allowing the synthesis of imatinib
and a series of structural analogs, though starting from differently functionalized
building blocks of which a wide variety are reported to be available [19]. Specifi-
cally, the proposed synthesis involves initial hydration of an aryl nitrile 72 to form the
intermediate primary amide 73, which is proposed to undergo Pd-mediated selective
C-N coupling with a dihalobenzene derivative 74. This intermediate then undergoes
a second Pd-mediated C-N coupling with an aminopyrimidine 9 to afford imatinib
8 (and its analogs). This approach taps into the pool of both aryl halides and nitriles
as starting materials, which are inexpensive and broadly available, while avoiding
issues with the handling of the moisture-sensitive acid chloride as well as the func-
tionalized aniline through formation of the amide through an alternative reaction
paradigm (Scheme 4.33).
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Scheme 4.31 Precise reaction configuration for the synthesis of imatinib in flow.
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Scheme 4.33 Alternative disconnections to imatinib featuring two C—N bond formations.

While not only offering the opportunity to access novel chemical space, Fu and
Jamison also sought an alternative solution to the challenges presented in running
Pd-mediated C—N bond couplings in flow. Acoustic irradiation has been employed
herein [16], and in the work of Buchwald, we saw how packed-bed reactors had been
utilized to facilitate the mixing in such biphasic processes. However, in the latter
case, the formation of Pd black was observed and as such running the reaction for a
prolonged period can lead to accumulation and aggregation at the frits or within the
packing materials leading to side reactions, pressure spikes, and eventual clogging
of the equipment.

The initial reaction to be investigated within the sequence was the Pd-catalyzed
amidation of a 2,4-dihalotoluene derivative. Screening the transformation in batch
using benzamide as a model substrate demonstrated that while low yields and poor
chemoselectivities were obtained using either dichloro- or dibromo-toluene deriva-
tives, 4-bromo-2-chlorotoluene 74 provided favorable results using the BrettPhos Pd
G4 precatalyst (Scheme 4.34). A biphasic mixture of 1,4-dioxane and water using
K,PO, as the base enabled the reaction mixture to remain homogeneous, while the
enhanced solubility of the Pd catalyst in organic solvents was a promising attribute
for the direct translation of this transformation to flow.

To translate the batch process into flow, it was envisioned that combining sep-
arate streams of catalyst, substrate, and base through a cross-mixer with a small
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Scheme 4.34 Demonstration of chemoselective C—N bond formation using
dihaloaromatic systems.
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Figure 4.4 Biphasic reaction mixtures in flow highlighting mixing characteristics.

inner diameter would lead to a near-homogeneous stream containing small aqueous
microdroplets, which would significantly increase the interfacial contact between
the aqueous and organic phases in contrast to conventional segmented-flow systems
(Figure 4.4). Using a stainless-steel reactor with a residence time of 15 minutes and
temperature of 120 °C led to a 69% yield, while increasing the temperature to 150 °C
(thus superheating the reaction mixture) provided 83% of the desired product 82.
Employing a sand packed-bed coil reactor for the analogous transformation led to
clogging, owing to accumulation of Pd black at the output frit (Scheme 4.35).

With a view to develop the protocol for the synthesis of imatinib analogs, the
scope of the chemoselective amidation was evaluated given that the dihaloarene
forms the central core of the anticipated kinase inhibitor scaffold (Scheme 4.35).
Both electron-rich and electron-deficient aryl dihalides reacted in a chemoselective
fashion, while removal of the steric hindrance imparted by the methyl group in the
model substrate had no effect on the reaction outcome. Heteroatoms were tolerated
in either the dihalide or amide component, while for the nucleophile, lactams (95,
96) and anilines (97, 98) were also well tolerated. For poorly soluble (specifically
polar amides), addition of 2-15% (v/v) methanol was employed to maintain homo-
geneity of the reaction system.

The chemoselective amidation represents the second step in the planned modular
synthesis of imatinib 8 with the generation of the desired amide coupling partner
in flow being designed as step 1. Nitriles are easily accessible and have wide com-
mercial availability with simple hydration provided access to the primary amide for
the Pd-mediated coupling. Previous reports have highlighted this transformation in
flow using a MnO,-packed reactor to mediate the transformation [20]. Application
of this methodology to the precursor (101) required for the synthesis of imatinib was
unsuccessful with only trace amounts of 4-formylbenzonitrile being isolated result-
ing from oxidative cleavage of the piperazine moiety.
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Scheme 4.35 Flow setup and substrate scope for chemoselective C—N bond formation
with amides.

Numerous alternative approaches have been reported for the hydration of
nitriles including treatment with stoichiometric quantities of a base such as K,CO,
under thermal conditions. Translation of this to flow conditions would enable
the transformation to be carried out at elevated temperatures, thus potentially
accelerating the reaction time. This was indeed shown to be the case with reaction
in a stainless-steel coil reactor at 150 °C, providing a yield of 75% with a residence
time of only five minutes (comparative yields in batch at reflux were shown to take c.
three hours). Further studies on the reaction provided the optimal conditions using
10mol% of Cs,CO; to achieve complete conversion at 180 °C with a residence time
of 15 minutes. The sequence of experiments were carried out using a solvent mixture
of 1,4-dioxane/water (2 : 3v/v) to obviate the need for a solvent switch before the
Pd-catalyzed amidation. From a scope perspective a range of (hetero)aromatic (109,
110) and aliphatic nitriles (112) was well tolerated with addition of an alcoholic
cosolvent (iPrOH or tBuOH) used without impacting the reaction in cases in which
substrate solubility in the reaction medium proved to be an issue (Scheme 4.36).

The final step of the sequence to assemble imatinib 8 (and analogs) constitutes the
C—N bond formation between a 2-aminopyrimidine derivative 9 and a sterically
encumbered aryl chloride. An initial obstacle here is the low solubility of the
requisite amine coupling partner in organic solvents, though this was overcome
through using the corresponding hydrochloride salt, which is readily soluble in
water, and was combined with a solution of the Pd catalyst in dioxane to form one
flow stream. Utilizing 2-chlorotoluene 113 as the substrate, a 1,4-dioxane solution
of this was combined with aqueous K, PO, to afford flow slugs to mimic the output
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Scheme 4.36 Flow-based nitrile hydration to generate primary amides for displacement
chemistry.

of the initial amidation reaction (step 2) to form the second flow stream. These two
streams were combined through a Y-mixer to form a near-homogeneous mixture
with the mild laminar mixing preventing precipitation and aggregation of the free
base of the amine coupling partner formed upon contact with the K;PO, base. For
the model reaction performed at 150 °C in a stainless-steel coil, a 97% isolated yield
of the coupled product 114 was obtained after a residence time of 15 minutes with
this being the first time this biphasic reaction had been performed without using a
packed-bed reactor (Scheme 4.37).
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Scheme 4.37 Flow conditions for C—N bond formation under “near-homogeneous”
conditions.

With the optimal conditions to execute each of the three steps in flow in a discrete
manner, attention shifted to marrying the transformations together in a seamless
manner to realize a flow synthesis of imatinib 8. Here, important elements for
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consideration include not only the concentrations of reagents/products involved
but also the potential impact of by-products from previous steps on downstream
reaction performance and whether these would necessitate in-line workups to be
used. The output from the initial hydration process was telescoped directly into
the Pd-mediated amidation process for which the aryl halide 74 and Pd precatalyst
were pre-mixed and combined with separate streams of aqueous K,;PO, base
and the newly formed primary amide intermediate. Utilization of a cross-mixer
formed the reaction mixture to be passed through a stainless-steel reactor coil at
150 °C for 18 minutes. Control of the concentration (0.306 M) proved to be critical
with decreases leading to a significant attrition in yield, while increases led to
clogging owing to crystallization of the polar amide intermediate. The optimal
process utilized an excess of the amide for the coupling (1.3 equiv), while addition
of a stream of i-PrOH to the exiting reaction stream prevented precipitation and
blocking of the back-pressure reactor. Over two steps, a 67% isolated yield of the
intermediate 116 was obtained after 33 minutes (Scheme 4.38).

1.69 M K;PO, (aq)  i-PrOH
= Fa

CN / N

| 30 pl/min 30 pl/min H

J X

[ O , ——240psi -~ » Z“Me

K\N/ 33 pl/min =
Me—NMJ 180 °C 150 °C N
115 Me’N““)
(1 M) +0.1 MCs,COgin 15 pl/min 5 pl/min 116
dioxane/water (2 : 3) ¢ i 67% yield

Me
e
0.085 M BrettPhos Pd /@\ 74 (5.08 M in dioxane)
G4 (5 mol% “Pd’) in g~~~

dioxane

Scheme 4.38 Combination of nitrile hydration and initial C—N bond formation in flow.

Incorporation of the final C—N bond formation into the sequence highlights the
need to make judicious modifications on the fly in order to telescope the reactions
together. Herein, the solubility of the aminopyrimidine 9 continued to cause prob-
lems specifically with the neutralization of the hydrochloride salt on contact with the
reaction stream leading to crystallization in the mixing unit. To overcome this, the
base and Pd catalyst was combined with the reaction mixture directly from the pre-
vious two steps prior to joining a stream (50/50 dioxane/water to increase the overall
organic content of the reaction) containing the hydrochloride salt of the aminopy-
rimidine 9. This modification enabled a faster overall flow rate while decreasing
the overall concentration by 25%, though despite these changes clogging was still
observed at the Y-mixer shortly after equilibration of the system. To mitigate this
issue, which was believed to arise from seeded crystallization due to solvent incom-
patibilities, an additional stream of i-PrOH was pumped through the operational
hydration module for 30 minutes. Processing this through the subsequent reactors
enabled unreacted materials to be dissolved by the alcoholic solvent leading to a
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semi-homogeneous system and preventing solid buildup and subsequent blocking.
Carrying out the final amination step in a stainless-steel coil allowed imatinib 8 to
be isolated in 58% overall yield with residence time of 48 minutes and a production
rate of 0.663 mol/h. This represents the highest production rate for the synthesis of
imatinib in flow, while avoiding both in-line purification/solvent exchange between
discrete steps and packed-bed apparatus. The challenge of the mass transfer in the
biphasic C-N coupling steps is addressed through judicious selection of the solvent
mixtures as well as careful mixing considerations in the flow setup (Scheme 4.39).

While the presented method offers differentiation with previous approaches and
potential advantages for flow chemistry specifically in how Pd-mediated reactions
are handled in flow, a further distinction from the flow syntheses of Ley and Buch-
wald is the strategic bond disconnections employed, thus offering from a medicinal
chemistry perspective access to an orthogonal set of analogs based on the pools of
starting material building blocks available. Herein, elements of the structural diver-
sity that can be achieved through judicious selection of the aryl nitriles and halides
are demonstrated through the flow syntheses of two analogs (119, 120) in 57-66%
yields with complete chemoselectivity. The broad scope demonstrated for the nitrile
hydration and Pd-catalyzed amidation is suggestive that numerous other related
compounds can be rapidly made. Utilizing 3,5-dichlorobromobenzene as a starting
material allowed access to a novel analog (121) (Scheme 4.39) through two con-
secutive C—N bond-forming processes on the functionalized 3,5-dichlorobenzene
derivative, demonstrating the ability of this approach to explore uncharted chemical
space in an expeditious manner.

4.6 “Hybrid Approach” to Imatinib

With the syntheses of imatinib that we have considered, one of the main challenges
encountered has been the insolubility of many of the intermediates. A possible
approach to alleviate this is to carry out a “hybrid” approach in which a portion of
the molecule is made taking advantage of flow technology with the final steps of the
synthesis being carried out in a conventional batch-based fashion (Scheme 4.40).
Ley and coworkers have exploited such a strategy called “catch-react-release”
methodology for the general synthesis of a range of 2-aminopyrimidines, which
represents important components in a range of bioactive molecules in addition
to being a pivotal kinase hinge binding fragment within imatinib 8 [21]. Typical
approaches to this motif include metal-mediated cross-couplings (as we have
already seen) or displacement of halogens or activated alkyl thiol derivatives. The
latter method is particularly attractive given that the requisite pyrimidine precur-
sors are generally easy to prepare, utilizing functionalized thioureas as starting
materials, and are typically stable throughout a synthesis requiring oxidation
(with a wide range of mild oxidants capable of achieving this transformation) to
enable the subsequent nucleophilic displacement to occur. There are however
disadvantages to this methodology, which detract from its widespread use, most
notably the stench and toxicities associated with the sulfur-based by-products, as
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Scheme 4.39  Synthesis of imatinib and analogs in continuous flow.
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Scheme 4.40 Disconnections highlighting “hybrid” approach to imatinib.
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Scheme 4.41 Concept of “‘catch-react-release” for the synthesis of 2-aminopyrimidines.

well as their potential to contaminate the desired 2-aminopyrimidine products 126.
A possible way to alleviate this is through a “catch-react-release”-based method on
which the thiopyrimidine derivative is prepared directly immobilized to a suitable
solid support. Subsequent oxidation followed by reaction with an amine allows
elution of the aminopyrimidine products 126 with the sulfur residues still retained
on the heterogeneous support (Scheme 4.41).

While automation can enable such a protocol to be performed in a flow-based
paradigm, the advantages of solid-phase synthesis can also be harnessed allowing
super-stoichiometric amounts of reagents to be employed to push transformations to
completion with the excess simply being washed away from the resin after reaction.
In contrast, carrying out transformations using heterogeneously supported reactants
in flow does present challenges with the judicious selection of the specific support
critical for success. While conventional polymer beads can require specialized equip-
ment for the preparation of functionalized variants, their effectiveness when used in
flow is also suboptimal owing to solution channeling. From an ease of synthesis per-
spective, functionalized macroporous monoliths can be easily generated and possess
a well-defined rigid cross-linked structure forcing the flow stream to pass through
the column leading to optimal contact efficiencies (Figure 4.5) [22].

The initial challenge was the synthesis of a polymer-supported isothiouronium
salt 122 with the emphasis on both developing a reproducible approach and ensur-
ing high porosity and stability of the material to utilize in a flow-based system to
avoid issues such as over-pressurization or diminished performance over time. The
use of the isothiouronium salt herein would present a barrier to traditional poly-
merizations to form gel-phase beads owing to its aqueous solubility, prohibiting the
use of the typical biphasic solvent systems employed therein. With regard to the
formation of the monoliths, addition of water and 1-propanol was required to accom-
modate the different solubility profiles of the parent salt 127 and the divinylbenzene
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Figure 4.5 Flow characteristics of polystyrene resins and monolith-containing columns.
Source: Based on Ref. [22].

cross-linker 128. The preparation involved homogenization of the components at
50 °C prior to addition of the initiator 1,1’-azobis-(cyclohexane carbonitrile) (ACHC)
followed by transfer of the mixture to a glass column, which was sealed and heated
at 90 °C (using a Vapourtec system) for 20 hours. After cooling, the columns were
washed with EtOH at 60 °C to remove the porogen and excess monomer to provide
rigid, white monoliths 122, which could be prepared and stored in a range of sizes
(3-15mm diameter) with elemental analysis indicating a reproducible loading of
2.4mmol/g isothiouronium chloride (Scheme 4.42).

3 cr
cr N 128 NH*
NH Z (Cross-linker; 12.5% w/w) Iy

H.N™ S ACHC (initiator; 1.1% w/w), 1-propanol (porogen; HNT S
= 57.5% w/w), water (porogen; 10.9% w/w).
(i) Homogenize with gentle heating; (ii) Add initiator,

127 (18.8% wiw) heat 90 °C for 20 h; (jii) wash EtOH, 60 °C 122
2.4 mmol/g loading

Scheme 4.42 Synthesis of functionalized monolith-containing columns.

For the “catch” step involving formation of the pyrimidine core on the solid-phase,
solutions of an enaminone 123 and Hunig’s base were passed through the mono-
lith 122 at elevated temperature (Scheme 4.43). While excess reagents can be used
to push the reaction to completion, it should be noted that the surplus enaminone
123 can be recovered from the output stream and recycled. The monoliths 124 were
washed to remove the unbound reagent with elemental analysis of the polymer,
indicating a reagent loading of 2 mmol/g, while 3C nuclear magnetic resonance
(NMR)/IR were employed to confirm conversion of the bound isothiouronium salt
to the desired pyrimidine.

123
Ar” Jl" NMez >

EtOH (0.75 M) CF Nt

(0.1 ml/min) ‘ HoN "LS'-"\ [ = °C 100 psi - Output
Hunig’s base .

EtOH (1.5 M) (3} 122

(0.1 ml/min) 2.4 mmol/g loading 2.0 mmol/g loading

Scheme 4.43 Formation of the pyrimidine core on the solid support.

The next step for the sequence is the oxidation of the sulfur functionality to
enable displacement upon reaction with an amine of the desired aminopyrimidine

https://lwww.twirpx.org & http://chemistry-chemists.com



4.6 “Hybrid Approach” to Imatinib

from the solid phase. As noted, there are a variety of oxidants capable of achieving
sulfur oxidation for use in a flow process; solubility of the chosen reagent becomes
a key consideration. In addition, oxidation at sulfur can often lead to a mixture
of the sulfoxide and the sulfone, and although using large excesses of oxidant
can be a strategy employed to drive the reaction to the sulfone, it may not be
necessary as reports indicate that the sulfoxide can also be a suitable substrate for
the displacement and unreacted sulfur-based material in the final SyAr reaction
remains attached to the monolith. Excess meta-chloroperbenzoic acid (m-CPBA)
was used to mediate the oxidation, utilizing a solution in DCM that is passed
through the monolith 124 with elemental analysis, indicating that as assumed a
mixture of the sulfoxide and sulfone 125 had been produced (Scheme 4.44).

m-CPBA 3 ek
CH,Cl, (0.75 M) (H—— - — AN S -~ Waste
(0.1 ml/min)

125
2.0 mmol/g loading + sulfoxide

Scheme 4.44 Activation of the pyrimidine for displacement through oxidation.

For the displacement, one of the barriers often cited for the implementation of flow
methodology is the reaction kinetics specifically in its application to slower reac-
tions. This problem can be exacerbated when heterogeneous (or solid-supported)
reagents are involved. While, here, reactions could be accelerated using an excess
of amine in the displacement, a superior solution involved using a “stop-flow” reac-
tion technique. Here, a flow stream of the amine for displacement and Hunig’s base
are introduced, allowing enough volume to fill the monolith 125 prior to stopping
the pumps. The reaction mixture is then held and heated to facilitate the process
over a specified time period. After this has elapsed, the desired pyrimidine product
126 and excess amine are eluted to be subjected to aqueous workup and purification
(Scheme 4.45). Although somewhat counter to a conventional continuous process,
this approach does enable advantages of flow to be exploited such as ease of purifi-
cation and automation.

HNR'R2
Di 1.55 M) [ ——
|c:éa1”$n§/min) )2 ~ ‘“Supported iy
. | OSO —— sulfur 100 psi - Jl &,
Hunig's base | 80~ 120 °C residues” Ar”N°NRR
Dioxane (1.5 M) < 125 126
(0.1 ml/min) + sulfoxide

Scheme 4.45 “Release” - displacement with amines forms the desired product.

The reported approach offers two points of diversity for the assembly of the
2-aminopyrimidines, notably the nature of the aromatic enaminone (123) used in
the condensation to form the pyrimidine and the amine used in the displacement.
A selection of six enaminones were exemplified in the chemistry with five amines
(both aliphatic and aromatic) used in the displacement with the products being
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Figure 4.6 Scope of 2-aminopyrimidines formed using the ‘catch-react-release” protocol.

obtained in moderate to good yields after three steps with the overall success of the
process shown to loosely correlate with the nucleophilicity of the amine (compare
127 and 128) (Figure 4.6).

For the synthesis of imatinib 8, the requisite aminopyrimidine 5 was obtained
from the “catch-react-release” methodology in 48% yield. Hydrogenation of
the nitro group, amide bond formation, and followed by displacement with
1-methylpiperazine 18 led to imatinib 8 in 40% overall yield (85% over the
final three steps) with no issues encountered due to intermediate insolubility
(Scheme 4.46).

(i) Hy, Pd/C, 1, 3 h, 100%

=N (ii) Et,N (2 equiv), THF Ny &
Ry N U,, 0°C,3h,93% LIS
NS NN @ i
" S (i N \ N
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R
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Scheme 4.46 Completion of imatinib synthesis under conventional batch conditions.

4.7 Closed-Loop Discovery

The case studies we have so far evaluated have focused very much on synthetic
strategies to assemble a known inhibitor using a flow-based platform and then
expanded upon the potential diversity of the accessible analogs through variation of
the available monomers in a “plug and play”-based approach. This very much fits
in with the classical drug discovery paradigm of iterative synthesis cycles followed
by in vitro screening with the results informing the next series of molecular designs.
However, it can be easily envisioned that exponential efficiencies can be realized
if these two activities were combined on a single platform with an aspirational
goal to incorporate a “closed-loop” algorithm in which the activity data resulting
from a synthesized compound automatically “informs” the platform which analog
should be synthesized next (Figure 4.7). On paper, this endeavor sounds relatively
simplistic though in reality represents a significant challenge most notably based on
differing scales for synthesis/biology as well as incorporating a purification module
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Figure 4.7 Integrated
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in series. The chronology and logistics behind the “closed-loop” platform developed
by Cyclofluidics Ltd. have been disclosed while there continues to be a growth of
interest in the integration of continuous-flow synthesis with in-line analysis and
data generation [23]. Work at Cyclofluidics to develop a module featuring design,
synthesis, and the assay or new molecular entities was initiated in 2008 based on
work originating from GlaxoSmithKline Inc. (GSK) [24].

The success of this project requires a collaborative partnership between a range of
disciplines. Firstly, the challenges presented to implement each of the challenges
in a continuous-flow manner need to be highlighted with solutions, providing a
suitable output for the next scientific operation in the chain. For chemistry, this,
while making the compounds in flow, is clearly the most logistical choice; ques-
tions remain around delivery of reagents, suitable synthetic methods, and in-line
purification/dilution to deliver a sample suitable to be directly introduced into a
biological assay. Commercial Vapourtec flow apparatus was utilized given its ease of
use and modular setup with compounds planned to be synthesized on microfluidic
scale (<1 mm diameter tubing and pl volumes) to limit the use of precious building
blocks/reagents. The initial system carried out the syntheses on a “glass-chip,” while
a 24-sample carousel was used for storage and dispensation of samples.

A standard high-performance liquid chromatography (HPLC) system was placed
in-line to directly analyze/purify reactions directly off the reactor system with evap-
orative light scattering detection (ELSD) selected for quantification, owing to its
applicability and consistent response to the majority of drug-like molecules. A sam-
ple of the desired product was isolated from the center of the corresponding HPLC
peak (the so-called “heart cut”) and diluted to a suitable concentration of the subse-
quent in-line biological assay. The initial prototype of the instrument profiled fea-
sibility studies running biological assays in flow on custom glass chips featuring
80 pm channels, though these were quickly discarded and replaced with 75 pm ID
capillary tubing owing to both costs and ease of replacement. Additional challenges
that needed to be addressed were ensuring compound solubility specifically after
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dilution with excess aqueous-based buffer as well as the need to accurately deliver
assay reagents at low flow rates and high pressures over a defined gradient using a
nano-HPLC pump to allow realistic determination/comparison of IC,, values of test
compounds.

Though the initial setup enabled proof of concept to be achieved for the inte-
grated “make-test” part of the cycle, it also served to highlight several severe short-
comings that would hinder expansion to a full-scale operational platform, while
both integration of a feedback loop and automation and seamless software con-
trol of the various components have not yet been considered. For chemistry the
use of the Vapourtec system allowed a facile switch to a tube-based reactor plat-
form with two-step reaction sequences (with potentially a third deprotection step
incorporated) considered to represent the “sweet-spot” for the platform’s operation,
provided that pre-evaluation of reagent compatibility and solubility were taken into
account. Longer sequences were considered out of scope based on the likelihood
that intermediate workup (an exception to this is in the case of metal-mediated
transformations in which a silica plug was placed in line prior to HPLC purification
to remove polar impurities and remove metal ions that could potentially adversely
affect the biological assay) and possibly purification would have to be integrated thus
complicating the configuration of the platform [25].

With regard to reagent storage/delivery, the overall intended capacity of the fully
functional platform was taken into consideration, and, given this, it was felt that the
initial 24-position carousel would not be sufficient to allow a wide degree of chem-
ical space and diversity to be explored. There are numerous commercial options
available to address this requirement, though it is important to consider not only
an equipment’s capacity but also its ease of operation, reliability, and ability to be
integrated with the other components within the platform. With an aspirational tar-
get to evaluate, c. 1 million compounds within a project, this would require space for
300 reagents (100 x 100 x 100 for a two-step reaction sequence) and was considered
more than sufficient in executing a lead optimization campaign.

The HPLC purification utilizing ELSD for quantification had proven to be
highly successful even for the isolation of suitable amounts of test materials from
low-yielding reactions, though key to the whole process was triggering the capture
of the “heart cut” of the peak of interest as it emerged from the purification module.
Given that the chemistry was carried out on a scale that led to millimolar amounts
of material being isolated, a mass dilution was required to the low micromolar
scale to allow use directly in biological assays. In developing the HPLC method,
consideration was paid to the organic solvents utilized to avoid possible interference
with the downstream biological analysis, while a dilution module was developed to
allow a threefold dilution to be performed with a suitable assay buffer.

While running the biochemical assays in flow potentially provides a boost in effi-
ciency in providing single-point data, complications arise particularly in ensuring
consistent seamless performance of the assay. With the next-generation platform
(Figure 4.8), a switch was made to utilize more conventional robust microtiter
plate-based assays. While the synthesis/purification modules provide an assay-ready
sample, numerous commercial vendors offer options for dispensing assay reagents
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Figure 4.8 Schematic of Cyclofluidics optimization platform.
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as well as reading 96/384 well plates leading to the development of a single probe lig-
uid handling platform. The majority of assays employ fluorescence-based techniques
with an optical cartridge plate reader used for detection, while assay standardization
particularly concerning reagent stability is key to successful continuous operation.
Switching to a plate-based approach also enabled parallel assays to be conducted
on the synthesized compounds most notably through integration of a second HPLC
system, allowing measurement of Log D, concentration, and QC purity.

While vendor software was typically employed to control the individual compo-
nents of the platform, it was key to integrate these to enable seamless communi-
cation, data capture, and scheduling throughout the closed-loop environment. A
proprietary control software was developed that allowed overall control through
either application program interface or contact-closures triggering events between
the system’s hardware.

Despite the ability to robustly capture data and precisely control the experimental
parameters, the greatest challenge of the whole endeavor was developing an
algorithm to incorporate into the platform’s software and informatics infrastructure
to enable compound optimization in a serial fashion while minimizing the overall
number of cycles/experiment time to reach an successful end point. Several
methodologies could possibly be applied to this problem with a random forest
approach selected and optimized utilizing a wide range of molecular descriptors to
build a predictive model while being capable of carrying out a multiparameter opti-
mization once the nature and weighting of the parameters had been determined.
Implementation required a known area of chemical space to be defined for each
structure activity relationship (SAR)-based exploration to facilitate the subsequent
optimization. Two possible approaches exist to achieve this, either through a
broad survey of activity data across the entire collection of compounds or through
identification of the best molecule through a sequential compound-by-compound
approach focusing on incremental increases in potency. While both have their mer-
its, in practice, it is best to implement a hybrid approach with initial cycles focusing
on broad structural requirements that enhance activity within the lead series
with the following cycles drilling down to a specific compound with the optimal
potency/properties within a subset of the overall chemical space under evaluation.

4.8 Identification of Novel Bcr-Abl Kinase Inhibitors
Through Closed-Loop Discovery

To validate and confirm the potential of the platform for lead optimization pur-
poses, a specific target-based project was undertaken [26]. As we have seen, Bcr-Abl
(breakpoint cluster region Abelson tyrosine kinase) inhibitors initially through
the discovery of imatinib (8) have established themselves as effective medications
for the treatment of CML. Despite robust efficacy, some patients relapse due to
the emergence of clinically relevant mutations (as exemplified by T315I - the
gatekeeper mutation), and while second- and third-generation inhibitors have been
reported (20, 136, and 137), which demonstrate enhanced efficacy against mutated
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Figure 4.9 Reported inhibitors of Bcr-Abl kinase. Source: Based on Ref. [27].

versions of the kinase, the identification of new inhibitors of Bcr-Abl remains an
attractive and valuable endeavor (Figure 4.9) [27]. Furthermore, Bcr-Abl is an
established drug target with known validated assays as well as a range of data
reported for previous inhibitors, while similar soluble protein targets (kinases) are
amenable to structure-based drug design approaches and are commonly pursued
within drug discovery.

To initiate the search for novel inhibitors of Bcr-Abl, it was important to not
only define the chemical space for exploration but also identify a robust flow-based
sequence in order to assemble the molecules of interest. Utilization of structural
insight gained from binding mode exemplified by the third-generation alkyne-based
inhibitor ponatinib (137) (that does show appreciable efficacy against the T315I
mutant enzyme) enabled a generic model structure to be proposed, featuring
a heterocyclic hinge-binding group (an imidazopyridine in ponatinib) linked
through an alkyne to a structural motif (based on three specific templates) that
binds to the “DFG-out” conformation of Abl and terminates with a basic amine
(Figure 4.10) [28].

Planning for the assembly of the target molecules on the integrated platform, it
was rationalized that a Sonogashira-type coupling between a (hetero)aryl alkyne
(151) and the “DFG-templated” halide (150) would represent a robust, modular
bond disconnection to the desired compounds as exemplified for ponatinib (137)
(Scheme 4.47). This reaction is mediated using Pd/Cu catalysis with numerous
examples of such Cu-mediated reactions being reported in flow with the necessary
exposure to the catalyst provided through employing a copper reaction coil [29].

Further planning as to the chemical space to be investigated highlights one of
the main barriers typically associated with drug discovery endeavors based around
the synthesis of compound collections, namely, access to the desired building
blocks required to assemble the molecules of interest. The importance of this
aspect of planning cannot be overemphasized given the strong argument that the
“drug-likeness” and “potential for success” are inherently based on the judicious

https://lwww.twirpx.org & http://chemistry-chemists.com

145



146 | 4 Flow Chemistry in Medicinal Chemistry: Applications to Bcr-Abl Kinase Inhibitors

. o H H
1 K L0 CRaes
~ |
= - S = N e R! A L=
R! [ | e 1 | H ege ke © \i
= [e] R R R | \
| CFy A
CFy CFy \hz
138 139 140
“Ponatinib template” “Reversed amide template” “Pyrazole urea template”

o H H
(0] N N.__.N
X R X Y -
7 ! CT N o=
R\

| R! L=
. I ] | e <
- o] = Br
T CFg
crF, M CF, 142 143
3 Steps 3 Steps 1 Steps
5 Templates 4 Templates 1 Template
b
M M A _
e N N g N
N0, e COH - = NH, H,N.___N
Bi S ! + HO | /'L + ﬁ 1 | + N
B [ T | HN /%I R £ L:_—_(
CF, o} CF, z CF, Br
144 145 146 147 148 149
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Scheme 4.47 Sonogashira coupling to form ponatinib 137.

selection of these building blocks/monomers [30]. This is clearly evidenced by the
exponential increase in both the sheer number of pharmacophoric monomers avail-
able as well as the commercial sources to access them from. Usually, such offerings
are organized into specific collections based on the reactive functionalities present
through which these can be further elaborated. However, there are still numerous
structural classes of monomers, which are underrepresented in terms of commercial
availability. This is exemplified in the example here with evaluation of a series of
databases demonstrating that there are relatively few (hetero)aryl alkynes available.
However, these can be accessed in a trivial fashion from the wide variety of either
bromo- or iodo-based heterocycles that can be sourced; still this endeavor highlights
an aspect of flow chemistry for library syntheses within medicinal chemistry that is
often overlooked. While streamlined synthesis of libraries of drug-like compounds
can be realized in flow, this exercise may rely on the need for the offline synthe-
sis/storage of custom building blocks, thus entailing investments both in cost and
time resource. It is interesting to note here that the key reaction required to syn-
thesize these compounds is the classical Sonogashira coupling performed in batch,
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Figure 4.12 DFG-binding monomers synthesized for flow-synthesis evaluation.

which is also envisioned to be the pivotal bond-forming step for the assembly of lead
molecules on the flow platform. Triage of the heterocycles was achieved through a
combined analysis involving comparison with other hinge-binding motifs and over-
lay with the available ponatinib-Abl co-crystal structure, leading to 27 monomers
being selected for purchase/synthesis (151-177, Figure 4.11).

Similarly, a degree of synthetic investment was required to assemble the
DFG-binding templates (Figure 4.12). Key differentiators between the 10 selected
motifs were the nature of both the connector (amide, reversed amide, urea — color
coded in Figure 4.12) incorporated therein, the aryl moieties, and the basic-amine
substituent. Only a small range of these were evaluated with the main vector
of structural diversity of the 270 possible new compounds intended to be the
hinge-binding heterocycle.

With the necessary monomers for the platform in hand, a key requirement became
identifying robust flow-based conditions in flow for the Sonogashira coupling in
order to access the compounds selected for synthesis by the design algorithm. To
achieve this, a commercial Vapourtec R4 synthesizer was used as the flow instru-
ment with 120 mM solutions of the two reactants in DMF combined and passed
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through a 1 mm ID copper coil (capacity 2 ml) heated to 150°C at a flow rate of
100 pl/min to provide a residence time of 20 minutes. The Pd catalyst was added to
one of the reactant solutions with the removal of metal residues from the exiting
stream achieved by passing the crude reaction through a plug of silica. Following
this at maximum concentration, 10 pl was collected in an injection loop, which was
switched automatically to load the sample onto an LC/MS for purification before
reformatting for the subsequent bioassay (Scheme 4.48).

I
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Scheme 4.48 Optimization of the key Sonogashira coupling on the flow platform.

While the synthetic chemistry carried out on the platform can be considered to be
somewhat routine (a characteristic of library chemistries in general), the most signif-
icant differentiator of this approach above and beyond the integrated nature of the
platform is the algorithm driving the design of the next compound from the avail-
able virtual chemical space based on the data as it is collected. This program utilizes
random forest activities using as noted a blend of “chase potency” and “most active
under-sampled” strategies. The key consideration for employment of an algorithm
for a machine learning-based exercise is the ability to break down the compounds
into a combination of numerical descriptors (MW, H-bond donors, topological polar
surface area (TPSA), etc.) as well as a molecule fingerprint that captures the structure
of the compound in a machine-readable form. The popularity of random forest-based
optimizations within chemistry-based endeavors is due to its ability to perform non-
linear regression while being resistant to over-fitting and requiring very few tuning
parameters.

Regarding the design strategies used, “chase potency” simply sorts all the possible
compounds based on predicted potency and then prioritizes the “best” compounds
for synthesis. The “most active under-sampled” methodology is designed to ensure
fuller coverage of the virtual chemical space under consideration. To accomplish
this, the program considers how often each of the available reactants is utilized
within a systematic series of designs and queues compounds for synthesis to sample
all the reactants as equally as possible. Ideally, though in a lead discovery campaign,
one wants to rapidly identify the optimal compound as quickly as possible while
not missing something, and so to achieve this a combination of the two approaches
is desirable, running sequential loops between scanning for pockets of activity and
then drilling down to the most active compounds in each space.

Critical to the success of this endeavor as a whole is to be able to predict activity,
and, in order to achieve this, a “training set” of compounds with known potency
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Figure 4.13 Initial heatmap featuring positions of known inhibitors and proposed first
compound for synthesis. Template reactants are color-coded by series (Figure 4.12).

against the target has to be provided to the algorithm either from within the
virtual chemical space or through closely related compounds. As noted Abll is a
well-established target, and, given this, the data around ponatinib (137) and related
analogies (36 compounds in all) were used to seed the design model leading to the
output of predicted activity for the 270 proposed possible compounds for synthesis
(note based on the monomer selection, ponatinib (137) itself is included within
the virtual chemical space allowing data to be generated from a positive control).
In order to validate the generation of IC,, data on the platform, the synthesis of
imatinib (8) was carried out using Ley’s flow-based approach, which we discussed
previously [12]. Screening of the authentic sample both on the platform and
in a conventional manual assay provided ICy, values that were consistent with
those reported in the literature and allowed validation of the platform-based assay
(Figure 4.13).

For the experimental strategy, three parts were devised in which the first one
would evaluate “most active under-sampled” areas of the virtual space to ensure
broad coverage while identifying areas of enhanced potency. In the second phase,
drilling down into the design spaces featuring the more active compounds would
be pursued through a “chase potency” approach, while a third cycle would com-
bine the two strategies to identify and subsequently optimize additional activity
“hot-spots.”

This is best visualized in practice through surveying the data, with the first part of
the SAR investigation consisting of 29 design-screen-synthesis cycles taking approx-
imately 30 hours to complete. From the loops, 22 compounds (76% success rate)
were assayed with six failing in the synthesis step with a further analog failing QC
(Figure 4.14). Learnings from the initial round of syntheses highlighted the pyrazole
urea-based template (186) featured in compounds with promising activity while sev-
eral compounds featuring the ponatinib heterocyclic template also stood out. In the
areas of weaker potency, gratifyingly compounds with a phenyl motif (167-170 and
174) as the proposed hinge-binding component were prominent and served as a neg-
ative control given that such compounds are unable to make the necessary hydrogen
bond interactions in the pocket of the protein.
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Figure 4.15 Blue circles highlight second round of synthesis cycles using “chase potency”
strategy. Note clustering of compounds made in the blue box.

Part two enabled focus on areas identified with relatively potent compounds
(“chase-potency”). A deeper evaluation around the SAR of a novel hinge-binding
motif specifically investigates potency variations based on the nature of the
connections in the DFG-binding templates (amide, reverse-amide, urea). Twenty
design/synthesis loops were carried out with 14 compounds being successfully
synthesized, enabling a refined heatmap of predicting activities (now incorporating
the data from the 36 new compounds made into the model) to be generated for
utilization in part three (Figure 4.15).

The final combined design approach utilized six alternating cycles of “most active
under-sampled” and “chase potency” strategies (a total of 12 cycles). Through these,
a further 41 loops were executed, leading to access to 28 more compounds (68% suc-
cess rate) with the main outcomes of this cycle being a more thorough exploration
of two novel hinge-binding motifs predicted to have good activity (Figure 4.16).

In summary, 90 design-synthesis loops were carried out leading to 64 new com-
pounds (71% overall success rate) being assayed against Abl1/Abl2. Whereas from a
conventional library success rate, the chemistry is pretty much comparable, what is
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Figure 4.16 Green circles show third round of synthesis using combination of approaches.
“Chase potency” filling out missed compounds around activity clusters, while “most active
under-sampled” probes to ensure nothing has been missed.

notable here is the ability for the platform to purify enough material for testing from
low-yielding (~5-10%) reactions.

At this juncture, it is instructive to benchmark this endeavor with a typical
medicinal chemistry program in the hit identification space. One can hypothesize
that the exercise would initially start with the goal to identify alternative lead
matter to ponatinib. A similar library design could be envisioned based around
the pivotal bond formation originating from a Sonogashira coupling. As noted
previously, one of the key elements of the overall design is in the selection of
suitable building blocks, and this is likely to follow the same process used in a
conventional approach. This would lead to a 27 x 10 matrix compound library,
which is certainly within scope for many parallel synthesis-based groups utilizing
plate-based approaches, though the likelihood is that a bottleneck will occur
during a downstream purification step. In addition, the success of this purification
may depend not only obviously on the methodology (HPLC, supercritical fluid
chromatography (SFC)) employed (with a common method being likely, which is
analogous to the platform) but also potentially on a pre-purification QC that sets
cutoffs on what level of desired product needs to be detected in a specific well for the
reaction to be processed to the actual purification. In addition, further downstream
processing, transfer, and reformatting will be required to prepare the samples for
the relevant assays. However, once this is done, the biological assays are typically
processed in a high-throughput plate-based fashion. Another interesting aspect of
this comparison is in the downstream logistics and most notably in the amounts of
compound made. In the conventional scenario, all the compound is purified with
excess material retained after reconstitution of samples for absorption, distribution,
metabolism and excretion (ADME)/biological studies, and while this might in
some ways be seen to be wasteful, it does provide amounts of compound for further
downstream assays, enable rigorous QC analysis of the compounds, and enable
samples of novel chemical matter to be added to a larger collection of compounds
for future high-throughput screening campaigns. One parameter, which we did
not discuss in the conventional setting and which mitigates to a large extent the
issue of waste, is the scale on which a library campaign is run. With advances in
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liquid handling and purification capabilities, there is now a tendency to run such
chemistries on an analytical scale yielding 1-3 mg of the compounds of interest. In
contrast, whereas the platform operates on a relatively efficient scale, only a fraction
of the output from the flow reaction is segmented from the major product peak
and processed through purification, thus leading to the remainder being treated
as waste. In this paradigm, sample transfers/logistics are effectively replaced after
purification by dilution, this leaves residual organic solvents, which could in prin-
ciple interfere with the assay. Finally, concentration is assayed by ELSD as opposed
to arguably a more rigorous approach based on accurate weighing after a standard
library prep. The biggest distinction though between the two approaches from a
chemistry perspective is based on the number of and speed by which compounds
get made. While with a conventional approach, the synthesis of all the compounds
in the matrix will be attempted, and although ~25-30% will fail (given that the
same chemistry is being employed, it is a somewhat safe assumption to say that the
synthesis of the same compounds will fail in both paradigms), one is highly likely
to identify the same activity trends as one would with the platform-based approach
in which only a subset of compounds are synthesized (~24% in the Abl example)
based on a predictive algorithm. In the latter case, these compounds in tandem with
the up-front model data provided informs the heatmap for the remaining (i.e. those
not synthesized) compounds potency data. One caveat to an assumption we have
made herein is that the use of a flow-based method of synthesis may allow access to
novel (“forbidden”) compound space or enable compounds to be obtained (either
through superior purifications of “low-yielding” reactions or through enhanced
reactivity), which would be classed as “failed” under normal circumstances. Still
though, to some degree, the questions around “gaps in data” from compounds that
fail synthesis (or are not made) lead to frustrations of potential missed opportunities
for practicing medicinal chemists.

To conclude the study on the identification of novel Abl inhibitors, four of
the compounds (188-191) identified from the platform were resynthesized as
solids for further profiling. Three of these featured the novel pyrazole urea (186),
while one presented an amide-linker, all possessing novel heterocycles as the
hinge-binding motif. In contrast, all the compounds possessed the same aryl moiety
of the DFG-binding fragment found in ponatinib (137). For further validation of
the data obtained from the platform a further, five mildly potent compounds were
resynthesized for testing. In general, for all the compounds, the correlation between
platform, retest on solid material, and predicted values (Abl1 only) for Abl1/Abl2
IC50 data was excellent (Figure 4.17).

The four lead compounds (188-191) showed excellent potency against all the
clinically relevant Abl-mutants (including T315I) as well as good selectivity against
closely related kinases. While the compounds had mediocre physicochemical prop-
erties (clearance, permeability), it is proposed that further loops of optimization
could address this. The identification of the pyrazole urea DFG-out motif (186) as a
replacement for the benzamide present in ponatinib (137) is cited as the highlight
of the endeavor, though it is important to recognize that this decision was implicit
in the compound design for the initial selection of the building blocks [31].
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4.9 Conclusion

The work described herein has aimed to present a somewhat different perspective
on the utilization of flow chemistry with a view to its implementation in a medicinal
chemistry setting with a specific focus on how it has been utilized in cases directed
to one target (Bcr-Abl kinase). It is interesting to compare/contrast the various
synthetic approaches described toward imatinib in a critical manner looking at not
only their ability to rapidly make analogs of the lead compound but also in terms
of their long-term sustainability in being directly employed to make multigram
quantities of the compound of interest [32]. One common feature that emerges
is that a fair amount of development/optimization is required to have the right
conditions and reactor configuration to execute on the transformation of interest.
This presents a barrier to uptake of flow chemistry in medicinal chemistry labora-
tories, and there has been a shift with literature reports providing more modular
approaches to performing flow chemistry in a more seamless manner [33]. These
will no doubt continue to emerge, though there remains a gap typically in industrial
research laboratory flow, presenting a “go-to” solution for specific challenges such
as hazardous [34] or photoredox-based chemistries for conventional chemists with
dedicated technology specialists tasked with developing high-value sustainable
flow-based platforms applicable to a wider portfolio of projects around areas such
as high-throughput reaction optimization [35] and focused library syntheses [36].
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5.1 Introduction: Continuous-Flow Technology to Power
Medicinal Chemistry

The recent COVID-19 pandemic has highlighted the relevance of drug discovery
and related basic sciences to tackle unmet medical needs and suggest therapeutic
options to the healthcare system [1]. Research groups from both academia and phar-
maceutical companies are facing the challenges of a new disease, a new target, and
a new mechanism of action while working with time pressure and safety restric-
tions. Beyond COVID-19 emergency, drug discovery remains a complex, costly, and
well-worn journey. The process starts with the target identification and validation
prior to progression into hit identification, lead generation and optimization, and,
finally, candidate selection for further development (Figure 5.1). It may take many
years to identify molecules that possess suitable activity and property for entering
into clinical trials. On the other hand, drug development includes additional steps
such as synthetic optimization and scale-up, product formulation, toxicological and
clinical studies, and hopefully regulatory approval. Although the majority of drugs
fails during the development phase, the range and quality of lead generation are
determining factors to reduce attrition in drug discovery [2, 3].

At the early stage of drug discovery, a crucial role is played by medicinal chem-
istry, a cross-disciplinary science at the interface of chemical biology, pharmacol-
ogy, and medicine, whose major scope is to discover new chemical entities (NCEs)
and chemical probes for understudied and druggable targets (Figure 5.1). Tradi-
tionally, medicinal chemistry relies on parallelized and compartmentalized iterative
cycles constituted by molecular design, chemical synthesis, biological evaluation,
and data analysis such as the structure-activity relationship (SAR), which drives the
next learning run [4]. Overall, the process is time-consuming, has low throughput,
and is cost ineffective with adverse issues bearing on the R&D productivity. Despite
the recent important advances, breakthrough strategies pioneered in academia and
developed in pharmaceutical companies are highly desired for solving current criti-
cal bottlenecks.

Flow and Microreactor Technology in Medicinal Chemistry, First Edition. Edited by Esther Alza.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 5.1 Stages of drug discovery and development with focus on activities in lead
identification and optimization. NME, new molecular entity; GMP, good manufacturing
practice; CMC, chemistry, manufacturing and control.

The past two decades have seen a rapid explosion in the amount of information
available to drug makers that have been accompanied by the parallel rise of novel
technologies designed to generate, manage, and sort incoming data. Among these,
high-throughput screening (HTS) combined with automation and computational
tools as artificial intelligence (AI) and learning machines (LM), have greatly
extended the capability to design, test, and evaluate compounds [5, 6]. Target
assays against in-house compounds collections and virtual screening campaigns are
relatively low cost, rapid, and feasible for automation and have become a common
practice to identify active compounds (hits). During hit-to-lead exploration, hit
series are refined by intensive and systematic investigations around the hit core
structure to generate compounds that possess desirable functional properties to
examine their efficacy in in vivo models (leads). However, altering the structure of
molecules to fine-tune their properties is a complicated task especially when there
is the need to develop new routes of synthesis. In this case, the unavailability of ver-
satile synthetic methodologies can limit the design and the number of compounds
that medicinal chemists can synthesize. Investments in groundbreaking research
toward the development of powerful strategies enabling the efficient compound
throughput are therefore crucial to meet the constant demand for compounds
to be tested at the different discovery stages. Today this persisting challenge can
be addressed by resorting to multimodal approaches, innovative strategies, and
enabling technologies that are showing a great potential in improving the process

of medicinal chemistry [7-9].

In this scenario, flow chemistry has gained a growing attention and has been
applied to reach chemical space and structures that were previously inaccessible,
as well as to automate and parallelize chemical synthesis [7, 9, 10]. Such an
approach can involve the combination of modular synthesizers with purification
devices and analytical tools to facilitate the preparation of pure products ready
for testing, to improve reproducibility and scalability, and to reduce costs and
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operational risks if compared with manual, serial compound synthesis. In this
context, machine-assisted approaches and AI for synthesis planning and reaction
predictions can further accelerate target molecule synthesis. Additional benefits
come from the full integration of flow synthetic systems with screening assays,
robotics, computational design, and decision-making support algorithms bearing
the promise to power medicinal chemistry [7, 9, 10].

In this chapter, we emphasize those studies exemplifying the efforts made in the
development of flow-based systems and strategies and their impact on medicinal
chemistry projects. In particular, we focus on reports that have shown the poten-
tial of these technologies for lead discovery and optimization providing streamlined
approaches and a more efficient data flow. Starting from concepts and equipment,
we discuss major achievements in integrating flow chemical synthesis with in-line
purification and analysis of compound collections readily available for bioassays.
Furthermore, latest developments in end-to-end machinery platforms coupling flow
synthesis with automation, screening, computational design, and analysis as a whole
discovery circuit will be also illustrated.

5.2 Equipment, Automated Systems, and Methods
for Flow-Based Medicinal Chemistry

Arguably, the hit-to-lead and lead optimization are critical and rate-limiting step in
drug discovery and represent a great opportunity for innovation and technological
development. In this regard, two key issues are sought to be addressed in order to
push current limits: streamline chemical synthesis and make medicinal chemistry
learning cycles faster and efficient. Indeed, the development of a range of synthetic
routes for the preparation of pure compounds is probably the major bottleneck
when optimizing functional molecular properties [11], given that bench chemistry
is a labor-intensive, time-consuming, and an expensive commitment. A way to
strengthen the capacity of synthesis stands in the application of continuous-flow
technology that is demonstrating impactful in method development and synthesis
as it offers tools that provide a greater support from the discovery to the clinical
development and drug manufacturing. Indeed, flow-based approaches cover the
need for rapid and clean synthesis of compounds libraries with challenges for
implementing robust, cost-effective process suitable for manufacture. Recent
advances have further increased the amenability of flow synthesis for automation,
thus reducing manual intervention, especially for repetitive experimental opera-
tions as analogs synthesis and experimental screening, while improving efficiency,
safety, and environmental impact [12-14]. Thus, the coupling of flow reactors with
downstream tools, software-assisted analytical devices, and feedback controls have
simplified sequential operations from reagent filling to product purification and
collection (Figure 5.2) [15, 16, 18]. As a breakthrough strategy, end-to-end platforms
that integrate synthesis with real-time screening and computing are set to provide
effective strategies to revolutionize medicinal chemistry and discovery approaches
[7, 9, 10]. In order to give the reader an idea of the potential of flow chemistry
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Figure 5.2 Integrated fluidic workflow for the automated molecular
design-synthesis—screening-analysis—optimization for iterative medicinal chemistry
discovery cycles. Source: Based on Refs. [15-17].

tools, the key features of each flow zone will be discussed with a particular focus on
medicinal chemistry applications.

5.2.1 Continuous-Flow Synthesis Machines

In the last years, flow synthesizers have shown the capacity of complementing batch
chemistry in multistep synthesis and innovating protocols and methods in response
to current limitations and standards. The concept of flow chemistry defines chemical
processes that occur in a continuous-flowing stream by reactor-based synthesizers.
Pumps continuously move reagents into a reactor where reactions take place and the
product is continuously collected. Benefits of adopting flow approaches derive from
specific intrinsic characteristics of flow technology [17]. First of all, flow reactors
allow to conduct reactions with a more precise control over the experimental condi-
tions, thus ensuring a higher product quality, more reliable methods, and a smaller
footprint in scaling-up operations. Substrates and reagents are efficiently mixed with
a better heat/mass transfer that translates into improved reaction rates and produc-
tivity while enabling superheated conditions and a wider reactivity performance
because of pressurization regimes. Furthermore, flow synthesizers allow the execu-
tion of hazardous chemical transformations under safety standards reducing manual
handling and risks for operators, also for telescoped and multistep synthesis [19, 20].
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5.2 Equipment, Automated Systems, and Methods for Flow-Based Medicinal Chemistry

A flow synthesizer consists of diverse interconnected and modular units, which
are commercially available to meet the nature of the reaction and reactants
(Figure 5.2). The modularity of flow equipment allows diverse adaptable com-
binations and setups by using non-wetted parts, as nuts and ferrules, that link
the tubing to the respective flow zone. A typical synthesis setup includes eight
basic zones: solution and reagent delivery, mixing, reactor, separator, pressure
control, monitoring/analysis, purification, and collection. In the following text, we
provide a brief overview on the component tools for integrated compound flow
synthesis, purification, and analysis; for reviews that exhaustively cover this topic,
see Plutschack et al. [17] and Ley et al. [21]:

(a) Pumping modules, including high-performance liquid chromatography
(HPLC), syringe, peristaltic, and rotary pumps, are used to generate a
continuous-flowing stream that moves reaction components fluid into the
reactor under a precise control. They tightly regulate the residence time
and reagent stoichiometry and can deliver homogeneous and heterogeneous
solution (liquid/gas). Reagents can be eventually preloaded by sample loops.

(b) Reactor is the key flow unit where the reaction occurs [7, 17]. There exist diverse
types such as chip-based and coil reactors whose working temperatures can
be accurately regulated by thermocouples, cryogenic units, microwave irradi-
ation, and inductive heating. Photochemical and electrochemical reactors are
also available for photo- and electrochemistry. Finally, tubular, packed-bed, and
tube-in-tube reactors are ideal for heterogeneous transformations that involve
the use of solid catalysts, supported reagents, and gases.

(c) Separators employed in continuous downstream operations include
camera-and-computer-based gravity separation device as well as liquid-liquid
membrane-based extractor [22]. Gravity separators use a “computer-vision”
approach for the dynamic flow control of the interface level between the
organic and aqueous phase. On the other hand, liquid-liquid membrane
separations are based on the exploitation of surface forces, a membrane wetted
by one of the phases, and a pressure control element that ensures adequate
operating conditions.

(d) Analysis of flow reactions can be carried out offline by collecting and analyzing
samples manually. Automating sampling and measurement can be achieved
by online analysis using HPLC, gas chromatography (GC), mass spectrome-
try (MS), X-ray diffraction (XRD) and in-line spectroscopy as Fourier trans-
form infrared (FTIR), ultraviolet-visible (UV-Vis), and nuclear magnetic res-
onance (NMR) by means of flow-through cells. As later discussed, these last
two approaches are preferred to streamline compound synthesis and character-
ization (see also Section 5.2.2).

(e) Purification systems operating in a continuous-flow modality are generally
based on the use of columns or cartridges filled or packed with func-
tionalized polymeric resins able to remove excess reagents or impurities
(“scavenger” approach) or to selectively trap and then release the target prod-
uct (“catch-and-release” approach) [23]. Additional purification techniques
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include simulated moving-bed chromatography [24], distillation [25], and
crystallization equipment [26].

(f) Collectors are now made available to automate compounds synthesis, analysis,
and screening. The active fluidic control may be also coupled with a feedback
control mechanism, for sample collection. Alternatively, after depressurization,
the flow stream can be simply collected in a flask before or after downstream
operations.

5.2.2 Process Analytical Technology (PAT) for Effective Integration
of Synthesis and Biological Screenings in Continuous Flow

As exhaustively introduced in Chapter 2, the development of autonomous flow plat-
forms requires the integration of process analytical technology (PAT) that enables
the remote control, analysis, and structural characterization of the synthesized com-
pounds [27, 28]. The term PAT embraces a variety of chemical, physical, microbi-
ological, mathematical, and statistical tools and analytical measurements. In-line
analysis can be performed by connecting a suitable analytical device in-series to the
reactor, and the reaction mixture is analyzed right after leaving the reactor mod-
ule to acquire real-time data. Although feasible in principle, compatibility between
the detector and experimental reaction conditions may limit and render the actual
application quite challenging. Alternatively, the analysis can be achieved by online
sampling: in this case, switching valves and fluid diverting devices can be inserted
within the fluidic path to split and direct aliquots of the flow stream toward the
analytical equipment [29-31]. Numerous techniques, detectors, and devices are cur-
rently available for continuous-flow operations. The selection of the most appropri-
ate PAT depends on the nature and characteristics of the flow process and on the
type of information needed (Table 5.1) [40]. HPLC and GC are the most commonly
used techniques as they are commercially available at low cost, easy to use, and ver-
satile. Moreover, although more expensive, benchtop MS coupled with HPLC and
NMR are preferable techniques as they permit both the quantification and structural
determination of the synthesized products in a high-throughput fashion [37, 38].

5.2.3 Bioassays for In-line Compound Screening

Telescoping compound synthesis with biological evaluation using flow provides
opportunity to remove spatiotemporal boundaries, long feedback timing, and delay
from compound design to data analysis. Moreover, the use of small volumes of
compound (from nl to pl) and the nature of flow mixing, especially under microflu-
idic conditions, allow to reduce waste, improve reproducibility and accurateness,
and shorten time of analysis. In this section, we describe examples of bioassays
development that have provided proof of concept for in-line compound testing
useful for hit identification and hit-to-lead programs. Exemplifications of droplet
microfluidic assays for DNA assembly, transformation/transfection, culturing,
cell sorting, phenotypic assays, artificial cells, and genetic circuits were recently
reviewed by Gach et al. [41].
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Table 5.1 Process analytical technology in flow chemistry.

Technique Main applications Advantages Limitations References
UV-visible spectroscopy Processes monitoring High versatility Low throughput [32]
Reaction analysis Low cost Limited structural
Quantitative determinations Online monitoring information
No sampling
Fluorescence Immunoassays High sensitivity Low throughput [33]
Quantitative determinations Noninvasive Limited structural
Online monitoring information
Fluorophore is needed
Raman spectroscopy Quantitative determinations Low cost Low throughput [34]
Kinetic studies Noninvasive Limited structural
Online monitoring information
No sampling
Infrared spectroscopy (IR and Processes monitoring Low cost Low throughput [35]
MIR) Reaction analysis Noninvasive Limited structural
Online monitoring information
No sampling
High-performance liquid Quantitative determinations Low cost Sampling step may be [36]
chromatography/gas Qualitative analysis when High versatility required
chromatography coupled with MS techniques Broad applicability
Mass spectroscopy Quantitative and qualitative High throughput High costs [37]
analysis High sensitivity Sampling step required
High selectivity
Nuclear magnetic resonance Quantitative and qualitative High throughput High costs [38]
analysis High selectivity Sampling step required
Reaction calorimetry Evaluation of potential Fast Moderate versatility [39]
hazardous reaction mechanism Robustness and applicability

and kinetic

Source: Yue et al. [32] / John Wiley & Sons.
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An early example of integrated library screening was reported by Hirata et al.
to measure the activity of diverse compounds against the human immunodefi-
ciency virus (HIV) protease substrate-1 using a fluorescence resonance energy
transfer (FRET) assay (Figure 5.3a) [42]. The system consisted of two pumps, two
superloop devices, two coil reactors, an automated injector, and a fluorescence
detector-based flow cell. The enzyme and compound solution were mixed into
the first coil reactor by the carrier buffer pumped from syringe A. The superloop
A introduced the protease solution into the coil reactor A, while the six-port
autoinjector loaded the inhibitor solutions at diverse concentrations. The output
from reactor A containing the enzyme/inhibitor mixture was then combined with
the stream of the HIV protease substrate-1 to flow into the coil B. Finally, the mix-
ture eluted to the fluorescence detector (excitation wavelength: 340 nm, emission
wavelength: 490 nm) allowed to determine enzyme inhibition and dose-response
curves. The continuous-flow assay was later improved with size-exclusion liquid
chromatography (LC) for testing complex mixtures for protein inhibitors [43].

In 2010, Heus et al. developed a confocal fluorescence detection assay based on
a nano-LC coupled to a light-emitting diode (LED) (Figure 5.3b) [44]. The system
was based on a microchip reactor and a nano-LC effluent containing the potential
inhibitor. The detection unit included a high intensity LED lamp, a series of
excitation and emission filters, a confocal lens, a dichroic mirror, a photomultiplier
tube, and a bubble cell capillary. Thus, the solution of acetylcholine binding protein
(AChBP) and the fluorescent tracer ligand (DAHBA) was mixed with the nano-LC
effluent within the microchip coupled to LED lamp. The light generated by the
high intensity LED lamp was filtrated thought a 465nm single bandpass filter,
collimated by a confocal lens, and reflected at an angle of 90° into a bubble cell
capillary through a 520 nm dichroic mirror. Finally, a photomultiplier tube detected
the fluorescence variation due to the displacement of the fluorescent tracer ligand
by the eluting protein ligand.

Also, electrochemical transformations have been successfully exploited to develop
continuous-flow bioaffinity assay specifically applied for the identification of p38a
mitogen-activated protein kinase inhibitors (Figure 5.3c) [45]. The apparatus was
made by an electrochemical reaction cell, a LC, a continuous-flow bioaffinity unit
equipped with a fluorescence detector, and a mass spectrometer. The solution of
kinase inhibitors dissolved in the appropriate buffer was pumped through an elec-
trochemical reactor and purified by in-line LC. After the electrochemical conversion
and purification, the eluate was divided in two aliquots by a switching valve: a part
was combined with the enzyme (p38 kinase a) and directed into the reaction coil
A for the bioassay, while the remaining sample was analyzed by high-resolution
LC-MS. A tracer molecule was added and combined into the reaction coil B, and the
enzyme-tracer complex was determined by fluorescence, allowing the rapid charac-
terization of novel p38 kinase-a inhibitors.

More recently, Patel and coworker described a microfluidic continuous-flow
injection titration assay (CFITA) for monitoring the inhibition of thrombin pep-
tidase activity (Figure 5.3d) [46]. The CFITA assay equipment was composed
by a four-channels pumping system for delivering the enzyme (thrombin), its
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Figure 5.3 In-line screenings for continuous bioassays. (a) Continuous-flow fluorescence resonance energy transfer (FRET) assay for HIV hit discovery. (b)

Microfluidic confocal fluorescence detection assay for the identification of acetylcholine binding protein inhibitors. (c) Integration of electrochemical

reaction cell with a continuous-flow bioaffinity assay and LC-HRMS analysis. (d) Microfluidic continuous-flow injection titration assay (CFITA) for
monitoring inhibition of thrombin peptidase activity. Source: Based on Refs. [42-46].
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substrate, and enzyme inhibitors dissolved in a buffer containing Cy5 dye as the
internal standard. Inhibitor titration was started by switching the six-way injection
valve from “load” to “injection” position, and, at the same time, an additional
pump delivered the buffer into the inhibitor channel to generate the gradient. The
bioassay occurred into a stainless steel plate, while the optical equipment was made
by bandpass filter, dichroic filters, a laser module for inducing the excitation, and a
set of aspheric confocal lenses for baseline correction. Check valves and adapters
were connected following the pumps in order to prevent backflow and for reducing
tubing diameter. A digital flowmeter guaranteed the monitoring of the total system
flow rate. Importantly, the CFITA assay has been recently employed and integrated
into the Cyclofluidic closed-loop drug discovery flow platform [47] (see Section 5.4).

5.2.4 General Concepts for Automation, Remote Control, and Software
Application to Integrated Systems

Automation bears the promise of making medicinal chemistry faster. Indeed,
automation can be applied at the diverse compartments of the discovery cycle
including molecular design, compound synthesis, screening, and data analysis [9].
The automation of parallelized operations is essential to ensure the continuous and
expedite delivery of pure compounds readily tested to feed predictive bioactivity
models and prioritize the synthesis of the subsequent round of compounds. In this
context, the implementation of software is critical to fully harness the potential
of automated flow-based medicinal chemistry platforms as they guarantee the
orchestration and managing of the whole circuit [16, 30]. A number of tools
such as the design of experiments [48], mathematical models [49], sophisticated
algorithms, including evolutionary, self-optimizing, and machine learning [50-54],
and cloud-based programs [12, 55] have been exploited to monitor, manage,
and fine-tune integrated flow-based systems, for real-time chemical optimiza-
tion, prediction, and decision-making purposes, as well as to simply collect,
analyze, interpret, store, and make accessible large data set remotely [6, 14].
Also, open-source software and computer-aided technologies for automating flow
systems are rapidly growing and include suites as LabVIEW [56], MATLAB" [57],
LeyLab [12], OpenFlowChem [58], and ChemOS [59]. LabVIEW is a graphical
programming language developed in 1986 and implemented over the last years to
the current version 19.0 by National Instruments for automation control and data
acquisition [56]. The graphical interface is composed by a front panel, which is an
input-containing module, a block diagram that edits codes that will be graphically
visualized, and a connector panel serving as connection interface. The network per-
mits the integration and automation of systems, drivers, and benchtop applications
also remotely through multiple controls and programming languages. MATLAB is
an open-access multi-paradigm numerical software developed by MathWorks Inc.
for matrix manipulations, functions plotting, algorithms implementation, and the
creation of customizable user interfaces [57]. The software offers the possibility
to communicate with other languages as LabVIEW, enabling the automation of
reaction screening and optimization, library synthesis, and medicinal chemistry
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learning cycle. Along this line, the software LeyLab was created on the concept
of Internet of Things (IoT) to control and manage equipment located in different
places [60]. The main components of LeyLab are a graphical interface accessed via
Internet browser, a database for storing information and data, a communication
module, and a command module containing all the code definitions and equipment
commands. OpenFlowChem is an open-source platform that uses LabVIEW as
the interface and MATLAB for cloud data transfer [58]. The system includes a
device monitor able to handle the connected equipment, a module that provides
the integration among the instruments, and an optional external safety device.
Finally, ChemOS is a software package able to control robotic platforms with
AT algorithms [59]. The core of the system is a learning module, which is able
to autonomously and continuously propose new sets of parameters for novel
experiments on the basis of previous outcomes. As LeyLab, ChemOS allows to
control equipment located in different locations.

5.3 Flow Strategies for Building Bioactive Compound
Libraries

Prerequisites for successful screening campaigns in drug discovery are the avail-
ability and the capability to synthesize compounds for testing. There is therefore a
huge request for high-quality compound collections through the efficient building of
small molecule libraries. To address this demand, chemists have developed methods
and techniques that greatly increase the speed and efficiency of compound syn-
thesis (Figure 5.4) [61]. At early-stage discovery, diversity-oriented synthesis (DOS)
appears as the most effective approach as it favors the variation of drug-like basic
molecular scaffolds including skeletal and stereochemical diversity. Indeed, molec-
ular diversity is essential for specific binding events with biological targets bear-
ing three-dimensional (3D) unique binding sites and structural diversity [62]. In
this paragraph, we discuss examples from diverse groups on the challenges in the
preparation of small molecule libraries and the flow methodologies employed to
address them.

5.3.1 Click Chemistry

As has been already introduced in Chapter 3, click chemistry represents a powerful
toolbox for preparing compound library with a high degree of structural complex-
ity and diversity. Click reactions are stereospecific, versatile toward a wide range
of substrates, simple to realize, and often highly efficient, thus not requiring further
purifications [63]. Click chemistry has been successfully coupled with combinatorial
chemistry, DOS, and bioorthogonal transformations especially in fragment-based
approaches and bioisosteric replacement [64-66]. Recently, bioactive compounds
have been synthesized by click synthesis under flow conditions, improving signif-
icantly product quality and productivity [67].
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Figure 5.4 Generating compounds collections for lead and drug discovery. (a)
Fragment-based screening (FBS) to identify active fragments that are submitted to
systematic optimization to generate high-affinity, drug-like compounds. (b)
Diversity-oriented synthesis (DOS) typically consists in using a common intermediate to
prepare libraries of structurally diverse, drug-like compounds. (c) Multiple-component
condensations are reactions in which three or more reactants come together in a single
reaction to form a new product which contains portions of all the components. It is not
necessary that all components condense in a mechanistically concerted fashion. Source:
Adapted from Hajduk et al. [61].

In 2006, Wang et al. reported the automated synthesis of triazoles by Huisgen
1,3-dipolar cycloaddition between azides and acetylenic benzenesulfonamide (1)
(Figure 5.5) [68]. In particular, the integrated microfluidic circuit was realized to
synthesize and screen 32 compounds against the bovine carbonic anhydrase II
(bCA-II). The microfluidic circuit was set up on a reaction volume of approximately
4 ml using (i) a nanoliter rotary mixer for sampling, accurate dosing, and rotary mix-
ing of different reagents (acetylene azides with or without inhibitors); (ii) microliter
chaotic mixer to guarantee an efficient mixing and homogeneous solution between
the reagent solutions from the rotary mixing and bCA-II buffer; (iii) a microfluidic
multiplexer that drove the reaction mixture into the corresponding microvessels
for in situ click chemistry reactions. The preparation of the entire screening
experiments needed approximately 30 minutes. The reaction circuit was placed in a
moisture-regulated incubator at 37 °C for 40 hours until reaction competition, and
the reaction mixtures were collected into the respective microvessel. LC coupled
with MS was useful for the purification and identification of 10 hits out of 32 triazole
analogs synthesized.
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Figure 5.5 Microfluidic platform for parallel synthesis and screening of triazole-based
derivatives as carbonic anhydrase Il (bCA-Il) inhibitors. Source: Based on Wang et al. [68].

In 2009, the same authors described a second-generation platform performing
1024 in situ click chemistry reactions reducing the volume scale (approximately
400nl) and the screening time from 1minute to 17seconds per cycle [69]. In
addition, the reaction circuit was coupled with a solid-phase extraction (SPE)
to purify crude mixtures from polar or charged impurities, favoring a faster hit
identification by direct electrospray ionization (ESI)-MS and multiple reaction
monitoring (MRM) traces. The chip system was composed of a pair of microfluidic
multiplexers for reagent loading, a 150 nl rotary mixing, a 250 nl serpentine channel
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Figure 5.6 Flow synthesis of oxacycloalka- and cycloalka[c]pyridines as human
aldosterone synthase (hCYP11B2) inhibitors by continuous-flow inverse-electron-demand
Kondrat'eva. TFA, trifluoracetic acid. Source: Based on Lehmann et al. [70].

with a total volume of 400nl, a polytetrafluoroethylen (PTFE) tube for off-chip
incubation and storage of the reaction mixtures. The system operations were
realized in an automated fashion using a computer-controlled interface (LabVIEW,
National Instrument Inc.) able to regulate pneumatically backpressure valves and
vacuum suctions. As a result, the entire procedure to screen 1024 reaction mixtures
was completed in 290 minutes.

In 2013, Britton and coworkers showed the continuous-flow inverse-electron-
demand Kondrateva preparation of oxacycloalka- and cycloalka[c]pyridines
(Figure 5.6) [70]. The synthesis involved a [4+2] cycloaddition between
cycloalkenes and oxazoles followed by dehydration of the cycloadduct. A model
reaction was evaluated under batch microwave conditions, optimized, translated
into a flow apparatus, and validated on diverse scaffolds. The customized flow
instrumentation was assembled with a HPLC pump, a stainless steel reactor
heated by a GC oven, and a back pressure regulator (BPR). The crude prod-
ucts were collected manually and quenched with Et;N to afford the desired
annulated pyridine derivatives in 11-76% isolated yield after chromatographic
purification. The scalability of the process was also proved to prepare 6.9g of
ethyl-3-methyl-6,7-dihydro-5H-cyclopenta[c]pyridine-4-carboxylate  (2) (yield:
60%; productivity: 1g/h) (Figure 5.6). A selection of products was tested on
human aldosterone synthase (hCYP11B2) to determine the relative IC,, values
and selectivity factor (SF) over hCYP11B1 [71]. Compound 3 was identified as a
potent (IC;, = 1nM) and selective inhibitor (SF = 62) and underwent chemical
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Figure 5.7 Synthesis of 1,2,3-triazolyl-4,5-didehydro-5,6-dideoxy-L-ascorbic acid
derivatives by Cu(l)-catalyzed 1,3-dipolar cycloaddition under ultrasound-flow conditions.
Reaction were performed by loop injection of a 0.1 M solution of azide (4) and alkynes

(1 equiv), and a 0.005 M solution of Cu(OAc), in MeOH at 0.5 pl/min of total flow rate

(r =9 minutes). The microreactor was heated at 50 °C and placed into an ultrasound bath
(35 kHz). Source: Based on Macan et al. [72].

optimization via batch synthesis to enhance the aqueous solubility and decrease
the lipophilicity.

The flow synthesis of a library of 1,2,3-triazolyl-4,5-didehydro-5,6-dideoxy-L-
ascorbic acid derivatives for SAR studies was achieved by Cu(I)-catalyzed
1,3-dipolar cycloaddition between an azido intermediate (4) and diversely func-
tionalized alkynes (Figure 5.7) [72]. Reactions were performed with Cu(OAc),
combining ultrasound irradiation with microfluidic reactor to reduce reaction time,
avoid side products formation, and improve product yield. Substrates and reagents
were loaded into two injection loops and reacted within a microreactor at 50°C
placed into an ultrasound bath. The output was collected by a fraction collector, and
the crude mixture was quenched by means of a polymer-supported benzylamine
(QuadraPure BZA) scavenger resin. The reaction mixture was filtered on cotton
whole and analyzed by HPLC (Figure 5.7). The pure products were evaluated as
antiproliferative, antiviral, and scavenging agents with compound 5 exhibiting a
good in vitro antiviral activity against cytomegalovirus (CMV) (EC,, = 20 pM). In
addition, the decyl-analog 6 showed a specific antitumoral activity against female
tumor cell lines, as breast adenocarcinoma and cervical carcinoma [73]. Interest-
ingly, most of the synthesized derivatives also showed a promising antioxidant
activity [74].

More recently, researchers at UCLA (Los Angeles, USA) reported the successful
application of a microfluidic system for the identification of small molecule mimet-
ics targeting protein—protein interaction in Alzheimer’s disease (AD) [75]. Starting
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Figure 5.8 Flow synthesis and biological characterization of 2-aminothiazoles as humanin
(HN) mimetics. The synthesis was achieved by Hantzsch condensation between
2-bromo-1-arylethan-1-one analogs and arylthiourea derivatives. The reaction components
were premixed in 1 :1 ratio at 0.2 M concentration in EtOH, and the mixture was pumped
into a preheated microchip reactor via a syringe pump. The reactor output passed through a
column packed with Amberlite IRA-900 to trap the acidic by-product.

from the hit compound (RCGD)-423 (7) that was identified by HTS of a UCLA
internal library, the design, synthesis, and biological evaluation of a collection of
seven 2-aminothiazoles was accomplished by Hantzsch condensation between
2-bromo-1-arylethan-1-ones and arylthiourea derivatives under catalyst-free
conditions (Figure 5.8). The reactor output was purified using a column packed
with Amberlite IRA-900 to give the desired products in excellent yield (92-98%)
after chromatography. The synthesized compounds were then evaluated for
NMDA-induced toxicity by measuring the activity of lactate dehydrogenase (LDH)
released. Among these, compound 8 was found with an activity comparable to the
direct antagonist MK801. The neuroprotective effects of 8 were also confirmed by
evaluating the increase in phosphorylation of STAT3, AKT, and ERK signaling
pathways in HEK293 cells, SH-SY5Y cells, and primary hippocampal neurons.
Finally, the suitable in silico physicochemical properties (MW, total polar surface
area (TPSA), calculated partition coefficient (cLogP)) and the good blood-brain
permeability and bioavailability made compound 8 a promising lead candidate to
be advanced in animal models of Alzheimer’s disease.

5.3.2 Multicomponent Reactions (MCRs)

Multicomponent reactions (MCRs) involve the one-pot combination of three or
more reactants to generate a product that incorporates most of the structural
features from the starting materials [76-78]. MCRs are operationally simple yet
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synthetically powerful as they offer high structural complexity and molecular
diversity in a single step. Step and atom economy, stereochemistry selectivity, pos-
sibility for post-modifications, time and energy saving, and environment-friendly
conditions are additional characteristics that render MCRs efficient tools for
synthetic chemists. Therefore, the development of new MCRs for organic synthesis
and medicinal chemistry is highly sought. In this context, the combination of
MCRs with enabling technologies as flow chemistry can significantly accelerate the
preparation of compound libraries readily available for biological screenings [79].

In 2014, the team of G. Schneider at ETH illustrated the Ugi three-component syn-
thesis under microfluidic conditions coupled with computer-driven ligand-target
association prediction of imidazopyridine derivatives (Figure 5.9) [80]. The flow
equipment used for this application consisted of a borosilicate DeanFlow microchip,
a zigzag mixer, and a solenoid valve for automating the building block filling, dilu-
tion, and dispensing. Once optimized, the method was applied for the synthesis of 12
imidazopyridines obtained in 5-53% isolated yields and high purity. The system was
coupled with a Gaussian process regression model trained by means of ChEMBL
database to obtain the predicted pAffinity against different targets. As a result, five
potential targets including adenosine receptors A; and A,;, adrenergic receptors
a;, and a;5, and PDE10A were selected for further investigations. Nine out of
twelve compounds matched the predicted outcome when tested in radioligand
displacement and cell-based functional activity assays. In particular, compounds 9
and 10 exerted antagonistic activity against the o, ; adrenergic receptor, compounds
11 and 12 exhibited a good binding for the adenosine receptors A,, and compound
13 showed an antagonist profile for the adrenergic «,, and adenosine A, receptor
(Figure 5.9). Finally, design parameters including the ligand efficiency (LE),
lipophilic ligand efficiency (LLE), and size-independent ligand efficiency (SILE)
were also calculated to drive hit selection toward further chemical exploration.

More recently, the development of the MCR Povarov reaction under continuous-
flow mode was exploited for the rapid synthesis of tricyclic and tetracyclic com-
pounds readily available for hit identification and hit-to-lead explorations in the
field of steroid-responsive receptors [81, 82]. The synthetic approach was optimized
to guarantee flowability, high yield, and productivity using a synthesis platform
designed to incorporate mesoreactors, downstream operations, and automation to
reduce material handling and to increase safety standards and production, therefore
speeding timing from design to test (Figure 5.10).

The syntheses were performed by mixing solutions of aromatic aldehydes and HC1
(10 wt%), aromatic amines, and dienophiles in a four-way connector. Reaction com-
ponents were then pumped into the reactor coil with a total flow rate of 0.8 ml/min at
25°C. The reactor output was combined with a stream of H,O and Et,O to facilitate
by extraction the removal of salts and PEG300. The ethereal solution was concen-
trated and submitted to automated flash chromatography assisted by UV detector for
fraction collection before being submitted to in silico and in vitro screening. Thus, a
first set of 22 tricyclic tetrahydroquinolines obtained as racemic mixture in 46-89%
yield and >95% purity was characterized in terms of molecular descriptors to assess
drug-like criteria and tested for their activity on the G-protein coupled estrogen
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Figure 5.9 Microfluidic platform for the synthesis of imidazopyridines. Desired products

were prepared by acid-catalyzed Ugi three-component reaction between amine, aldehyde,
and isocyanide. Compounds were first screened by computer-based target prediction, and

best compounds were then tested for receptor activity.

receptor (GPER) [81]. In particular, a selection of compounds was evaluated in a
PathHunter p-arrestin G protein-coupled receptor (GPCR) assay with derivative 14
exhibiting a similar activation to the endogenous ligand 17p-estradiol. Interestingly,
none of the tested compounds acted as ligands of the estrogen receptor o (ERa) both
in agonist and antagonist mode when tested in AlphaScreen coactivator assays at
different doses (Figure 5.10).

In 2019, the flow synthesizers were integrated with automation, analytical, and
computational tools to prepare and characterize novel tetracyclic compounds as
steroid-mimicking agonists of the pregnane X receptor (PXR) [82]. Initial virtual
screening experiments led to the identification of UPF-2365 (15) as a micromolar
PXR agonist in AlphaScreen assays. A collection of pure UPF-2365 analogs designed
on the basis of computational studies was synthesized with a throughput of two
compounds per hour in 58-85% isolated yield. The flow synthesis equipment
consisted of a software-controlled automated reagent injector, two-channels syringe
pumps, a mesoreactor coil, a BPR, an in-line liquid-liquid separator, four-way
connectors, UV detector, and automated fraction collector (Figure 5.10). Pure
diasteroisomers were then tested as racemic mixture in a single-dose (20 pM)
AlphaScreen against the PXR receptor. The online HPLC analysis and electronic
circular dicroism (ECD) determination assisted by quantum mechanical cal-
culations were useful for the purification and stereochemical characterization
of single enantiomers with compound 16 being identified as the most potent
agonist (ECy, = 1.2 uM; efficacy = 119%) of the series and amenable for further
optimization.
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Figure 5.10 Flow setup up for the multicomponent synthesis of pure tetrahydroquinoline
libraries. The synthetic unit was coupled with HPLC and CD analysis for assessing the purity
and the structural determination of enantiomeric products readily evaluated for in silico
descriptors and in vitro AlphaScreen assays against steroid receptors GPER and PXR.

5.3.3 Linear and Multistep Synthesis

Traditionally, linear and multistep syntheses involve batchwise and iterative
step-by-step chemical manipulations in which the intermediate is isolated from
the reaction mixture and purified before being used as the starting material for
the next reaction sequence. Major limitations include the need for laborious and
time-consuming purifications to remove any undesired components that might
interfere with the subsequent transformations, especially when toxic, dangerous,
or instable intermediates are formed [83, 84]. In this context, continuous-flow
chemistry enables multiple reactions and downstream stages to be combined into
a single continuous operation, therefore avoiding the necessity to isolate step inter-
mediates. Furthermore, the assistance of automated reagent dosing and dispensing,
process and equipment remote control, software-driven data analysis and product
collection is of great interest especially for medicinal chemistry applications [18].
One of the pioneering work that showed the profitable application of multistep
flow synthesis for bioactive compound library was reported by Ley research group
[85]. Twenty-two imidazo[1,2-a]-pyridine analogs, including y-aminobutyric acid
isoform A (GABA-A) agonists Zolpidem (17) and Alpidem (18), were prepared
in automation mode in fourdays and in 10-99% yield by a three-step sequence
(Figure 5.11). The multistep sequence involved a first reaction between ethyl
glyoxylate and acetophenone analogs induced by polymer-based sulfonic acid resin
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Figure 5.11 Automated flow synthesis and purification of imidazo[1,2-]-pyridine tested by
frontal affinity chromatography (FAC) assay. Determination of binding constants (K ) was
performed in triplicate at 254 and 262 nm in the presence of immobilized human serum
albumin (HSA).

into a tubular mesoreactor heated at 120 °C (z = 25 minutes). The reactor outcome
was passed through a scavenging column packed with supported benzyl amine for
removing the excess of glyoxylate. The pure ketone intermediates were dosed with
an autosampler and reacted with a slight excess of diverse aminopyridines on a
tubular reactor filled with a MgSO, at 50 °C to form ketimine that readily underwent
5-exo cyclization at 120 °C within a coil reactor. Crudes were purified using an
acid resin for removing traces of unreacted aminopyridines. Two additional points
of diversification were introduced into the imidazopyridine scaffold toward the
corresponding amides and carboxylic acids analogs. The synthesized products were
tested for albumin binding constants (K ) by frontal affinity chromatography (FAC)
and immobilize human serum albumin (HSA).

The same authors described a remotely controlled flow system for the preparation
of novel inhibitors of the BRD9 bromodomain. In particular, the multigram scale
synthesis of the key intermediate 19 was achieved by Curtius rearrangement of
3,6-dichloropyridazine-4-carboxylic acid (20) under continuous-flow conditions
(Figure 5.12) [86]. A solution of 20, Et;N, tBuOH in toluene/acetonitrile and a
solution of diphenylphosphoryl azide (DPPA) in toluene/acetonitrile were pumped
at a total flow rate of 0.36 ml/min and combined in a T-mixer. The unstable
acyl azide intermediate readily underwent a thermal cyclization (120°C) in two
stainless-steel reactors (z = 2.3 hours). After offline workup and chromatography,
the key intermediate 19 was isolated in 39% yield. The following steps were per-
formed in batch to give six BRD9 bromodomain inhibitors belonging to the series
of triazolopyrazine sulfonamides analogs (series A). Two additional derivatives
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Figure 5.12 Automated flow synthesis of triazolopyrazine analogs and frontal affinity
chromatography (FAC) assay against BRD9 bromodomain. Affinity constants were calculated
by injecting in duplicate a solution of bromosporine in DMSO (1.9-15 pM) and detection
wavelengths were 220 and 254 nm. Source: Based on Guetzoyan et al. [86].

belonging to the series of trifluoromethyl triazolopyrazine analogs were synthesized
from 3,6-dichloropyrazine by three-step batch synthesis (series B). The synthesized
compounds were then tested using a FAC-MS for evaluating their affinity for the
BRD9 bromodomain. Thus, biotinylated BRD9 bromodomain was first overex-
pressed and purified, and the target protein was then immobilized on streptavidin
coated beads. The customized column thus obtained was validated by injecting
known BRD9Y binders. The system was coupled to a MS detector and synthesized
compounds were assayed by using 100 mM ammonium acetate in phosphate buffer
saline (PBS). As a result, compound 21 was identified as the most potent analog of
the series showing a retention time (V) of 1167 pl in FAC-MS assay and a thermal
shift (AT,,) of +4.3 in thermal stabilization assay against BRD9. Furthermore, albeit
less potent (V,, = 784 pl, AT, = +2.4), compound 22 showed a better selectivity
over BRD4 bromodomain.

A rapid and eco-friendly flow synthesis of a collection of 39 sulfonamide analogs
was achieved by one-pot Schotten-Baumann reaction between diverse amines and
sulfonyl chlorides under mild alkaline conditions [87]. Reactions were performed
by loop injection of a solution of the amine and NaHCO, in H,O/PEG400 and
a solution of sulfonyl chloride in acetone. After the injection, the solutions were
mixed in a T-junction, pumped with a total flow rate of 0.5ml/min through a
coil reactor set to 25°C (r = 15minutes), and collected into a fraction collector
assisted by UV detector (Figure 5.13). Pure primary, secondary, and tertiary
sulfonamides were obtained in 60-98% yield after simple workup and evaluated
for their ability to selectively inhibit tumor-associated carbonic anhydrase (CA)
isoforms IX and XII [88]. The tested compounds revealed to be highly potent CA
IX inhibitors in nanomolar range and to inhibit CA XII activity with different
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Figure 5.13 Flow synthesis and biological activity of aryl sulfonamides as selective

carbonic anhydrase IX and XlI inhibitors. A photophysics stopped-flow instrument was used

for assaying the CA inhibition in the presence of phenol red (0.2 mM) as the indicator at
557 nm. IC;, values were obtained by nonlinear least-squares methods using PRISM 3.

ranks of potencies. Remarkably, 4-methyl-N-phenyl-benzenesulfonamide (23) was

a selective nanomolar CA IX inhibitor with an IC, of 90 nM.

An automated route for the flow synthesis of an eight-member library of

5-thiazol-2-yl13,4-dihydropyrimidin-2(1H)-ones (DHPMs) was

developed by

sequential Hantzsch and Biginelli reactions (Figure 5.14) [89]. A solution of ketal
protected thioamide (24) and a-bromoketones in dry dimethylformamide (DMF)
were pumped into the microreactor heated to 150 °C (z = 3.75 minutes). The thus
formed ketothiazoles were then mixed with a stream of 3-hydroxy benzaldehyde
(25) and urea (26) and flowed through a reactor heated at 200 °C for 10 minutes.
After collection, crudes were purified on a prepacked silica gel column yielding the
corresponding DHPM derivatives in good overall yield (39-46%) (Figure 5.14). The
synthesized compounds were evaluated as antiviral agents by measurement of the
HIV replication inhibition in cell-based assays [90]. Several DHPM analogs showed
sub-micromolar potency with the 4-cyanophenyl derivative (27) being the most
potent RT inhibitor. A second round optimization allowed to identify derivative
28 as a nanomolar inhibitor of drug resistant strains of HIV with cellular potency

comparable with the clinical drug nevirapine (NVP).

In 2018, the streamlined preparation of bile acids C3-glucuronides was realized
by optimization of the Koenigs—-Knorr reaction (Figure 5.15) [91]. The selective
glucuronidation reaction was performed using a flow device equipped with a loop
injection system, a pump dedicated to a reservoir of organic solvent, a tubular
reactor packed with the Fetizon’s reagent and fixed in a reactor heater, a BPR, and
an UV detector. The reactions were carried out by injection of a toluene solution of
biliary benzyl esters and the glucuronyl donor 29. After the injection and the valve
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Figure 5.14 Automated sequential Hantzsch/Biginelli multicomponent flow synthesis and
integrated chemical biology approach for the identification of novel HIV replication
inhibitors based on 5-thiazol-2-yl3,4-dihydropyrimidin-2(1H)-one (DHPM) scaffold. The
crude reaction mixtures were purified using reverse-phase preparative HPLC, lyophilized,
and tested for anti-HIV activity (MAGI-CCR5 antiviral assay, PBMC assay, and RT biochemical
assay) in triplicate (six-serial dilutions for each experiment). Furthermore, microsomal
stability, plasma stability, and parallel artificial membrane permeability assay (PAMPA) in
vitro assays were performed. Source: Based on Pagano et al. [89].

switching through the loop, the reagent solution was pumped into the reaction
column packed with the Fetizon’s reagent at 38 °C. After alkaline hydrolysis and
reverse-phase chromatography, glucuronidated conjugates were isolated in good
yield (69-95%) (Figure 5.15). The synthesized compounds were characterized in
terms of physicochemical property and ability to modulate key nuclear receptors
including the farnesoid X receptor (FXR) [92].

5.4 End-to-End Autonomous Discovery Platforms
The most powerful strategy to streamline medicinal chemistry and discovery

cycles consists in automating and integrating in a single system compound design,
synthesis, bioassays, and data analysis. To implement such approach, integrated
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Figure 5.15 Combined flow-batch synthesis, physicochemical characterization, and
biological activity of bile acids 3-glucuronides as investigative tools for studying bile acid
signaling and detoxification pathways. Bile acids 3-glucuronides were prepared by
solid-phase Fetizon reaction under flow conditions followed by alkaline hydrolysis and
reverse-phase chromatography. Activity on FXR and other nuclear receptors was assayed by
using AlphaScreen technology in a coactivator recruitment assay.

cycles need to be rapid, efficient, and based on well-designed compound libraries.
At this regard, the solutions most often proposed involve chemical parallelization
and miniaturization using microreactors and microfluidic devices for compound
synthesis and testing. Furthermore, effective design decisions using feedback from
previously tested analogs may complement the ideal platform aimed at improving
the time, the cost, and the success of drug discovery.

An early proof-of-concept example of end-to-end flow-based drug discovery
platform was reported by GlaxoSmithKline (GSK). The scope was to realize a
microsystem technology (MST) that integrated combinatorial synthesis, online
product analysis, and screening assays and enabled the high-throughput chemical
synthesis and evaluation of thousands of compounds [93]. The system setup
consisted of ultra high performance liquid chromatography (UHPLC) pumps,
a microchip reactor, an autosampler, a dilution device, a detection system, and
an LC-MS spectroscopy. Six sulfonamides were synthesized in fast serial auto-
mated mode by reacting anilines with sulfonyl chlorides in the presence of
pyridine. Reaction products were purified by in-line LC, readily submitted to
UV/MS detection/analysis, and tested by fluorogenic assay for their inhibitory
effect on T-cell tyrosine phosphatase (TCPTP). The biological data were gen-
erated by monitoring the fluorescence of an on-chip incubation of TCPTP and
6,3-difluoro-4-methylumbelliferyl phosphate (DiFMUP). TCPTP cleaves the phos-
phate group from DiFMUP, generating the fluorescent species DiFMU (Figure 5.16).
Despite the small set of compounds, this early utilization of microfluidics combined
with MST demonstrate their disrupting potential to overcome synthesis limitations,
improve the timing for synthesis-testing cycles, reduce reagents and solvents
consumption, and avoid storage and supply-chain issues.
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Figure 5.16 Integrated flow platform for the automated synthesis and in-line biological
screening of sulfonamide as T-cell tyrosine phosphatase (TCPTP) inhibitors. The
synthesized compounds were tested using Caliper’s standard fluorogenic assay on Caliper
250 HTS system. The data were generated by monitoring the fluorescence of an on-chip
incubation of TCPTP and 6,8-difluoro-4-methylumbelliferyl phosphate.

More recently, the collaboration between Cyclofluidic Ltd. and Sanofi-Aventis,
Sandexis LLP, Accelrys Ltd. led to the development and validation of a flow technol-
ogy platform that well integrated the key elements of medicinal chemistry discovery
cycles. The platform called CyclOps™ made use of flow synthesis, in-line analyti-
cal techniques, biological screening, and algorithm-based drug design to accelerate
hit-to-lead explorations and efficiently deliver novel lead compounds [47, 94-96].
SAR analysis on hit series was instrumental to plan the first round of analogs syn-
thesis designed by a predictive activity model that refined itself after every iterative
cycle. Therefore, products were continuously generated and purified, analyzed by
in-line analytical devices, and collected. Prior to testing, products concentration was
adjusted with the assay buffer using a liquid handling robot and tested at the proper
concentration in a chip-based fluorescence assay. IC, values thus obtained feed the
algorithm-driven learning cycles. Remarkably, in all the proof-of-concept studies,
authors demonstrated a close correlation between integrated platform data and data
generated within the corresponding traditional medicinal chemistry approach vali-
dating the overall strategy and technology.

The platform was first applied to the identification of novel Abl kinase inhibitors
(Figure 5.17) [94], as has been explained in Chapter 4. Starting from the XRD
structure of Ponatinib (33), a known Abl kinase inhibitor, 22 compounds were ini-
tially synthesized by Sonogashira cross-coupling reaction under palladium-induced
flow catalysis (5-31% yield; >95% purity) and tested in about 30 hours. For each
tested inhibitor, a threefold dilution series was generated by an integrated liquid
handling robot. The enzyme and the substrate solution were added to each test
solution to assess the residual enzyme activity by fluorescence (excitation 360 nm,

https://lwww.twirpx.org & http://chemistry-chemists.com



184 | 5 Integrated Systems for Continuous Synthesis and Biological Screenings

Ar
| PAIP(CoHs)ala

N 120 mM
C< @V DMF
]
Liquid l_®_
50 pl/min

33, Ponatlnlb N —| Silica plug
Eﬁ—’ —@—
—-
@ 150 °C, 20 min
Ar—x

120 mM 50 pl/min
DMF

||
N
—O-W-@— @“
@ /T
o AN oy | [
N CFy4

AbI1/AbI2 IC5o =1 nM

-

Figure 5.17 Fully integrated and fully automated CyclOps platform from Cyclofluidic Ltd.
for closed-loop algorithm-guided design, synthesis, purification, and screening of Abl kinase
inhibitors. Ponatinib analogs were synthesized by Sonogashira cross-coupling reaction
between aryl halides and alkynes, and purified by in-line preparative HPLC before testing.
Source: Based on Desai et al. [94].

emission 485nm). After a total of 90cycles of design-synthesis-screening, 64
new compounds were synthesized and evaluated against Abll and Abl2 kinase
in approximately four days with an overall success synthetic rate of 71%. Within
the synthesized compounds, the discovery process disclosed a novel template
and hinge binding motif with pIC, > 8 against Abl kinase in both wild-type and
clinically relevant mutants. In particular, the amide derivative 34 was a nanomolar
inhibitor (IC,, = 1 nM) endowed with a good membrane permeability and a suitable
clearance in human liver microsomes (Figure 5.17).

In another application, Tarver and coworkers illustrated how to expedite
the development of xanthine-based dipeptidyl peptidase 4 (DPP4) inhibitors
by a two-steps autonomous flow synthesis (Figure 5.18) [95]. The compound
library was assembled by the reaction of BOC-protected diamines and 8-bromo
xanthine in N-methyl-pyrrolidone (NMP). The reactor outcome containing the
N-BOC-protected xanthine derivatives was mixed with an aqueous solution of
methanesulfonic acid for BOC removal. After automated reagent dosing and
injection, the components were pumped at 0.1 ml/min of total flow rate into a
2ml stainless steel coil reactor heated at 150 °C (r = 20 minutes). For deprotecting
the tert-butyloxycarbonyl group, MsOH was pumped at 50 pl/min and the mixture
reacted into a second 2 ml coil reactor heated at 90 °C (z = 13 minutes). Products
were purified by in-line LC-MS system, diluted with the assay buffer, and tested
in a 384-well plate for the assessment of residual enzyme activity on both porcine
and human DDP4 isoforms. The enzyme (0.82 mU/ml for porcine DPP4 or 34 U/ml
for human DPP4) was added and the residual enzyme activity was monitored by
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Figure 5.18 Fully integrated and fully automated CyclOps platform from Cyclofluidic Ltd.
for closed-loop algorithm-guided design, synthesis, purification, and screening of dipeptidyl
peptidase 4 (DPP4) inhibitors. Source: Based on Czechtizky et al. [95].

adding the substrate at a final concentration equivalent to the K,,*’P. A total of
29 compounds was synthesized with yields ranging from 3% to 38% and tested in
24 hours. Among these, compounds 35-39 showed a nanomolar potency on both
enzymes. The acquired SAR information was exploited to design and synthesize
a new set of derivatives using amino alcohol substrates (Figure 5.18). Overall, the
chemistry success rate was of 93%, demonstrating method robustness and no need of
extra optimization time to achieve a generic flow synthesis with a range of reagents.

More recently, CyclOps was instrumental to streamline the discovery of hepsin
inhibitors (Figure 5.19) [96]. Compound 40 was selected as the hit compound
on the basis of inhibition potency (IC;, = 1.13pM), selectivity for hepsin over
urokinase-type plasminogen activator (uPA) (IC;,>10pM), and amenability
for structural modifications. In this case, the automated discovery platform was
coupled with hepsin and uPA testing and algorithms for substrate selection and
potency prediction (Figure 5.19). The flow synthesis involved the reaction between
protected amino acids and substituted sulfonyl chlorides, acyl chlorides, or iso-
cyanates in the presence of diisopropylethylamine (DIPEA). Intermediates were
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Figure 5.19 Fully integrated and fully automated CyclOps platform from Cyclofluidic Ltd.
for closed-loop algorithm-guided design, synthesis, purification, and screening of hepsin
inhibitors. Tested compounds were obtained by condensation between silylated amino
acids and sulfonyl chlorides, acyl chlorides, or isocyanates (total flow rate = 100 pl/min, coil
volume = 2 ml, = =20minutes, T = 60 °C) followed by amidation with amidine and HATU
(total flow rate = 200 pl/min, coil volume = 2 ml, = =10 minutes, T = 100 °C). Source: Based
on Pant et al. [96].

reacted with a solution of amidine dihydrochloride and DIPEA and hexafluo-
rophosphate azabenzotriazole tetramethyl uronium (HATU). A virtual chemical
space of 5472 compounds was explored by means of 63 reaction components
including amino acids, sulfonyl/acid chlorides/isocyanates, and aminoamidines.
The first run of 24 closed-loop synthesis and screening assisted by multiparameter
optimization method (best objective under-sampled [BOUS]) led to 44 active
compounds. Structural refinement by applying Chase Objective tool allowed
to disclose the (R)-cyclohexylglycine compound 41 as the most potent hepsin
inhibitors with an IC, of 33 nM and a high selectivity index over uPA (Figure 5.19).
Twenty-one additional experiments from a restricted amino acid pool afforded the
(R)-phenylglycine derivative 42 that showed a better potency (IC5, = 22nM) and
selectivity (>6000-fold). The compound proved to be selective over a panel of 10 ser-
ine proteases, endowed with good absorption, distribution, metabolism, excretion,
and toxicity (ADMET) profile, and effective in oncogenic functional assays.

In 2014, scientists at Hoffmann-La Roche developed a similar automated
flow-based system for the rapid generation of B-secretase (BACE1) inhibitors
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Figure 5.20 Fully integrated and automated flow platform for the discovery of BACE1
inhibitors. The bioassay chip was primed for two minutes with streams of enzyme (90 nM),
substrate (0.9 pM), and assay buffer, at 0.8 ml/min for each pump. Source: Based on Werner
etal. [97].

prepared by amidation of commercially available anilines and carboxylic acids
(Figure 5.20) [97]. Starting from a 2x10 set of commercially available ani-
lines and carboxylic acids, a small library of amides was quickly generated
by coupling reaction under continuous-flow conditions in the presence of
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium tetrafluoroborate
(DMT-MM) as the coupling reagent. Reactions were performed by automated dos-
ing and injection of the two reaction components which were pumped at 1 ml/min
of total flow rate and reacted into a 10 ml-reactor coil heated at 50 °C. Crudes were
purified using in-line preparative HPLC and analyzed by calibrated HPLC-ELSD.
Aliquots of each compound were injected by a liquid handler into the dispersion
capillary to generate a compound concentration gradient and then dispersed with
the buffer into the bioassay chip. The bioassay chip was primed with streams of
enzyme, substrate, and assay buffer. After incubation, the enzyme activity was
determined using a gradient calibration, and the resulting dose-response curve
was used to extrapolate the IC,, values. Overall, the closed loop of synthesis and
dose-response fluorescence assay required 60 minutes of total cycle time per
compound. Among compounds generated, 43 was found to inhibit BACEL1 activity
with an IC,, of 12nM (Figure 5.20).
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Also DNA libraries have been achieved using autonomous flow platforms.
In particular, Linshiz et al. reported a microfluidic approach for the iterative
design-synthesis-screening assays of DNA-based products assisted by Isothermal
Hierarchical DNA Construction (IHDC) software (Box 5.1) [98]. The miniaturized
device allowed to perform transformation into different hosts (e.g. Escherichia coli
and Saccharomyces cerevisiae), functional (cell growth and protein expression),
and colorimetric assays, as well as image data analysis. The system consisted
of a microfluidic chip, an electronic pneumatic control system, a temperature
regulation system, and computational software for automation with a web-based
interface (Figure 5.21A). Similarly, researchers at the Scripps Institute described
a lab-on-chip microfluidic assembly for hit deconvolution by sequencing of
DNA-encoded compound beads (Figure 5.21B) [99]. DNA-encoded compound
beads were screened in ultra-high-throughput fashion and the photochemical
cleavage from the bead was followed by assay incubation. Hit identification by
laser-induced fluorescence-based binding assay for their activity as inhibitors of
cathepsin D.

Box 5.1 Hierarchical DNA Constructor

DNA Constructor is a web-based applicative software for supporting the design
of complex combinatorial DNA libraries. The software works through a specific
scripting language and algorithms that allow to optimize and customize the
hierarchical construction protocols, minimizing the formation of specific DNA
fragments while reducing at the same time the number of steps required. Com-
pared to traditional polymerase chain reaction (PCR)-based technique, hierarchi-
cal DNA construction under isothermal conditions (IHDC) offers several advan-
tages including the minimization of reagents consumption by recycling compo-
nents shared among different DNA fragments, the reduced human intervention
for equipment control, the amenability for automation under microfluidic con-
ditions, and the shorter processing time per cycle. IHDC works via recombinase
polymerase amplification (RPA): primers are incorporated between the strands
and then elongated by the action of a polymerase that produce ssDNA. The over-
lapping ssDNA molecules hybridize, priming each other for an overlap extension
elongation reaction to form dsDNA, which is then amplified under isothermal
condition resulting in the formation of the desired elongated dsDNA. In particu-
lar, Linshiz et al. successfully applied software-assisted IHDC under microfluidic
conditions for building DNA fragment of 754 base pairs of length starting from
eight synthetic oligomers. By using a microfluidic chip with 16 input/output
wells, the authors performed in a fully automated fashion two hierarchical con-
struction trees consisting of seven separate synthetic steps each. As a result,
a combinatorial library of DNA molecules encode the entire red fluorescent
protein (RFP) and two halves of green fluorescent protein (GFP) in less than
three hours, which correspond to 15 minutes for each IHDC step. Source: Based
on Linshiz et al. [98].
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Figure 5.21 (A) Schematic representation of the first automated microfluidic platform for
synthetic biology. (B) Microfluidic platform for ultra-high-throughput hit deconvolution by
sequencing of DNA-encoded compound beads. DNA-encoded beads (10 pm diameter, 1920
beads, 729 encoding sequences) were mixed with negative control beads (58 000 beads,
1728 encoding sequences) and screened for cathepsin D inhibition activity in a biochemical
enzymatic assay in the presence of pepstatin as the positive control. An integrated
waveguide irradiates the droplet flow at 365 nm inducing the photochemical cleavage of
compound from the bead into the droplet volume. Droplets dosed with compound (1-3 pM)
were then incubated for 18 minutes and a confocal laser-induced detector measured the
fluorescence emitted by the droplet. Source: (a) Based on Linshiz et al. [98] / with
permission of Springer Nature. (b) Based on MacConnell et al. [99].

Recently, Guo and coworkers applied a modular flow platform for the identifica-
tion of competitive inhibitors of bovine serum albumin (BSA) by testing a dynamic
combinatorial libraries (DCLs) built by fragment-based tactic (Figure 5.22) [100].
Thus, a microscale flow synthesizer was coupled with size-exclusion chromatog-
raphy (SEC)-MS solving major limitations of the conventional protein-directed
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Figure 5.22 Integrated flow platform for the synthesis and identification of protein
binders. Fluorescence spectra for each compound were recorded at concentration ranging
from 0.4 to 2.4nM, T =298K, pH =74,and 4 =280 nm. Source: Based on Qiu et al.
[100].

emission

dynamic combinatorial chemistry (DCC), including the poor inhibitor reactivity at
low concentrations, the reduction of protein activity, or inhibitor decomposition
at long equilibration times, as well as the low throughput of analytical detection
methods. The setup involved the esterification of a pool of carboxylic acids (10 mM)
and alcohols (15mM) in n-hexane. DLC esters thus generated were mixed with
a stream of H,SO, (pH = 1, 1.5mM) and BSA (10mM) in distilled water and
pumped at 122 pl/min of total flow rate into a microchip reactor (V = 7.32ml,
7 = 60 minutes) where the incubation and equilibration took place at 50 °C. A total
of 528 DCL esters were synthesized in a microchip reactor technology, purified,
analyzed, and readily evaluated by concentration-dependent fluorescence assay
to identify ethyl palmitate 44 and ethyl octadecanoate 45 as potent BSA binders
(K, = 4.95 and 5.21 x 10* 1/mol, respectively).
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5.5 Conclusions and Future Outlook

Drug discoverers are putting significant efforts to develop smart systems and inte-
grated strategies through a multidisciplinary and multimodal approaches that merge
the diverse knowledges, competencies, technologies, and scientific equipment. The
long-term vision is to realize autonomous discovery platforms that can accelerate
time frames and success in drug discovery and development. In this chapter, we
have set out to highlight a range of specific solutions that have been implemented
to go beyond the traditional “design-synthesis-test-analyze” cycle, which lies in
the core of hit-to-lead and lead optimization processes. In particular, we discussed
major achievements in continuous-flow technology as a powerful medicinal chem-
istry toolbox that enables the integration of chemical synthesis, purification, and
analysis with screening assays and computing. There have been extraordinary and
exciting proof-of-concept studies for expedited library synthesis and in-line biologi-
cal screenings that lay the foundation to realize integrated compound optimization
flow-based platforms that would significantly impact the time, cost, and attrition of
the small molecule discovery cycle while leading to a new paradigm in early drug dis-
covery. Even with the amazing advances, there remain considerable conceptual and
technical challenges for a wider adoption in medicinal chemistry including chemical
reaction flowability, conduction of complex and telescoped synthesis, compatibil-
ity between compartment units and devices, limited bioassays for in-line screening,
and integration in a single self-operating circuit. Significant investments in educa-
tion and technologies associated with closer collaborations between academia and
pharmaceutical companies can certainly tackle these future challenges that could
substantially improve the effectiveness of medicinal chemistry and drug discovery
research.
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Application of Continuous-Flow Processing in Multistep API
and Drug Syntheses
Faith M. Akwi and Paul Watts

Nelson Mandela University, Faculty of Science, Department of Chemistry, University Way, Port Elizabeth,
6031, South Africa

6.1 Introduction

Drug shortage and access is a major global problem that is reported to cause strain on
health systems of many countries [1] with mainly developing economies being hit
the hardest [2]. A number of different factors play a role in fueling this problem such
as unfavorable political and ethical issues, natural disasters, change in drug markets
and demand, poor supply and chain management systems, the high cost of manufac-
turing quality products, and/or change in manufacturing processes and product for-
mulations to mention but a few [3-6]. An analysis of the causes of drug shortages in
a sample of 163 drugs between 2013 and 2017 by the US Food and Drug Administra-
tion (FDA) economists showed that about 62% of these drugs went into shortage due
to disruptions in supply mainly caused by manufacturing or product quality issues
[7]. This puts into perspective the importance of product quality in the manufacture
of active pharmaceutical intermediates (APIs) and final product formulations. From
available literature sources, it is evident that the introduction of continuous-flow
processing technology in the synthesis of fine and specialty chemicals can provide
a potentially feasible solution toward cost-effective flexible manufacturing of high
purity APIs and drugs in high throughput and in an environmentally friendly way
[8-11]. Moreover, it also has the ability to enable shorter manufacturing to market
times, therefore contributing to solving the drug shortage and access problem; how-
ever, acceptance of such technologies by regulatory bodies very much determines
their widespread use. In the advent of the FDA and European Medicines Agency
(EMA’s) support toward the use of continuous-flow processing [12-14], the phar-
maceutical manufacturing industry has witnessed an increased interest in the tech-
nology. There has been an equally huge rise in research and development efforts in
academia toward establishing industrially viable continuous-flow processes for the
synthesis of APIs and drug candidates [15-21]. Using current examples, we detail the
use of continuous-flow processing in the total multistep syntheses of APIs; some of
which are featured on the World Health Organization’s (WHO) 2018 list of essential
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medicines [22] for the treatment of curable ailments and the management of life
threatening conditions.

6.2 Antibacterial Agents

6.2.1 Ciprofloxacin

Ciprofloxacin is a 6-fluoroquinolone derivative, which is on the WHO?s list of essen-
tial of medicines used for the treatment of inhalational anthrax, salmonella infec-
tions and shigellosis in children, complicated urinary tract infections, and lower
respiratory tract infections [23]. Tosso et al. reported an efficient continuous-flow
synthesis of ciprofloxacin 1 via a chemoselective C-acylation by early insertion of the
cyclopropylamine moiety to yield the desired vinylogous cyclopropyl amide 2. In this
alternative route where a three-reactor platform was used (Figure 6.1), no isolation
and purification of intermediates was required [24]. Using tetrahydrofuran (THF)
as a reaction solvent and prior optimized batch conditions, the “one-flow” synthe-
sis of quinolone 4 was effected via the C-acylation of vinylogous amide 2 and acyl
chloride 3 in the presence of excess lithium bis(trimethylsilyl)Jamide (LIHMDS) in a
2ml reactor coil. Quinolone 4 was generated in 95% isolated yield in a one minute
residence time. To achieve a truly telescoped continuous-flow synthesis, piperazine
5 in dimethyl sulfoxide (DMSO) was preheated at 60 °C and mixed with the outlet
stream from the first reactor prior to being fed into a 10 ml reactor coil kept at 140 °C
(75 psi back pressure). In 2.5 minutes, 96% conversion to piperazine ester derivative 6
was achieved; 6 was thereafter flowed into the next 10 ml reactor coil in which it was
hydrolyzed in the presence of NaOH at 120 °C; 90% conversion to 7 was achieved in
1.2 minutes. This was followed by an offline pH adjustment with HCI to furnish 83%

5
F o HN" Y 1.2 Min DMSO
L_NH  120°C
F F
o o Reaction Il
F
F N
As
2ml

140 °C
(:N)H id. 1.5 mm Yield: 95%
60 °C
R N

Reaction |
rt

tg =2.5min

o O

Reaction IlI
F 120 °C F
. OEt
N L -

= 6 N HCI (}“ ; N (\)‘ N e
o~ wd T L wd A

oH Conversion: 90% Conversion: 96%
Ciprofloxacin
Yield: 83%

1.0 M NaOH

Figure 6.1 Continuous-flow synthesis of ciprofloxacin 1. Source: Tosso et al. [24].
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isolated yield of 1. The telescoped continuous-flow process was reported to have a
throughput of 15.8 g/h. A 4.7 minute end-to-end greener continuous-flow process for
the synthesis of ciprofloxacin void of purification, separation, and isolation of inter-
mediates was elegantly developed. The use of additional solvents for the isolation
and purification of intermediates was also avoided.

6.2.2 Linezolid

The first ever fully continuous seven-step flow synthesis of linezolid 8, another
antibiotic on the WHO?s list of essential medicines, has been reported [25]. Linezolid
is used as a last line of defense treatment against multidrug resistant gram-positive
bacteria [26]. The continuous-flow process successfully furnished linezolid in seven
steps without any intermediate purification and solvent exchanges (Figure 6.2).
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Figure 6.2 Seven-step continuous-flow synthesis of linezolid 8.
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Most importantly, the use of protecting groups was avoided, in turn rendering the
process green and environment friendly. The continuous-flow synthesis of linezolid
was started from a Ritter reaction between (+)-epichlorohydrin (2 equiv) 9 and
acetonitrile (6.6 equiv) in the presence of BF;0Bu, (2.2equiv) as a Lewis acid
at room temperature to give amide 10 in 90% isolated yield in only five minutes
residence time. A reactive quench of the Lewis acid using 2-propanol (8.6 equiv)
at —35°C for 1.2 minutes, which generated the soluble boronic ester by-product,
was integrated into the flow system. The nitrilium ion intermediate from the Ritter
reaction reacted with the 2-propanol to give imidate 11, which was thereafter treated
with lithium tert-butoxide (1.5equiv) in THF:1,2-dichloroethane solvent system
(1:1) at —35°C for four minutes to give epoxide 12. The use of 1,2-dichloroethane
helped to keep the lithium chloride salts formed during the formation of the epoxide
12 in solution. Side product formation was also minimized in the epoxide formation
due to the presence of the imidate 11 rather than the reactive amine.

Next, the authors looked into the synthesis of aniline 16, which was generated
via a nucleophilic substitution reaction between morpholine (1equiv) 14 and
3,4-difluoronitrobenzene (1 equiv) 13 at 150°C in a mixed solvent system of 1,4
dioxane and N,N-dimethylformamide (3 : 1) and in the presence of tributylamine.
The reaction went to completion in only 10 minutes residence time to afford
15. This was followed by reduction using Pd(0) in a packed-bed reactor in the
presence of hydrogen gas at reaction 100°C and back pressure of 100 psi. The
hydrogen gas:liquid flow rate was kept at a ratio of 15 : 1, respectively. Aniline
16 was generated in 0.33 minutes. For this transformation, the group skillfully
chose the 1,4 dioxane and N,N-dimethylformamide solvent system that not only
enhanced the substitution reaction but also kept all reactants and by-products in
solution. It should also be noted that no dehalogenation by-product was observed.
The reduction went to full completion to give desired aniline 16. Excess hydrogen
was removed from the system using a gravity-sealed container, and the scrubbed
reaction stream containing aniline 16 rejoined the mainstream continuous-flow
system using an additional pump to react with epoxide 12 to furnish amino alcohol
17 in 12 minutes at 40 °C. The authors report that any attempts at increasing the
reaction temperature and decreasing the residence time led to decreased conversion
due to possible hydrolysis of the imidate to amine in the presence of water generated
from the reduction step. In this process, the isolation of unstable amino alcohol 17
was not required. The continuous-flow system enabled its use, as it was generated,
for the final step to obtain oxazolidinone derivative 8, linezolid. Amino alcohol 17
was treated with N,N-carbonyldiimidazole in dioxane at 150 °C for five minutes
after which HCI was added and in-line separation was performed. Linezolid was
collected and purified off-line to give 73% isolated yield (816 mg/h) in a total
residence time of 27 minutes. An E-factor of 25 was calculated for this process
(Figure 6.2).

6.2.3 C(Cefotaxime

Cefotaxime 18 is a commercial cephalosporin antibiotic used in the treat-
ment of joint infections, pneumonia, meningitis, urinary tract infections,
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gonorrhea, pelvic inflammatory disease, cellulitis, and sepsis [27]. Pieper
et al. recently developed a continuous-flow process for this broad spectrum
API [28]. (Z)-(2-Aminothiazol-4-yl)-methoxyiminoacetic acid (34.8 mmol) 19 in
dimethylacetamide was treated with 4-toluenesulfonyl chloride (31.4 mmol) in
the presence of triethylamine (33.9 mmol) at —11°C to generate intermediate 20
with toluenesulfonic acid as a by-product in a stirred tank reactor for 1.5hours.
This solution was reported to only be stable for an hour. On the other hand,
a mixture of 7-aminocephalosporanic acid (27.54 mmol) 21 and triethylamine
(67.44 mmol) in methanol was kept chilled at 0°C in the second reactor tank.
The two solutions were thus fed into a 10 ml tubular reactor for the amidation
reaction of 7-aminocephalosporanic acid 21 with intermediate 20 in the pres-
ence of triethylamine to afford cefotaxime 18. The excellent heat transfer in the
continuous-flow system, which is attributed to the large surface area to volume
ratio, facilitated an increase in the working reaction temperature of the process to
a more manageable —10 °C. At a residence time of one minute, 97.2% conversion of
7-aminocephalosporanic acid (ACA) 21 was achieved to give 81% yield of cefotaxime
18. The authors also managed to demonstrate the feasibility of using methanol, a
more environmentally friendly solvent compared with dichloromethane for the
amidation reaction. The continuous-flow system was reported to have the ability
to deliver a space-time yield of approximately 3000kg/m?3 h, 400 times higher
than that of the batch system (6.5 m? reactor volume, 200 kg 7-ACA 21 input, total
reaction time, and setup of six hours) with smaller holdup volumes, thus ensuring
process safety (Figure 6.3).

6.2.4 Rifampicin

Liet al. demonstrate the coupling of a separation technique i.e. in-line crystallization
in the microreactor synthesis of rifampicin 22 [29]. Rifampicin is an antibiotic also
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Figure 6.3 A cefotaxime 18 synthesis in a tubular flow reactor.
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HO. 24
w

HO\/N\K

Acetic acid
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75°C

Rifamycin S Rifamycin oxazine Rifampicin

Scheme 6.1 Synthetic route toward rifampicin 22.

on the WHO’s list of essential medicines used for the treatment of tuberculosis [30],
leprosy [31], and Legionnaire’s disease [32]. The two-step synthesis was performed
in an R-series flow chemistry microreactor system from Vapourtec. It was started off
with the condensation of rifamycin S (1 equiv) 23 and tert-butylamine (100% w/w
1.3 equiv) 24 in the presence of acetic acid (4 equiv) to afford rifamycin oxazine 25
with a conversion of 82% in 25 minutes (Scheme 6.1). This was followed by the ring
opening reaction between rifamycin oxazine 25 and 1-amino-4-methylpiperazine
(1.7 equiv) 26 at 80°C to furnish rifampicin 22 in 85% conversion in 15 minutes.
Finally, precipitation of the product 22 from the dimethylformamide (DMF) reaction
mixture was investigated, and water proved to be a suitable antisolvent. Addition-
ally, in order to overcome potential reactor clogging issues, optimum reactor internal
diameter and reaction stream flow rate were studied, and it was found that a microre-
actor internal diameter of 2mm and a flow rate of 4 ml/min ensured a successful
microflow crystallization with an optimal DMF:water ratio of 1 : 5. A 91% yield of
rifampicin was recorded from the crystallization process. Careful selection of ideal
solvents capable of keeping starting material rifamycin S 23 and desired product
rifampicin 22 in solution coupled with ideal reactant concentrations enabled the
development of a fully continuous process without the hiccups of blockages and
tasking solvent exchange protocols (Figure 6.4). A 67% overall yield of rifampicin
22 was achieved in 1.5hours compared with 51% reported in the batch synthesis.
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Figure 6.4 Flow synthesis of rifampicin 22.
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Furthermore, the molar ratio of piperazine 26 to rifamycin oxazine 25 required for
the ring opening reaction in this process was greatly reduced by 25%.

6.3 Anticancer Agents

6.3.1 Lomustine

Jaman et al. have synthesized lomustine, an anticancer agent for the treatment
of brain tumors and Hodgkin’s lymphoma under continuous-flow conditions
[33]. The carbamylation and nitrosation steps toward lomustine 27 were indi-
vidually optimized prior to telescoping the process that did not require isolation
or purification of the intermediate. In the carbamylation step, leading toward
the synthesis of intermediate compound 30, cyclohexamine 28 was reacted with
1-chloro-2-isocyanato-ethane (1.4equiv) 29 in a Chemtrix S1 glass system fitted
with a 3225 SOR reactor chip. An isolated yield of 92% 30 was reported in 60 seconds
at a reaction temperature of 50 °C using tetrahydrofuran as a reaction solvent. The
second step was optimized in a similar microreactor setup used in the carbamy-
lation reaction. tert-Butyl nitrile (3 equiv) was used as a nitrosating agent with
acetonitrile/ethanol as a reaction solvent system. At a reaction temperature of
25°C and residence time of eight minutes, 91% of pure 27 was isolated by a simple
hot filtration of the crude product from petroleum ether to remove intermediate
compound 30. This reaction step was skillfully optimized using desorption electron
spray ionization mass spectrometry. It should also be pointed out that the use
of NaNO, (3equiv)/HCO,H (neat) was also studied as an alternative nitrosating
agent; however, it was found that under similar stoichiometric conditions, at a
reaction temperature of 0°C, a residence time of five minutes was required to
furnish lomustine 27 in only 74% isolated yield.

To enable the telescoped synthesis of lomustine 27 shown in Figure 6.5, a Zaiput
liquid-liquid extractor was employed to remove the base from the carbamylation
reaction. The total synthesis was reoptimized in fluorinated ethylene propylene
(FEP) tubing reactors. The carbamylation reaction was optimized at 50°C and a
residence time of one minute, while the nitrosation step required eight minutes
and a reaction temperature of 25°C. With these reaction conditions, the total
continuous-flow synthesis of lomustine in the presence of 0.01 equiv of base was
achieved giving 63% (110mg/h) over all isolated yield in nine minutes, which
corresponds to one dose per two hours. For an API that is administered orally every
six weeks, this is a very promising approach toward its synthesis that can readily
offer a feasible solution to its shortage.

6.3.2 Imatinib

Using a similar approach of skillfully manipulating flow setups and solvent
mixtures, Fu and Jamison have developed a continuous-flow modular synthesis
of imatinib that operates efficiently without the need of solvent switches, in-line
purification, or packed-bed reactors as shown in Figure 6.6 [34]. Imatinib 31
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Figure 6.5 Telescoped flow synthesis of lomustine 27.
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Figure 6.6 Telescoped flow synthesis of imatinib 31.

Production rate: 0.663 mol/h

Source: Fu and Jamison [34].
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is a Bcr-Abl tyrosine kinase inhibitor currently on the WHO’s list of essential
medicines. It is used in the treatment of leukemia and gastrointestinal stromal
tumor. (The application of flow chemistry for the Imatinib case is broadly explained
in Chapter 4.) The hydration of nitrile 32 (0.8 M in dioxane/water solvent system
[2 : 3v/v]) was successfully performed in a continuous-flow manner in the presence
of 10mol% Cs,CO, at 180°C (240 psi back pressure) to give desired product 33
in 91% yield after 15minutes. This stream was fed to the next reactor for the
chemoselective amidation reaction with 34 at 150°C for 15minutes. Amide 35
was then subjected to C-N bond formation with 2-aminopyrimidine derivative 36
in a continuous-flow process. The conjugate acid of 2-aminopyrimidine deriva-
tive 36 was dissolved in water (1 M) and mixed with BrettPhos Pd G4 catalyst
(0.025M, 5mol% Pd in dioxane) in a T-mixer whose outlet stream was connected
to another T-mixer to meet a second stream containing K;PO, (3 M) and amide
35 in dioxane/water solvent system. This collective stream was thereafter fed into
a stainless steel coil (i.d.:0.04"") maintained at 150 °C (back pressure: 200 psi) to
furnish imatinib in 58% isolated yield in total residence time of 48 minutes. A
production rate of 0.663 mmol/h was recorded. Furthermore, two novel imatinib
analogs were also synthesized in 57-66% yield with excellent chemoselectivity
using this continuous-flow protocol.

6.4 Antifungal Agents

6.4.1 Fluconazole

Szeto et al. recently demonstrate how continuous-flow synthesis enabled the devel-
opment of a simple streamlined multistep synthesis of fluconazole 37 that can easily
be operated by non-experts in the field (Figure 6.7) [35]. Fluconazole is a first gener-
ation bis-triazole antifungal medicine used in the treatment of invasive fungal infec-
tions [36]. The API was achieved via four principal chemical transformations, i.e.
Friedel-Crafts acylation, alkylation, Corey-Chaykovsky epoxidation, and epoxide
opening. In a 10 ml perfluoroalkoxyalkane (PFA) reactor, the Friedel-Crafts acyla-
tion of 1,3-difluorobenzene 38 (1 equiv in nitromethane) with chloroacetyl chloride
39 (1.3 equiv, neat) in the presence of AICI, (1.15 equiv in nitromethane) was reacted
to afford a-chloroketone 40 (90% conversion) in 25 minutes at 80 °C.

To effect the insertion of the triazole moiety, 1,2,4-trizole derivative 44 (20 equiv,
10 M) and a-chloroketone 40 (0.5 M) in a N-methyl-pyrrolidone (NMP):H, O solvent
system (2 : 1) were reacted in a 10 ml PFA reactor at 150 °C from which a 96% conver-
sion was obtained in 35 minutes residence time (Figure 6.8). A huge excess of the tri-
azole 44 was however required to minimize over alkylation derivative of compound
43. An alternative route was investigated using N-aminotriazole 41. The two-step
process using N-aminotriazole 41 toward intermediate 43 in NMP:H, O (3 : 1) solvent
system at 130 °C for 35 minutes gave 100% conversion after deamination (NaNO, in
4M HC)).

Despite the fact that no over alkylation of compound 42 was observed, the authors
report being unable to pursue this route for the development of the continuous-flow
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Figure 6.7 Friedel-Crafts acylation and alkylation steps in the flow synthesis of
fluconazole 37. Source: Szeto et al. [35]/Springer Nature.
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Figure 6.8 A telescoped flow synthesis of fluconazole 37.

synthesis of fluconazole 37. This was due to the downstream aqueous workup that
would be required after the deamination step to facilitate a telescoped synthesis
(Figure 6.7).

The Corey-Chaykovsky epoxidation/epoxide ring opening was performed in a
similar reactor as the first two steps. Using Me;SOI (1.2 equiv, 0.6 M), 1,2,4-triazole
derivative 43 (1 equiv, 0.5 M) was treated with KOH (2.4 equiv, 1.2 M) at 80 °C in 15%
H,0:DMSO solvent system. Only 57% conversion to desired product was recorded.
It was also noted that an increase in temperature led to an increase in conversion;
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however, the insolubility of Me;SOI became problematic. As a result, the authors
opted for the more soluble Me,;SOCI. At similar stoichiometric conditions using
NMP:H,O (1 : 1) as a solvent system, a 96% conversion was obtained at 110°C in
40 minutes residence time. Further investigations toward the feasibility of tele-
scoping the alkylation, Corey—Chaykovsky epoxidation, and ring opening showed
that the excess 1,2,4 triazole 44 from the alkylation of 40 was able to facilitate ring
opening of epoxide 45 downstream of the flow process (Figure 6.8). Using NMP
as a reaction solvent, a-chloroketone 40 and 1,2,4-triazole 44 (20 equiv) were fed
into a 10 ml PFA reactor at 130 °C for 97 minutes to obtain intermediate 43, which
was further treated with Me,SOCI (2.2 equiv) in the presence of KOH (22.2 equiv)
at 110 °C for 48 minutes to furnish epoxide 45. The excess 1,2,4 triazole 44 in the
system subsequently effected ring opening to generate fluconazole 37 in 26% over
all yield. A simple continuous-flow process for the synthesis of fluconazole with a
celite/charcoal in-line purification column was developed (Figure 6.8).

In contrast, Korwar et al., in 2017, developed a semicontinuous-flow method
toward the synthesis of fluconazole 37 where an aryl-turbo Grignard 47 was
employed to obtain intermediate 49 from 1,3-dichloroacetone 48 in a telescoped
synthesis to afford 87% isolated yield of intermediate 49 (total residence time:
3.5 minutes at room temperature) [37]. The last step toward fluconazole was how-
ever optimized in batch mode to give 74% conversion in 4.5 hours using MeOH:H, O
(90%) as a solvent system in the presence of Na,CO, as a base (Figure 6.9). Both
approaches present huge improvements toward the synthesis of fluconazole 37;
nevertheless, the continuous-flow process by Szeto et al. provides shorter processing
time, which can be equated to providing a higher throughput per unit time.

48
(0]

07M o \)bCI

THF CI
I 1 min, rt

10 ml reactor

i-PrmgeLict (C—

5 mlreactor
1.3M -

. Yleld 87%
*

MgCI-LiCl H

o /=N NN
N L

F N~ FN N
E 47 OHI" >
N~

N MeOH:H,0 (90%)

F Foa7 Na,CO,4

45h
Fluconazole
Conversion: 74%

Figure 6.9 An aryl turbo Grignard-based semicontinuous-flow synthesis of fluconazole 37.
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Figure 6.10 Continuous-flow synthesis of flucytosine 51 via fluorination of cytosine 50.

6.4.2 Flucytosine

Flucytosine 50, another antifungal drug on the WHO’s list of essential medicines
has been successfully synthesized in a one-step continuous-flow process shown in
Figure 6.10 using fluorine gas [38]. Together with amphotericin B, flucytosine has
recently been recommended for the first line treatment of cryptococcal meningitis
[39]. It is also a vital intermediate in the synthesis of emtricitabine [40] and
capecitabine [41] anti-HIV and anticancer drugs, respectively. The gas-liquid
phase reaction was performed in a narrow-bore stainless steel tube (i.d.: 1.4 mm,
length: 1 m) through which a solution of cytosine 51 in formic acid (4 mmol/h) and
fluorine gas (5mmol/h, 10% in nitrogen) was flowed. Excellent conversion (>99%)
of cytosine 51 was achieved in 90 minutes with 63% isolated yield of flucytosine
50. The synthesis was also scaled up with ease in a mesoscale Boostec flow reactor
system fabricated from silicon carbide consisting of six process plates (volume:
61 ml, total channel length: 16 m). A high throughput of 59 g/h of flucytosine 50
(83% isolated yield, >99% purity) was achieved from 0.54 mol/h of cytosine 51 and
0.7 mol/h of fluorine (10% in nitrogen). Notably, the precise reaction parameter
control in the continuous-flow systems, which in turn provided high selectivity
and thus minimized the formation of undesired difluorinated compounds, was
demonstrated compared to the batch process (38% isolated yield) in the fluorination
of cytosine 51.

6.5 Anti-HIV Agents

6.5.1 (R)-Propylene Carbonate: An Intermediate Toward Anti-HIV
Drug, Tenofovir

Suveges et al. recently reported a continuous-flow synthesis of (R)-propylene
carbonate 52, a key intermediate in the synthesis of tenofovir [42]. Tenofovir is a
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nucleotide adenosine 5'monophosphate derivative commercially available as a pro-
drug, tenofovir disoproxil fumarate used for the treatment of HIV [43] and hepatitis
B virus (HBV) [44]. It is also used in combination with emtricitabine, emtricitabine,
and efavirenz, and emtricitabine and rilpivirine, or elvitegravir/cobicistat [45].
The authors obtained glycidol 54 from glycerol carbonate 53 (66% conversion in
seven minutes) using NaAlO, as a catalyst at 90 °C in a packed-bed flow reactor. The
same reaction took 90 minutes in a batch microwave reactor at 117 °C. An attempt
to obtain (R)-glycidol 55 from kinetic resolution of racemic glycidol 54 using porcine
pancreas lipase demonstrated a lack of selectivity in glycidol 54 conversion. Both
enantiomers of glycidol acetate were found to interact with the enzyme moreover
with similar interaction energies (—10.935 and —10.831kcal/mol for R and S
enantiomers, respectively). Hydrogenolysis of racemic glycidol 54 was thereafter
opted for from which >99% conversion of diol 55 was obtained in 17 minutes from
a tube in tube and a 10% Pd/C packed-bed reactor system at room temperature.
The flow system provided an excellent improvement in reaction time and output
compared to the batch reaction that took 60 hours to afford 86% conversion. The
successful kinetic resolution of diol 55 required prior introduction of a trityl group
on the primary hydroxyl group of 55 in order to improve the chiral recognition
and selection of the secondary hydroxyl by the enzyme. In a 3 ml coil reactor kept
at 30°C, the trityl group was introduced to diol 55 to provide 63% conversion of
trityl ether 57 in 15 minutes. A reduction in reaction time was also observed in this
flow synthesis in contrast to the batch synthesis (12 hours). This was followed by
kinetic resolution of the trityl ether 57 using immobilized lipase Novozyme 435
and vinyl acetate 58 as an acyl donor at 30°C in a packed-bed column reactor. A
conversion of 47% with enantiomeric ratios >170 was obtained in a shorter reaction
time of seven minutes compared with the 12hours in the batch synthesis. This
was backed up by the fact that the use of biocatalysts in continuous-flow systems
often yields satisfactory reaction outputs due to the efficient mass transfer and
continuous removal of product and unreacted reactants from the reaction space as
compared with batch systems [46]. A space-time yield of 98 g/h was obtained from
the continuous-flow process, which was demonstrated to be stable; no change in
conversion and selectivity was observed when it was kept running for eight hours.
A 97% conversion was obtained in 30 minutes via dual deprotection of intermediate
(R)-60 in a packed-bed column reactor using NaHSO,-SiO, at 30°C. (R)-61 was
thereafter subjected to suitable flow conditions for carbonate formation; dimethyl
carbonate as solvent in the presence of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) at
120°C in a 3 ml coil reactor gave 94% yield (R)-propylene carbonate 52 in one hour.
The authors demonstrate how a highly selective synthesis of (R)-propylene carbon-
ate 52 with tremendously short reaction time and excellent yield was enabled in
continuous-flow systems (Figure 6.11).

6.5.2 Dolutegravir

Recently, Jamison and coworkers reported a seven-step flow synthesis of a second
generation HIV integrase strand transfer inhibitor used for the treatment of HIV-1
infections, dolutegravir 62 [47]. The flow synthesis was adapted from a reported
GlaxoSmithKline process chemistry batch route for cabotegravir. Using a one by
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Figure 6.11 Modular flow synthesis of (R)-propylene carbonate 52.

one reaction step screening and optimization approach in both batch and flow
reactors, telescoped flow synthesis of dolutegravir 62 was achieved. The investi-
gation of the flow synthesis of dolutegravir 62 was started from the condensation
of methyl-4-methoxyacetoacetate 63 with DMF-dimethyl acetal (DMA) 64 to give
vinylogous amide 65 in full conversion. The intermediate 67 was thereafter fur-
nished from a two-step telescoped synthesis in 95% yield and a throughput of 43 g/h.
Pyridone 69 was successfully obtained from the reaction of 67 and dimethyl oxalate
68 in an isolated yield of 56% and a throughput of 3.4 g/h from a fully continuous
three-step synthesis (Figure 6.12) in a total residence time of 74 minutes.
Direct amidation of 70 under basic and acidic conditions was also investigated, from
which it was found that LiOMe or NaOMe in a mixed solvent system of methanol
and toluene gave optimum yield of 95% at 80°C in 35minutes. Unfortunately,
any attempts to telescope this protocol with the previous steps were futile due
to extensive clogging. The continuous-flow amidation of 70 was thus carried
out under acidic conditions. This was followed by continuous-flow deprotection
of acetal 72 and cyclization with (R)-3-aminobutan-1-ol 73 to obtain 74, which
could only be achieved via a two-step flow process. This avoided the formation
of by-product 75 gotten from elimination of hemiaminal ether functionality and
deprotected pyridine. 74 was furnished in a total residence time of 66 minutes at a
reaction temperature of 100 °C. The deprotection of acetal 72 and cyclization with
(R)-3-aminobutan-1-ol 73 was telescoped with the previous step, i.e. acid-catalyzed
direct amidation of 70. In 290 minutes, compound 74 was obtained in 48% yield. A
three-step telescoped flow synthesis of 74 was successfully attained (Figure 6.13).
The investigation was concluded with a modular flow synthesis of 62 via demethy-
lation of 74 using LiBr. An 89% yield of 62 was reported to have been obtained within
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Figure 6.12 A three-step telescoped pyridone flow synthesis toward dolutegravir 62.

70 ,
o 3
MeO CO.Me NH,
| p-TsOHeH,O Me OH
MeOLC N 1.0 equiv 1.5 equiv
MeO (0.2 M CH3CN) (0.2 M CH5CN)
OMe

(0.2 M PhCHz) Step 4 Step 5 Step 6 o]

5.0 equiv AcOH Reactor | Reactor Il Reactor IIl 100 psi HO /1
O 0 6 oLy
F N
Ol L1

SS (i.d. 0.04 in.) PFA (i.d. 0.04 in.) PFA (i.d. 0.04 in.) N
V=7.0ml V=25ml V=25ml OMe
HeN T=200°C T=100°C T=100°C F o) o)
E tg = 124 min tg =35 min tg =31 min
1.2 equiv ‘;T%rldd
(0.2 M PhCHg) :

7

Figure 6.13 A three-step telescoped flow synthesis of amide derivative 74.

a residence time of 31 minutes at 100 °C (Figure 6.14). Jamison and coworkers suc-
cessfully translated seven batch reaction steps in the synthesis of dolutegravir 62
to a continuous-flow synthesis. In addition, short reaction times, good yield, and
selectivity; benefits of continuous-flow processing, were showcased in the telescoped
and stand-alone flow protocols developed. In the grand scale of things, this in turn
will ultimately contribute to shortening the manufacture to market times as well as
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Figure 6.14 Demethylation of amide derivative 74 in the flow synthesis of dolutegravir 62.

reducing the cost of production of dolutegravir, therefore, providing more and easy
access of the drug to infected persons.

6.5.3 Lamivudine

Mandala et al. report a semicontinuous-flow synthesis of lamivudine [48] 76, a
nucleoside reverse transcriptase inhibitor sold under trade names: Epivir and
Epivir-HBV with a high potency in the treatment of HIV-1 and hepatitis B virus as
well as the human T-lymphotropic virus (HTLV) [49, 50]. 5-Acetoxy oxathiolane 81,
the first key intermediate, was synthesized in a two-step telescoped continuous-flow
synthesis from 1,4-dithiane-2,5-diol 77 and menthyl glyoxalate 78 (Figure 6.15).
The flow synthesis of intermediates 79 and 81 was first attempted individually in
Little Things Factory microreactors prior to telescoping from which, 5-hydroxy
oxathiolane 79 was obtained in 88% conversion in 20 minutes. In order to obtain
(2R,5R)-5-acetoxyoxathiolane 82, 5-hydroxy oxathiolane 79 was treated with acetic
anhydride 80 and pyridine in acetonitrile at ambient temperature to give a 95%
conversion in 9.7 minutes. A batch mode recrystallization of the crude at —20°C
gave isomer 82 in 48% yield.

80

Ac,O/pyridine
173 M

77 Total flow rate: 0.2 ml/min
fl ¥ ;
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Figure 6.15 Continuous-flow synthesis of (2R,5R)-5-acetoxyoxathiolane 82.
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Figure 6.17 Reduction of nucleoside 84 in continuous-flow microreactors.

The N-glycosidation of isomer 82 with nucleobase 83 in the presence of pyri-
dinium triflate posed major challenges in flow due to the poor solubility of the
silylated nucleobase. An in-house built thermal controlled syringe wrapping
was used to maintain the nucleobase syringe solution at 55-60 °C, thus keeping
the base in solution throughout the experimentation (Figure 6.16). At 80°C, the
N-glycosidation product 84 was furnished in 95% yield in only 8.4 minutes. The flow
synthesis also allowed for the use of a low catalyst concentration (0.2 M).

Finally, NaBH, reduction of nucleoside 84 in the presence of K,HPO, in Little
Things Factory microreactors gave lamivudine 76 in 94% isolated yield and >99%
purity in 3.3 minutes (Figure 6.17).

6.5.4 Efavirenz

This is a non-nucleotide reverse transcriptase inhibitor administered orally as a
600 mg tablet taken once daily for the treatment of HIV infection [40]. Chada et al.
recently reported a continuous-flow synthesis of an intermediate toward efavirenz
85 starting from N-Boc 4-chloroaniline 86 [51] in which n-butyllithium was used
to facilitate its ortho-lithiation. The synthesis also comprised of an in-line reaction
quench; a packed bed of anhydrous silica, which was effortlessly added to the
microreactor system as shown in Figure 6.18.
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Figure 6.18 Ortho-lithiation of N-Boc 4-chloroaniline 86 in the synthesis of an
intermediate toward efavirenz 85.

Accurate reaction parameter control was demonstrated in this synthesis; more-
over, the ortho-lithiation was successfully performed at temperatures higher than
the norm (—78 °C). Using 0.25 M n-BuLi, 0.1 M of 86 at —45 °C, and a 0.2 M concen-
tration of 87 gave 70% conversion of 86 to 89. The flow synthesis of intermediate 89
via the ortho-lithiation of N-Boc-protected chloroaniline 86 and trifluoroacylation
using 87 provided higher conversion at higher temperatures and lower equivalents
of n-BulLi in the absence of tetramethylethylenediame (TMEDA) compared with its
batch synthesis (28% at —78 °C and 5 equiv of n-BuLi). Additionally, the flow reac-
tor system ensured process safety and rapid parameter optimization using small
amounts of reagents.

6.6 Serotonin Modulators and Stimulators

6.6.1 Flibanserin

Bana et al. have reported a four-step continuous-flow synthesis of flibanserin 90, an
aryl piperazine-type serotonin receptor modulator drug [52] used in the treatment
of female hypoactive sexual desire disorder (HSDD) [53]. The four-step synthesis
involved reductive amination reactions facilitated by 10% Pd/C, benzimidazolone
formation, and biphasic flow deprotection, which were elegantly integrated with
an in-line purification protocol (Figure 6.19). Carbamate 91 and aldehyde 92
were hydrogenated using an H-Cube Pro™ on 10% Pd/C at 100°C and 10 bar to
provide full conversion of 93 in eight seconds. This was followed by ring closure
of 93 to form benzimidazolone derivative 94 in full conversion in the presence
of DBU (200°C, 7.4minutes). The biphasic flow deprotection of 94 to afford
intermediate 95 was achieved in 6.8 minutes using aqueous HCI and isopropyl
acetate at 100°C after which the organic phase containing the aldehyde 95 was
obtained using a gravitational phase separator. The aldehyde 95 was thereafter
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Figure 6.19 Total continuous-flow synthesis of flibanserin 90.

used in the second reductive amination reaction with piperazine 96 to give full
conversion of flibanserin 90 in 12 seconds at 100°C and a pressure of 10 bar. The
authors report that a steady-state operation was possible for more than 2.5hours
without any manual interaction. A 31% overall yield of crystalline flibanserin
HCI was obtained after off-line salt formation and precipitation. Compared to the
reported batch syntheses of flibanserin 90, the reported four-step continuous-flow
process is much more superior; flibanserin base was furnished in shorter reaction
time with a calculated productivity of 184 mg/h equating to 44 doses of 100 mg per
24-hour operation. This demonstrates how continuous-flow processing can provide
a feasible solution to the global shortage of important potent molecules such as
these.

6.6.2 \Vortioxetine

Similarly, Boros et al. demonstrate how flow synthesis in the final step of vor-
tioxetine 97 involving piperazine ring formation led to the highest yield and
purity ever reported for the API [54]. Vortioxetine is an antidepressant drug,
which belongs to the class of bis-aryl sulfanyl amines. It is used for the treatment
of depression by targeting the selective serotonin (5-HT) reuptake inhibitors,
5-HT,, and 5HT, [55]. The piperizine ring formation was afforded via the reaction
between 2-[(2,4-dimethylphenyl)sulfanyl]aniline 98 with bis 2-(chloroethyl)amine
hydrochloride 99. This reaction in batch mode took up to 27 hours to give a 63%
isolated yield (99% purity by high-performance liquid chromatography [HPLC])
of 97; however, there was a significant amount of side products detected, which
required laborious purification steps to obtain the pure r-(+)-mandelate salt of
the desired compound 97. Using a specialized reactor system consisting of three
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Figure 6.20 Final step continuous-flow synthesis toward votioxetine 97.

independent thermostable modules, i.e. a heated flask, heated high pressure
syringe pump (H-ION HI-PD100), and a heater module (H-ION-HI-HM250), the
flow synthesis process of vortioxetine 97 was developed. A preheated solution of
2-[(2,4-dimethylphenyl)sulfanyl]aniline (0.16 M) 98 and bis 2-(chloroethyl)amine
hydrochloride (2 equiv) 99 in NMP:toluene (1 : 1) solvent system at 90 °C was flowed
through a tubular reactor maintained at a reaction temperature of 190°C from
which 79% yield 97 based on HPLC was recorded. Compound 97 was transformed
into its L-(+)-mandelic salt in 99.6% purity (Figure 6.20).

The efficient control of reaction parameters such as residence time and reaction
temperature was very crucial for this chemical transformation. Due to the excellent
heat transfer in the continuous-flow reactor setup, the side products, which were
observed in the batch synthesis, were minimized, and thus desired compound 97
was attained in excellent purity.

6.6.3 Melitracen HCL

This is a tricyclic API, which is part of a drug formulation taken orally for the
treatment of depression and anxiety [56]. Pedersen et al. have recently disclosed
a Grignard-based continuous-flow synthesis process toward melitracen HCl 100
[57]. This comprised of an energy-efficient room temperature addition of the
Grignard 101 followed by hydrolysis of magnesium alkoxide intermediate 103
and dehydration of alcohol 104. Melitracen HCl was thereafter obtained from the
simple gravimetric phase separation and crystallization with HCl. The choice of
solvents and careful investigation of optimum reaction conditions was essential
in the development of a continuous-flow process. For example, in the Grignard
addition step, THF was found to be a suitable solvent, which provided a solution
to the first bottleneck, i.e. insolubility of the magnesium alkoxide intermediate 103
formed and providing satisfactory dissolution of starting material 102.

Compared with the batch process, the flow process shown in Figure 6.21 facilitated
a one-step hydrolysis of 103 and dehydration of 104. Using 37% HCI, full conversion
of 104 to dehydrated product 105 was attained in a very short time. In order to go
around the inevitable solid formation, a result of the pH adjustment from acidic to
basic using ammonia after generating the dehydration product 105, 40% acetic acid
was incorporated into the flow process prior to pH adjustments. This accomplished a
homogeneous stream devoid of solids, which upon basification with ammonia gave
rise to a biphasic stream. Melitracen HCI 100 was obtained after phase separation
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Figure 6.21 A streamlined flow process for the synthesis of melitracen HCL 100.

and crystallization using 2M HCI in ether. The authors successfully developed a
high-yielding continuous-flow process from which 300 g of melitracen HCI was pro-
duced from a stock feed of 240 g starting material 102. The flow process was also
demonstrated to be energy efficient since all the steps were carried out at ambi-
ent temperature. Additionally, the continuous-flow approach facilitated rapid and
easy streamlining of melitracen HCI synthesis into fewer reaction steps; moreover,
infrared (IR) in-line monitoring and purification techniques, liquid-liquid separa-
tion, and downstream crystallization were concatenated in the process.

6.7 Cholinesterase Inhibitor

6.7.1 Donepezil

A recently reported base-catalyzed aldol condensation of aromatic ketones with
aldehydes using strongly basic anion exchange resin (A26) as a catalyst in continu-
ous flow shows the synergistic effect of employing a combination of heterogeneous
catalysis and continuous-flow synthesis [58]. This protocol was adopted for a
two-step flow synthesis of donepezil 106 (Figure 6.22), a cholinesterase inhibitor
used in the treatment of Alzheimer’s disease [59]. Using a solvent system of
THF/i-PrOH (9 : 1) and 2% water, substrates 107 and 108 were fed into a 7g A26
packed-bed column reactor (¢ 10 X 100 mm SUS column) and heated at 55 °C to give
intermediate 109 in 92-95% yield in three hours. A turnover frequency of 0.13h™!
and space-time yield of 972 g/1 d was recorded. The flow synthesis of enone 109 was
thereafter telescoped with the Pd-DMSi/Al,O,-catalyzed hydrogenation at 25°C
to produce 7.7 g/d of donepezil 106 for more than 30 hours. Additionally, no traces
of ketone reduction or debenzylation product were observed. A high throughput
continuous-flow process for the synthesis of donepezil 106 was developed.
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Figure 6.22 Continuous-flow synthesis of donepezil 106.

6.8 Antimalarial Agent

6.8.1 Hydroxychloroquine

Yu et al. have reported a high-yielding multigram continuous-flow synthesis
of hydroxychloroquine 110 [60], an antimalarial drug used in the treatment
and prevention of malaria and dermatological disorders [61]. It is also an
effective non-steroidal drug with anti-inflammatory activity used for the
treatment of rheumatoid arthritis in patients with cardiovascular diseases
[62, 63]. 5-Iodopentan-2-one 112 was synthesized from a 55% aqueous solu-
tion of hydroiodic acid and neat 3-acetyldihydrofuran-2(3H)-one 111 pumped
at 1 ml/min from which an isolated yield of 89% was obtained in five minutes
residence time at 80°C. Using a Zaiput membrane separator, an in-line
extraction procedure (NaHCO;:hexane/methyl tert-butyl ether [MTBE]) was
coupled to the continuous-flow system to afford pure 5-iodopentan-2-one 112,
which was subsequently reacted with 2-(ethylamino)ethan-1-ol 113 to give
5-(ethyl(2-hydroxyethyl)Jamino)pentan-2-one 114 in >80% yield. Oxime 115 was
rapidly generated from a telescoped flow process by reaction of 114 with hydroxy-
lamine in the presence of K,CO; packed in a column cartridge. It was found that
reagent concentration greatly affected the yield of 115 and as such 1M solutions
of 5-iodopentan-2-one 112, 2-(ethylamino)ethan-1-ol 113, and hydroxylamine
gave the highest yield of oxime 115 (78% isolated yield) in 20 minutes (flow rate:
1 ml/min) at 100 °C. This was followed by reductive amination of 115, which was
performed in a continuous-flow tank reactor (CSTR) under hydrogen (10 bar)
with mechanical stirring using Raney nickel catalyst at 80 °C. In four hours, 98%
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Figure 6.23 A combined flow and batch synthesis approach toward hydroxychloroquine
110.

conversion of 115 to amine 116 was achieved from a 2 M solution of oxime 115. The
entire process was telescoped to afford key intermediate 116 in 68% overall isolated
yield as shown in Figure 6.23. Hydroxychloroquine 110 was finally furnished in
six hours from amine intermediate 116 and quinoline derivative 117 in the presence
of K,CO;:Et;N (1: 1) using ethanol as a reaction solvent at 125 °C. Compared to the
batch reaction, which takes 24-48 hours, the CSTR synthesis of hydroxychloroquine
110 from amine intermediate 116 only took six hours illustrating the potential of
this process in enabling the reduction of manufacture to market times of the API
(Figure 6.23). The telescoped synthesis provided an overall isolated yield of 78%
hydroxychloroquine 110.

6.9 Non-peptide Angiotensin Il Receptor Blocker

6.9.1 Valsartan

Hiebler et al. have reported a multistep synthesis of valsartan precursor 118
[64]. Valsartan is a non-peptide angiotensin II receptor blocker used for the
treatment of high blood pressure [65] and management of hypertension [66].
The late stage valsartan precursor was obtained in three synthetic steps, i.e.
N-acylation, Suzuki-Miyaura cross-coupling, and methyl ester hydrolysis. In
a telescoped continuous-flow system, valsartan precursor 118 was obtained in
96% overall yield in an estimated total residence time of one hour (Figure 6.24).

https://lwww.twirpx.org & http://chemistry-chemists.com

221



222 | 6 Application of Continuous-Flow Processing in Multistep APl and Drug Syntheses

Step 1

110 mM 119

2 mol equiv DIPEA

120
B Cl S 80 °C, dioxane
2 mol equiv Conversion: 99%

(Pin)
122
25mM MeOO Bu 80 °C, dioxane:H,0 (1:1)  MeOOC.__N
\”/ Conversion: 96% \IC])/
1.1 mol equiv t=22.3 min, 0.2 ml/min

123
3.7 mol equiv K,CO5 121

Step 3 15 mol equiv NaOH —® O
0

BY” “N”>COOMe —®— 80 °C, dioxane:H,0 (1 : 1) HOOC N
Conversion: 99% l

50mM O CN t =17 min, 0.2 ml/min

Figure 6.24 A modular flow synthesis of a valsartan precursor 118.
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At a reaction temperature of 80 °C, the N-acylation of boronic acid pinacol ester
119 with valeryl chloride 120, in the presence of N,N-diisopropylethylamine
(DIPEA), was performed in a polyether ether ketone (PEEK) coil using dioxane
as the solvent to obtain 99% conversion of 119 in 19.3 minutes (Figure 6.24). The
outlet stream from this reactor was first neutralized with aqueous K,CO, (3.7 mol
equiv) using a T-mixer. This dioxane/H,O stream containing intermediate 121
was thereafter flowed through a plug and play HPLC column reactor packed with
palladium-substituted cerium-tin-oxide (Ce(,,Sn;,oPdy,;0,_5) heterogeneous
catalyst. The Suzuki-Miyaura cross-coupling reaction with 2-iodobenzonitrile 122
in the presence of K,CO, at 80°C provided a 96% yield of intermediate 123 in
22.3 minutes. This reaction stream was premixed with NaOH in dioxane/H,0 in a
split and recombine reactor and was subsequently flowed into another PEEK coil
reactor heated at 80 °C to effect the methyl ester hydrolysis reaction and furnish the
desired compound 118 in 17 minutes (Figure 6.24). The outlet stream was quenched
with MeOH:H,PO, (55 : 45) and analyzed by HPLC. Valsartan precursor 118 was
obtained in 96% over all yield in an estimated total residence time of one hour and
73% ee determined by HPLC. The individual steps, performed in batch including
the purification and isolation of intermediates 121 and 123, gave only 28% overall
yield of the valsartan precursor 118.
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6.10 Cystic Fibrosis Transmembrane Conductance
Regulator

6.10.1 Ivacaftor

Ivacaftor 124, a 4-quinolone-3-carboxylic acid ester used of the treatment of
cystic fibrosis, has been synthesized in a continuous-flow process [67]. A one-pot
quadruple reaction involving ozonolysis, enaminone formation, aza-Michael
addition-elimination, and deformylation was developed for the synthesis of
ivacaftor 124 (Figure 6.25). Safe ozonolysis of indole ester 125 to afford fB-keto
ester 126 in 100% conversion at 0°C in twoseconds was carried out in a 30 ml
continuous-flow reactor with an overall throughput of 84 g/d. This route avoided
the generation of hazardous and explosive ozonide intermediate. The ozonolysis
reaction was then followed by cyclization of B-keto ester 126 with DMF-DMA in a
continuous-flow tubular reactor from which full conversion to quinolone ester 127
was achieved in 40 minutes at room temperature. In order to achieve a telescoped
continuous-flow process for the synthesis of 127, extraction of p-keto ester 126
using ethyl acetate and its subsequent separation using a gravity-based separator
had to be coupled to the flow system. In batch mode, quinolone ester 127 was
hydrolyzed to generate corresponding carboxylic acid, which was coupled with
amine 128 to furnish ivacaftor 124 in 46% yield. A safe, energy efficient synthesis of
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Figure 6.25 A “one-pot” quadruple reaction synthesis approach toward ivacaftor 124.
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quinolone ester 127, a key intermediate toward the synthesis of ivacaftor 124, was
efficaciously established in a continuous-flow system. In contrast, the conventional
batch synthesis of 124 according to literature requires higher temperatures and
corrosive reagents [68].

6.11 Non-steroidal Anti-inflammatory Agent

6.11.1 Ibuprofen

This is a non-steroidal anti-inflammatory drug on the WHO’s list of essen-
tial medicines used for pain management in medical conditions [69] such
as osteoarthritis [70]. In 2015, Snead and Jamison reported a three-minute
continuous-flow process for the synthesis and purification of ibuprofen [71] 129.
In comparison to prior research on the synthesis of this API, the reported route
provided exceptional yields (>90%) per reaction step in very short reaction times
(one minute per step). The three-step process comprised of (i) Friedel-Crafts
acylation of isobutylbenzene 130 with propionyl chloride 131 in the presence of
inexpensive AlCl, to give ketone 132, (ii) oxidative 1,2-aryl migration in aryl ketone
132 effected by iodine monochloride (ICI) in the presence of trimethyl orthoformate
to afford methyl ester 133, and finally (iii) saponification of ester 133 was achieved
using sodium hydroxide to give 129.

The continuous-flow process was enabled by an integrated in-line liquid-liquid
separation system fitted after an HCI quench of the first reaction step as shown in
Figure 6.26. The oxidative 1,2-aryl migration reaction in flow was reported to suffer
from clogging due to the formation of insoluble iodine via disproportionation of ICI
in n-propanol; however, this was solved by using neat ICI for the reaction. A second
in-line liquid-liquid separator was added to the process after the ester hydrolysis

HC(OMe), ICI
1M HClaq DMF NaOH, HS(CH,),0H
130 Al, HCI, H,0 l H,0, MeOH
_ 200 psi
i 250 pl ’ : 900 l 3.9ml 200 psi

6.36 M J @

o)
131 87 °C, 1 min
ol

90°C, 1Tmin 90 °C, 1 min

6.5M 200 psi
AICI, 132 o 133
) 129
95% o o e
a
M
OMe 86%
= 91% — Ibuprofen sodium

Production rate: 8.09 g/h

Figure 6.26 Three-step continuous-flow synthesis of ibuprofen 129.
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step to afford ibuprofen 129. The process was successfully scaled-up and provided a
production rate of 500 mg/min.

Most recently, Lee et al. prepared ibuprofen 129 from inexpensive and inactive
p-xylene 134 [72]. Three-step C-H metalations of benzylic positions facilitated by in
situ generation of Schlosser’s base were successfully performed in flow reactors to
afford ibuprofen 129. Rapid screening of reaction parameters, which was enabled
by the continuous-flow synthesis protocol, was demonstrated in the first step of the
synthesis, wherein C-H metalation of p-xylene 134 in the presence of Schlosser’s
base generated from t-BuOK and BuLi followed by methylation using methyl triflate
were both rapidly and smoothly optimized by varying over one hundred reaction
conditions. A 95% yield of p-ethyl toluene 135 was obtained from the metalation
of p-xylene (0.3M in 2-MeTHF) 134 with 1.2 equiv of +-BuOK and ¢-BulLi each at
—20°C for 3.14 seconds followed by methylation using methyl triflate (3 equiv in
ether). Only 1% 1,4-diethylbenzene, a reaction by-product was detected at these con-
ditions. This was followed with metalation of p-ethyl toluene 135 and its subse-
quent reaction with isopropyl iodide to afford 1-ethyl-4-isobutylbenzene 136 in 93%
yield at —40 °C in a total residence time of 80.9 seconds with no by-product detected.
Ibuprofen 129 was finally obtained from a third C-H metalation reaction involving
1-ethyl-4-isobutylbenzene 136 and a combination of t-BuOK/¢-BuLi super base. This
afforded an anionic intermediate, which in the presence of CO, at —40 °C furnished
ibuprofen 129 in 57% isolated yield, 2.3 g in 10 minutes (Figure 6.27).

L - Y A :
in 2-MeTHF 135 ; in 2-MeTHF

134 3 ; 3
Q‘Sm"m‘” Q) A
s Isolated yield: 95% 3

LUK Ry M i 6 mi/min in | 136
12M 1 2—>T 0.2M P5 | 3ml/min
' 3.14s R, Py
tBuLi | 10.24 M t-BuOK My Ry 1 »
Py i YR

' - -
12M 15 ml/min 63s M, 179s .

i P, Isolated yield: 93%
MeOTf B tBuli 3
3 ml/min i 12Min 1.5 ml/min
Pentane and hexane
—20°C -40°C

3 equiv t-BuOK | ..,
136 4 ml/min —40°C!
/L/@J | P e
' 1 !
; M, 52s M, 39s My OH
in2-MeTHF | ;
Ry Ry Ry ! o
3equivtBuli |+ ] : Ibuprofen
5 ml/min 2. MeTHF Isolated yield: 57%
P, Py 0.23 g/min
i CO, .

144 ml/min  Check valve

M: mixter, P: pump and R: reactor

Figure 6.27 C-H metalation in the continuous-flow synthesis of ibuprofen 129.
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In summary, two routes characterized with different and quite problem-
atic chemistries toward the synthesis of a common target molecule 129 were
successfully carried out in a continuous-flow manner.

6.12 Conclusion

The development of sustainable holistic approaches toward improving global health
is very important for the survival of the human race, and as such, governments, pub-
lic health policy makers, academic institutions not forgetting the pharmaceutical
industry are all playing major roles in providing viable solutions toward this cause.
Over the years, innovative discoveries and technologies for diagnostics, testing, and
treatment of diseases, changes in policies, and expedited approval of new drug man-
ufacturing techniques in an attempt to enable discovery and access to drugs have
been witnessed. On the other hand, from a research and development perspective
in the manufacture of potent APIs, it is also safe to say that there has been a rise
in new techniques that can facilitate the efficient synthesis of these compounds. In
this chapter, the use of continuous-flow technology has been illustrated to have the
potential to provide APIs in high throughput with excellent purity and very short
synthesis times, which is very crucial in reducing the already extremely long manu-
facture to market times, one of the driving factors of drug shortages and access. Fur-
thermore, in a few examples discussed here, the combined use of continuous-flow
and batch syntheses is shown. It should be emphasized that not all batch syntheses
can be translated to or benefit from flow processing. However, more often than not,
there are usually reaction steps in a synthetic route toward an API that can be trans-
lated to flow processes. This is the key point that needs to be understood in order
to successfully develop efficient manufacturing processes for APIs synthesis using
continuous-flow systems.
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Continuous-Flow Multistep Synthesis of Active
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Yuesu Chen and Jean-Christophe M. Monbaliu

University of Liége, Center for Integrated Technology and Organic Synthesis, Department of Chemistry,
MolSys Research Unit, Béa Allée du Six Aodt, 13, B-4000 Liége (Sart Tilman), Belgium

7.1 Introduction

Active pharmaceutical ingredients (APIs) are the high value-added bioactive chemi-
cals ultimately used in a final pharmaceutical formulation [1]. The chemical synthe-
sis of APIs thus plays a central role in the manufacturing of APIs. Generally, APIs are
constructed stepwise from structurally simpler building blocks by series of organic
reactions; each reaction step enables a connection/disconnection, functional group
conversion, or structural rearrangement [2]. In the past century, organic chemists
have made an enormous progress in promoting the efficiency of chemical synthesis
by means of new catalytic approaches, multicomponent reactions [3, 4], microwave
synthesis [5, 6], and continuous-flow reactions.

In the last decade, the widespread use of continuous-flow microreactors in prepar-
ative chemistry is gradually changing the way of thinking of organic and process
chemists [7]. The inherent features of microreactors, such as the intensified trans-
port processes, the structural robustness, and the continuous-flow operation con-
tribute to a cleaner, safer, and easy scalable synthetic process. Chemical reactions
could access novel process windows (NPW) in microreactors, which enable a further
enhancement of productivity, significantly reducing the time, space, and environ-
mental footprint [8, 9].

Traditionally, the multistep synthesis in batch is carried out in an iterative fash-
ion, which requires the isolation of intermediates between the steps (Scheme 7.1a).
Large amounts of solvent and other material (quench, extraction, purification by
chromatography, etc.) are consumed in these intermediate workup and purification
steps. In most reported flow cases in API synthesis, microreactors are invoked to
tackle the “tough” steps without significantly changing the iterative nature of the
entire process (Scheme 7.1b). The continuous-flow operation of the microreactors
provides a promising opportunity to perform multiple reaction steps in a network
of interconnected flow reactors, avoiding the laborious isolation of the intermedi-
ates (“one-flow” synthesis, often referred to as process concatenation or telescoping)
(Scheme 7.1c) [10-12].

Flow and Microreactor Technology in Medicinal Chemistry, First Edition. Edited by Esther Alza.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Multistep synthesis in batch (iterative batch synthesis)
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Step-wise flow synthesis (iterative flow synthesis)
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Continuous flow multistep synthesis (one-flow synthesis)
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Scheme 7.1 Multistep synthesis in batch and flow. (Details of the pumping and injection
units of the flow systems are denoted by round-cornered rectangle frames at the inlets).
Source: Based on Pieber et al. [10], Wegner et al. [11], Webb and Jamison[12].

The objective of this chapter aims to provide the synthetic chemists with a brief
overview on the application of multistep flow synthesis of APIs and drug precursors.
Selected examples include processes with the concatenation of at least two reaction
steps for the synthesis of APIs and related compounds. Starting from the simplest
case - reagent generator — the state of the art of multistep flow synthesis is intro-
duced through representative examples predominantly published since 2017 in an
increasing gradient of complexity (number of steps). For further examples on the
same topic, the reader is redirected toward recent reviews [13-15].

7.2 Generators of Small Molecule Reagents

The application of reagent generator in flow can be regarded as the simplest multi-
step model. Based on the single-step flow reactor (Scheme 7.2a), the reagent feed
is replaced by a reagent generator (Scheme 7.2b), where the reagent is continu-
ously generated and delivered to the downstream reactor in a required concentra-
tion and flow rate. After the incorporation of the reagent generator, the precursor(s)
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Single step flow setup
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_______________ J
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1
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(b)

Scheme 7.2 The application of reagent generator in flow - the simplest multistep flow
system.

of the reagent is injected to the flow system instead of the reagent itself; this fea-
ture is especially beneficial in dealing with gaseous, hazardous, and highly reactive
reagents that are challenging to handle in large quantities [16]. In contrast to the in
situ reagent generation (one-pot reaction), the spatial separation of the generation
and consumption of the reagent in flow allows the use of different conditions and
minimizes their mutual interference. Moreover, its combination with in-line sepa-
ration techniques enables the change of reaction media (solvent) and the removal
of by-products. These features have made microreactor systems as an enabling plat-
form for in-line reagent generation and multistep synthesis.

The storage of reactive gas cylinders inside laboratories are considered as poten-
tial safety threats. Ideally, the “on-demand” generation of reactive gases from
liquid solutions and their immediate consumption within chemical transforma-
tions should be considered as the best laboratory practice. The commercialized
hydrogenator H-Cube™ by ThalesNano' is one of the earliest reactors that relied
on this concept; it integrates a water electrolysis hydrogen generator and inter-
changeable catalyst cartridges, hence enabling high-temperature and high-pressure
continuous-flow hydrogenations under safe conditions (Scheme 7.3) [17, 18]. This
type of reactor was, for instance, used by de Souza and coworkers for a tandem
hydrogenation/reductive amination step in the synthesis of anesthetic Mepivacaine

(1) [19].
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Solvent: MeOH

@H
o) (0.01 M)

I H
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L J I o
H,O ‘— H, generator ‘ [H2 (H-Cube Pro), Mepivacaine (1)
10% Pd/C, 50°C

: Isolated yield: 83%

\J

0, Hz (9)

Scheme 7.3 The synthesis of Mepivacaine in ThalesNano® H-Cube™. Source: Based on
Cossar et al. [17] and Irfan et al. [18].

For the generation of soluble gases, membrane technologies enable reagent
transfer between immiscible solvents or chemically incompatible reaction media.
For instance, Kappe and coworkers developed a chlorine generator that relied
on the reaction of bleach and hydrochloric acid [20]. The generated chlorine was
extracted with chloroform and separated from the aqueous phase by a membrane
separator for the subsequent downstream reactions (Scheme 7.4b). Using a similar
generator setup, the same research group managed to generate nitrosyl chloride
(NOCI) from an aqueous reaction phase for photonitrozation applications [22].
Another example of a common, synthetically useful reactive gas is C, -building block
diazomethane (CH,N,). As has been already introduced in previous chapters of
the present book, CH, N, is notorious for its toxicity and explosiveness. Among the
various continuous-flow systems [23], the tube-in-tube reactor setup (Scheme 7.4c)
could safely handle the generation, separation, and reaction of anhydrous CH,N,.
Diazomethane is typically generated in the inner layer and diffuses through a
gas-permeable membrane to reach the reaction medium in the outer layer [24].
Kappe and coworkers made use of a tube-in-tube CH, N, generator for the synthesis
of a-chloro ketone precursors of HIV protease inhibitors such as Atazanavir (10)
[21] (Scheme 7.5). Moreover, the tube-in-tube reactor setup is also suitable for the
in-line generation of trifluoromethyl diazomethane [25], hydrogen cyanide [26],
and carbon monoxide [27], as well as the in-line dosage [28] and removal [29] of
the gases.

Similarly, for the liquid and dissolved solid unstable reagents, generators often
rely on the configurations shown in Scheme 7.4a,b, depending on the compatibility
with the downstream steps. The reagent generators provide a safe and controllable
means for the synthetic application of several volatile, toxic, and highly reactive
small molecules, such as bromine [30], cyanogen bromide (BrCN) [31], and
Vilsmeier-Haack reagent (Me,N*=NHX) [32, 33].

Apart from the small molecule reagents, reactive species carrying larger building
blocks like organometallic reagents [34] are also accessible in flow from their gener-
ators. More detailed examples are discussed in the next sections. Some examples of
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Scheme 7.4 Three representative configurations of reagent generators. Source: Pinho
et al. [21]/American Chemical Society.

reagent generators are gathered in Table 7.1 in parallel with their generation reac-
tions; some of the entries are already mentioned in the context.

7.3 Two-Step Flow Synthesis

The two-step flow synthesis and the reagent generator share exactly the same prin-
ciple: the first reactor serves as the “substrate generator” for the second (compare
Schemes 7.1c and 7.2b). Despite the compatibility of the reaction media (solvent,
by-products), in order to achieve a high overall yield, the local concentration of the
key component and the reaction time for each step (coupled with reactor volume and
flow rates of the feed streams) should be taken into consideration during the process
design and optimization to ensure high conversion and selectivity of each step.

In this and the following sections, the APIs denoted with “WHO essential” are
essential medications for a basic healthcare system. These substances are included
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Scheme 7.5 The flow setup (a) for a three-step synthesis of an a-chloroketone precursor of HIV protease inhibitors (b) using a tube-in-tube
diazomethane generator.
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Table 7.1 Reagent generators and their generation reactions.

Entry Reagent Feature Generation reactions Setup?  References
1 H, Explosive 2H,0 - 2H, + O, (H-Cube) a [19]
2 Cl, Toxic, corrosive NaClO +2HCl — NaCl +Cl, + H,0 b [20]
3 NOCl Toxic, corrosive NaNO, +2HCI - NaCl +NOCI + H,0 b [22]
4 CH,N, Toxic, explosive p-TolSO,NMeNO + KOH — p-TolSO,K + CH,N, + H,0 c [21]
H,NCONMeNO +KOH - NH, + CO, + CH,N, + H,0 a [35]
5 (CF;)CHN, Toxic, explosive (CF,)CH,NH, + NaNO, + H,SO, - (CF,)CHN, + NaHSO, + 2H,0 c [25]
6 HCN Highly toxic 2NaCN +H,SO, - Na,SO, + 2HCN c [26]
7 Cco Toxic, flammable HCOOH - CO+H,0 c [27]
8 Br, Toxic, corrosive NaBrO, + 6HBr — NaBr + 3Br, + 3H,0 a [30]
9 BrCN Highly toxic KCN + Br, - KBr + BrCN b [31]
10 Me,N*=NHX Reactive, hygroscopic HCONMe, + POCI, — [Me,N*=NHCI][CL,PO~] a [32]
CBr, +2HCONMe, — 2[Me,N*=NHBr|Br~ + CO, a [33]
11 R,R,C=N, Potentially explosive R,R,C=NNH, + MnO, — R R,C=N, a [36]
12 ArMgBr Highly reactive, air sensitive ~ ArBr+ Mg — ArMgBr a [37]
RH + TMP-MgCl-LiCI”— RMgCl + TMP-H + LiCl a [38]
13 Cl,CHLi Highly reactive, air sensitive CH,CIl, +"BuLi — Cl,CHLi + "BuH a [39]
14 ArLi Highly reactive, air sensitive ArBr+"BuLi — ArLi + "BuBr a [40]
15 RZnX Highly reactive, pyrophoric 2RX +ZnCl, +2Mg — R,Zn + MgX, + MgCl, a [41]
2RLi +ZnCl, - R,Zn + 2LiCl a [42]

a) General setups refer to Scheme 7.4.
b) TMP = 2,2,6,6-tetramethylpyperidyl.
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in the Model List of Essential Medicines by the World Health Organization (WHO)
(https://www.who.int/medicines/publications/essentialmedicines/en).

7.3.1 Clausine C Derivatives

Carbazole scaffolds are commonly found in bioactive natural products [43]. Collins
and coworker developed a two-step flow protocol for the synthesis of 1-substituted
Clausine C (Scheme 7.6) [44]. The upstream photoreactors I and III serve as gen-
erators of 1-bromo Clausine C (11): the carbazole moiety was constructed via an
intramolecular nitrene insertion triggered by the photo-cleavage of azide (12). For
the preparation of 1-(hetero)aryl Clausine C (14) (Scheme 7.6a), the effluent con-
taining 11 was combined with a solution of (hetero)aryl boronic acid (13) and a
base and then underwent Suzuki cross-coupling in a column packed with hetero-
geneous palladium-based SiliaCat® catalyst (reactor II) to afford 14. The reaction
time of this step (21 minutes) is significantly shorter than that of its batch counter-
part (14 hours), giving good yields for aryl coupling partners and moderate yields
for heteroaryls. For the preparation of 1-benzyl derivative (16), a sequential flow
photochemical process (Scheme 7.6b) was applied, in which the photoredox/nickel
dual-catalyzed cross-coupling with benzyl trifluoroborate (15) took place in the sec-
ond photoreactor (reactor IV).

7.3.2 Amino Alcohol APIs from Glycerol

Like other petroleum-based C; building blocks, glycerol has been produced from
propylene like glycidol (20) and epichlorohydrin (21). Nowadays, glycerol (17) is
obtained in large volumes as a by-product of the saponification/transesterification of
animal and vegetable oil. Monbaliu and coworkers developed a continuous-flow pro-
tocol for the upgrading of bio-based glycerol to f-amino alcohol APIs via epichloro-
hydrin (Scheme 7.7) [45]. Glycerol was converted to epichlorohydrin in a two-step
flow process (Scheme 7.7a). The heating with concentrated hydrochloric acid (reac-
tor I) gave a mixture of chlorohydrins (19). The presence of catalyst pimelic acid
(18) enhanced the yield and selectivity to dichlorohydrin (19c), which was subse-
quently cyclized to 21 upon treatment with NaOH (reactor II). Quantitative con-
version and high yield for this highly exothermic cyclization step were achieved
within one minute when performing on a Corning” Advanced-Flow™ G1 SiC reac-
tor. The separation of 21 from water-soluble 20 was realized with in-line extraction:
the effluent from reactor II was mixed with an organic solvent in a mixing col-
umn packed with glass beads and then separated with a Zaiput" membrane sepa-
rator. The bio-based solvent n-butyl acetate (b.p. 126 °C) exhibited excellent extrac-
tion performance, but the low boiling methyl tert-butyl ether (MTBE, b.p. 55°C)
enabled an easier downstream solvent removal and was therefore utilized. Using
the bio-based epichlorohydrin, the authors managed to synthesize two amino alco-
hol APIs in a one-flow process within 40 minutes total residence time (Scheme 7.7b):
propranolol (25a) (a medication against hypertension, WHO essential) and nafto-
pidil (25b) (a medication against prostatic hyperplasia).
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Scheme 7.6 The continuous-flow synthesis of 1-substituted Clausine C derivatives (4CzIPN = 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile;
dme = 1,2-dimethoxyethane; dtbbpy = 4,4’-di-tert-butyl-2,2’-dipyridyl). Source: Parisien-Collette et al. [44]/John Wiley & Sons.
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The flow synthesis of bio-based epichlorohydrin
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Scheme 7.7 The upgrading of glycerol to amino alcohol APIs in flow. Source: Morodo et al.
[45]/Royal Society of Chemistry.

7.3.3 Oxymorphone

Oxymrophone (26) is an opiate analgesic synthesized from naturally occurring alka-
loid oripavine (28). It is also an intermediate in the manufacturing of naloxone (27),
an effective antagonist for the treatment of acute opioid overdosing (WHO essential).
Kappe and coworkers developed a one-flow process for the synthesis of 26 involving
an in-line solvent swapping between two miscible reaction media (HCOOH/H,0O
and N,N-dimethylactamide [DMAc]) (Scheme 7.7) [46]. In reactor I, oripavine (28)
was hydroxylated by the in situ generated performic acid at 100 °C. The effluent
containing 14-hydroxymorphinone (29) formate was mixed in-line with a diluted
ammonia solution and dichloromethane (DCM) and then partitioned by gravity,
collecting the free base 29 in the organic phase. Since the hydrogenation of 29 in
DMACc was much faster than in other solvents, the DCM layer containing the free
base (29) was subsequently mixed with DMAc (b.p. 165 °C) and warmed up to 95°C
in a heated coil, where DCM (b.p. 40 °C) was vaporized. In this manner, 29 was con-
centrated in DMAc (0.2 M) and collected in a heated vessel (80 °C) to prevent the
condensing of DCM. The DMAc solution of 29 was then pumped into a ThalesNano
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H-Cube hydrogenator (reactor II, structure; see Scheme 7.3), giving a solution of 26
after <1 minute residence time. The collected solution can be directly used for the
Pd-catalyzed N-demethylation (88% assayed yield in batch). Crystalline product (26)
was obtained in 86% yield (based on 28) after removing the solvent. The reaction
condition could be telescoped to thebaine for the synthesis of oxycodone, another
commercial opiate painkiller.

7.3.4 Hydroxychloroquine

Hydroxychloroquine (HCQ, 30) is an antimalarial drug and an effective drug for the
treatment of rheumatoid arthritis (WHO essential). However, the global access to
HCQ (30) has been hampered by its high manufacturing costs. The preparation of
the key intermediate 34 has been the main cost driver because of the use of car-
bonyl protection group. Gupton and coworkers published a flow protocol for the
synthesis of HCQ without resorting to functional group protection or precious metal
(Scheme 7.8) [47]. The synthesis started with the iododecarboxylation of a-acetyl
butyrolactone (31), giving the iodoketone (32) in high yield (reactor I). A large excess
of HI (aq.) is necessary for the high conversion. The reaction mixture was neutral-
ized in-line, while the iodoketone (32) was extracted with MTBE and separated from
the aqueous waste with a membrane separator (Scheme 7.8a). The displacement of
the iodine atom of 32 with amine (33) occurred readily to give the key intermedi-
ate (34) in good yield (>80%) (reactor II). From 34, a reductive amination could in
theory afford the side chain of HCQ (36) in one step. However, because of the lim-
ited solubility of ammonia in tetrahydrofuran (THF) and the difficulty in exchanging
the miscible solvent in-line (cf. Scheme 7.9), the seemingly straightforward reduc-
tive amination became unfeasible. The authors decided to convert 34 to its oxime
(35) and perform the hydrogenation in a continuous-flow tank reactor (CSTR). The
preparation of 34 (reactor II) and its oximization (reactor III) were performed in
one stream using THF as common solvent, giving the oxime in 78% yield. Columns
packed with solid potassium carbonate placed between the steps to scavenge acid
(I) and water (II). The final step connecting the side chain (36) with quinoline (37)
was carried out in batch to afford HCQ (30) in 78% yield (For more details about the
algorisms see Chapter 6).

7.4 Linear Multistep Flow Synthesis

Linear multistep synthesis can be treated as a succession of fluidically connected
generators; i.e. one of the inlets of a downstream generator is connected to the out-
let of an upstream generator and so on. An example generator of cyanogen bromide
(BrCN) is shown in Scheme 7.10; it consisted of a Br, generator (reactor I) and a
BrCN generator (reactor II) [31]. Similar to the two-step flow synthesis, same con-
siderations should be taken when joining and operating multiple reaction steps in
one stream.
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Scheme 7.8 The synthesis of hydroxychloroquine in flow.
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Scheme 7.10 A nested generator of cyanogen bromide.

7.4.1 Valsartan Precursor

Valsartan (38) (Diovan™ Novartis’) is a potent, orally active angiotensin II recep-
tor blocker. It is widely used in the treatment of hypertension and chronic heart
failure. The key step in the synthesis of 38 is the introduction of the biaryl moi-
ety. In 1991, Ciba-Geigy patented a synthetic route starting from r-valine methyl
ester and a biphenyl aldehyde (overall yield <10%). In 2019, Gruber-Woelfler and
coworkers presented a one-flow synthesis of Valsartan precursor (44) allowing a
late-stage construction of the biaryl scaffold (Scheme 7.11) [48]. Three reactions
were integrated in one-stream: the N-acylation of the boronic ester substrate (40)
(reactor I), the Suzuki-Miyaura cross-coupling with 2-halobenzonitrile (39) (reactor
II), and the hydrolysis of the methyl ester (43) (reactor IIT). Each step was optimized
in batch and flow separately. For the cross-coupling step, the palladium-substituted
cerium-tin oxide (Ce ,,Sn,, ,oPd, ; O,_5) Was used as heterogeneous catalyst packed
in a high-performance liquid chromatography (HPLC) column (reactor II); the 1: 1
mixture of dioxane/water was chosen as solvent, since it could minimize the cat-
alyst leaching and dissolve the aqueous base solution. The integrated process was
operated for six hours, giving 44 in 96% assayed yield along with 77% enantiomeric
excess, whereas the three-step batch procedure offered only 28% overall yield (For
more details about the algorisms see Chapter 6).

7.4.2 Eflornithine

Eflornithine (45) is an API (WHO essential) used for the treatment of the second
stage of the African trypanosomiasis (sleeping sickness). This compound was cur-
rently synthesized from diethyl malonate, acrylonitrile, and chlorodifluoromethane
(CHCIF,, R-22) over five steps with <40% overall yield. However, the production
of R-22 is phasing out under Montreal protocol due to its ozone depleting poten-
tial. Fluoroform (CHF;, R-23) is a large-volume gaseous side product in the produc-
tion of polytetrafluoroethylen (PTFE); its release into the environment is forbidden
because of its high global warming potential. Kappe and coworkers developed a
three-step flow protocol using CHF, as difluoromethyl source (Scheme 7.12) [49].
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The substrate, N-protected ornithine methyl ester (46), was a-deprotonated upon
mixing with two equivalent of lithium hexamethyldisilazide (LIHMDS) at low tem-
perature (reactor I). The effluent of reactor I was mixed with CHF; gas in a glass
mixing chip (Unigsis”) and entered reactor II operating at room temperature, where
the difluoromethylation took place; CHF, was deprotonated with the second mole
of base and underwent an a-elimination giving difluorocarbene (CF,); such species
was captured by the carbanion of the substrate. The N-protected difluoromethyla-
tion product (47) was combined with concentrated HCI (aq) and heated at 160 °C in
a perfluoroalkoxy alkanes (PFA) coil (reactor III) to afford Eflornithine dihydrochlo-
ride monohydrate (45-2HCI-H,O) in 86% isolated yield (19.48 g).

During their initial optimization, deprotonations with other bases such as "BulLi,
LDA, KO'Bu, and LiO'Bu turned out to be unsuccessful. The glass mixing chip was
introduced to ensure an effective gas-liquid mixing under high flow rates. Because
of the solid formation (e.g. LiF, 45-HCI) from the reaction mixture, the pressure of
the flow system was maintained by a Zaiput BPR with a small dead volume and large
enough channel width to ensure a smooth flow without clogging.

7.4.3 Ketamine

Ketamine (48) is a general anesthetic on the WHO list of essential medicines. It
has also been found to be a rapid-acting antidepressant for the treatment of major
depressive disorders with imminent risk of suicide. Ketamine and its analogs
have been synthesized from a commercially available ketone (49) through a
bromination-imination-thermolysis sequence (Stevens’ procedure) [50], which
uses toxic solvents and reagents of low atom economy. In order to provide an envi-
ronmentally favorable alternative that bypasses problematic steps or conditions,
Monbaliu and coworkers developed a continuous-flow process for the synthesis
of racemic ketamine, making use of an industrial flow reactor platform (Corning
Advanced-Flow reactors) (Scheme 7.13) [51]. The aerobic hydroxylation of ketone
49 is highly exothermic and limited by mass transfer (hours in batch), whereas it
completes cleanly within a few minutes in flow (reactor I) with green reagents,
solvent, and phase transfer catalyst (PEG-400). A computational study on the side
product formation assisted the optimization of this step. In the imination step
(reactor II), mild condition and fast reaction were enabled by applying triethyl
borate as Lewis acid catalyst. The thermal rearrangements (reactor III) were found
to be unimolecular processes with rather high activation barriers, accounting for
their high reaction temperature (>180 °C) required. Montmorillonite K10 packed in
the column served as heterogeneous acid catalyst, which shorten the reaction time
to five minutes. The final one-flow process concatenating three steps gave ketamine
hydrochloride (48-HCl) in 62% isolated yield and excellent purity over 20 minutes.
The gradual poisoning of K10 by the bases from upstream became pronounced over
longer reaction time, hence necessitating an intermediate base removal between
reactors II and III for the preparation in larger scales.
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7.4.4 Lesinurad

Lesinurad 52 (Zurampic™, AstraZeneca) is a urate anion exchange transporter 1
(URAT1) inhibitor approved in 2015 by the US Food and Drug Administration (FDA)
for treating high blood uric acid levels associated with gout. Pastre and coworkers
presented a flow synthesis starting from a commercially available isothiocyanate
53 (Scheme 7.14a) [52]. The substrate underwent a three-step continuous reaction
series to construct the heterocycle (reactors I and II) and the side chain (reactor
I11); the resultant precursor 58 was brominated (reactor IV) and hydrated (reactor V)
in two separated flow steps to afford Lesinurad in 68% yield after crystallization. A
total residence time of c. 2 hours was reported in flow, whereas its batch counterpart
required 32 hours to give 40% overall yield.

The authors’ early attempt to introduce the cyclopropyl group after the forma-
tion of the molecular skeleton (61) (Scheme 7.14b) turned out to be unsatisfactory,
since the presence of the 1,2,4-triazole hampered the Suzuki coupling to complete,
resulting in a poor overall yield of 52 (24%).

The flow synthesis of Lesinurad
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Scheme 7.14 The continuous-flow synthesis of Lesinurad. Source: Damiao et al. [52]/Royal
Society of Chemistry.
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7.5 Convergent Multistep Flow Synthesis

In the construction of more complicated molecular structure, a convergent route is
often more favorable than a single lengthy linear synthesis: smaller fragments of the
target molecule (TM) are synthesized in shorter linear routes and put together by
a convergent reaction close to the final step; therefore, the number of steps in the
route connecting the substrate to the TM is shorter. When the convergent synthesis
is transposed in flow, the reaction step joining the fragments has more than one
“generator” integrated on its upstream sections. The example shown in Scheme 7.5
can be regarded as an example of convergent synthesis.

7.5.1 A Histone Deacetylase Inhibitor Precursor

Microfluidic conditions offer an ideal platform for handling highly reactive
organometallic species with (sub-) second-level residence time (flash chemistry).
Biaryl compounds bearing aminomethyl groups, like piperidyl methyl, are potential
bioactive reagents. Nagaki and coworkers published an integrated synthesis of
the precursor (63) of a histone deacetylase (HDAC) inhibitor (64), which contains
such structural moiety (Scheme 7.15) [40]. The flow system integrated five reaction
steps, four of which were performed within second-level residence time: the Br-Li
exchange (reactor I), the borylation of the aryl lithium 66 (reactor II), the hydrolysis
of the borate 67 (reactor III), and the generation of the reactive Pd catalyst (reactor
IV). The Suzuki-Miyaura coupling between 68 and 69 (reactor V) completed the
synthesis after heating the effluent at 50°C for 1.5hours in batch, affording the
desired product (63) in quantitative yield after chromatography.

During the optimization of the lithiation and borylation steps (reactors I and II),
the authors found that the channel width of the mixer is crucial to achieve a high
yield for 67. A 500 pm inner diameter for mixer M, is sufficient to ensure an effective
mixing.

7.5.2 Linezolid

The WHO essential antibacterial drug linezolid (70) is a primarily used as a last
line of defense treatment against multidrug-resistant gram-positive bacteria. Early
routes for the synthesis of linezolid are lengthy (>7 steps) and rely on protecting
groups. Jamison and coworker have developed a fully continuous sequence involv-
ing seven chemical transformations in one uninterrupted flow setup (Scheme 7.16)
[53]. Two fragments of the target molecule (78 and 74) were constructed in two sepa-
rated streams and then combined in the last two steps to complete the synthesis. The
first stream started from (+)-epichlorohydrin (71) and acetonitrile. The Lewis acid
("Bu,0-BF;)-catalyzed Ritter-type intermediate (72) (from reactor I) was quenched
with isopropanol at low temperature, converting BF, to the soluble boronic ester
(reactor IT). Under the reaction condition, the formation of oxazoline side product
(80) was largely suppressed; the nucleophilic reaction with diethyl ether (81) was
minimized by increasing the steric hindrance of the solvent ("Bu,O). The resultant
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Scheme 7.15 Flash chemistry synthesis of a histone deacetylase (HDAC) inhibitor precursor. Source: Takahashi et al. [40]/John Wiley & Sons.
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imidate chlorohydrin (73) was deprotonated by ‘BuOLi, giving epoxide 74 (reac-
tor III). The second half of the 70 molecule were prepared via the SyAr reaction
between 3,4-dinitrofluoronitrobenzene (75) and morpholine (76) (reactor IV) fol-
lowed by Pd-catalyzed hydrogenation in packed-bed reactor (reactor V). The solution
of aniline 78 was separated from hydrogen gas in a sealed vessel and then reintro-
duced to the flow system. After the reaction with epoxide 74 (reactor VI), two frag-
ments were joined together. Amino alcohol 79 and aniline 78 could not be isolated
from the crude reaction mixtures because of their rapid oxidation. The condensation
with N,N-carbonyldiimidazole (CDI) at 150 °C (reactor VII) finalized the synthesis;
at the outlet of the flow system, immidiazole was removed by an in-line extraction
with HCI (aq), affording linezolid (70) in 73% yield (over seven steps) after an offline
chromatography. The total residence time of 27 minutes is much shorter than that
of other existing processes (>60 hours), corresponding to a throughput of 816 mg/h.

7.6 Advanced Technologies for Multistep Flow Synthesis

In the previous paradigms, the end-to-end connection of different reaction steps has
significantly improved the efficiency of multistep API synthesis, while the depen-
dence on human labor is reduced. The customized flow setups and process param-
eters for the synthesis of a specific compound are widely pursued in industry to
maximize the efficient access to that molecule [54]. The integration of in-line analyt-
ics and various sensors could acquire copious amounts of process data, the efficient
generation and management of which are essential elements to enable better under-
standing, control, and intensification of the drug manufacturing process [55]. Such
data can also be exploited for fully benefiting from the assets of flow for the rapid
optimization of complex reaction conditions or sequences with the integration of
Design of Experiment (DoE) strategies aiming at self-optimizing systems and the
integration of artificial intelligence (AI) for exploring new routes.

7.6.1 Sensors and In-line Analysis

Sensors for real-time measurement of the reaction parameters are playing an impor-
tant role in the acquisition of data from the flow system. The temperature, pressure,
and flow rate sensors are commonly integrated with the thermostats, pumps, and
mass flow controllers, enabling a visual reading of their values. These basic sensors
have been integrated in some commercialized flow setups for laboratories and indus-
try, allowing the monitoring and control of these parameters on a user’s interface.

The external T/p [56], electrochemical [57], and optical sensors can be imple-
mented to the flow systems without significantly rebuilding the setup: only a flow
cell embedding the sensor is to insert. Many common spectroscopic probes can be
connected to the flow system in a similar fashion for the in-line analysis of the reac-
tion mixture [58], such as UV-Vis [22], near-infrared (NIR) [59], Raman [60, 61],
and infrared (IR) [62, 63]. These techniques are fundamental to the process analyti-
cal technology (vide supra).
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7.6.2 Process Analytical Technology (PAT)

Process analytical technology (PAT) is defined as “a system for designing, analyzing,
and controlling manufacturing processes through timely measurement of critical
process parameters (CPP) which affect critical quality attributes (CQA)” by FDA
[55]. As has been showed in previous chapters of the present book, the application
of PAT in flow chemistry enables the information feedback for process control, auto-
mated optimization, kinetic study, and reaction telescoping, guiding the progress of
drug discovery in an efficient manner [64].

The sensor probes and instruments for in-line analysis are connected to computer
software for the processing and visualization of the data. Large instruments (like
nuclear magnetic resonance [NMR]) sometimes require reactants to flow through
[65-67]. For the methods requiring the injection of a dilute solution, like mass spec-
tra (MS) [68], gas chromatography (GC) [69], and HPLC [70], a local redesign of the
flow path to accommodate the autosampler is sometimes necessary [71].

Utilizing a Modular Micro Reaction System (MMRS) equipped with a Lonza
FlowPlate” Lab reactor, manufactured by Ehrfeld Mikrotechnik, Kappe and
coworkers investigated a two-step organolithium chemistry with integrated PAT
support (Scheme 7.17) [72]. The deprotonation of the substrate (82) was monitored
using in-line ReactIR, where disappearance of the ester C=0 stretching peak could
be clearly quantified. Subsequently, the addition of lithium enolate (83) to the
electrophile (84) was monitored by in-line NMR using the formyl and arene protons
as distinct markers. The final reaction mixture was quantified by online ultra high
performance liquid chromatography (UPLC), whose sampling was performed on
an in-line dilution bypass. The pumps and sensors were connected to a HiTec Zang’
LabManager™ unit and controlled by LabVision® software. With the support of
PAT, the optimization process was significantly accelerated (17 iterations within
two hours). The product 86 was isolated in 70% yield after a 70 minutes run under
the optimized condition.

For the kilogram scale synthesis of prexasertib (87) monolactate monohydrate, a
checkpoint kinase 1 (CHK1) inhibitor, Cole and coworkers monitored their auto-
mated continuous-flow system with PAT, especially in-line HPLC (Scheme 7.18)
[73]. This complex automatic system involved several unit operations that are quite
uncommon for sub-gram scale reactions, such as counter current extraction, rotary
evaporation, in-line crystallization, and filtration. The entire system worked for a
few days, producing 24 kg (c. 114 000 doses) of lactate in good yield and purity. Dur-
ing this long run, a disturbance was detected by HPLC; a considerable amount of 89
and 87 were observed at the outlet of reactor II. The authors separated that fraction
and soon found out that the evaporative loss of the base (N-ethylmorpholine) from
the feed solution had occurred over time, resulting in the accumulation of HCI in
the reaction mixture.

7.6.3 Self-optimization

Traditionally, the optimization of process parameters was achieved manually in
a trial-and-error manner, since the flow system, the analytical instruments, and
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Scheme 7.17 A modular flow platform integrated with PAT tools for multistep reactions. Source: Modified from Sagmeister et al. [72].

https://lwww.twirpx.org & http://chemistry-chemists.com



258 | 7 Continuous-Flow Multistep Synthesis of Active Pharmaceutical Ingredients

0 O
o (22wt%)

NHBoc

Inine || carbonate
HPLC
DMSO 30 wt% in DMSO

NH,

S0 A
Rotary N
evaporation oH 89

60°C, 201 S~ NHBoo
2 h cycle time 89.6%, 3.08 kg/d

Reactor |

130 °C, 70 min
21 bar

Solvent: THF
12.7 mi/min

b

‘ N,H, (158 equiv)

Solvent: AcOH/MeOH/H0 Toluene
8.8 ml/min

In-line
HPLC

In-line
HPLC

“Neethyimorpholine | Roactorl

(122 equiv)
Solvent: DMSO
10.2 mi/min

] . .
o _yon
L N=’(1.23 equiv)| 7 =N
Solvent: DMSO ; - HN‘(,\:jCN
5.4 ml/min H ©\/E\‘\<N
N Waste Waste
N HN{N Pac oH &
S| o
N" a1 L : 5
oM Crystallization Filtration/dissolution [ 887% 256kgd
L~ NHBoc 20 °C, 60 min 3711h 87 lactate: 75-85%, 1.99 kg/d
24 kg isolated, purity > 99.7%
(b) ()
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monohydrate with PAT: (a) condensation with hydrazine, (b) Sy Ar reaction, and

(c) deprotection (simplified flowchart; the final reaction step - the formation of the lactate
is not shown). Source: Modified from Cole et al. [73].

the chemists are working independently, their cooperation relies on the chemists’
knowledge and a priori decision. With the assistance of PAT tools and computa-
tional software, the feedback loop for the resetting of the process parameters can be
closed to enable an automatic optimization without human intervention [74].

For the optimization of the individual steps in the synthesis of natural product
carpanone (92), Felpin and coworkers developed an autonomous system supported
by MatLab’ platform (Scheme 7.19) [75]. The composition of reaction mixture was
analyzed by in-line HPLC or NMR. The custom-made algorithm derived from the
downhill simplex (Nelder-Mead) method and golden section search method [74]
was executed for the black-box optimizations that assume no a priori knowledge
of the chemical reactions. Starting from the commercially available sesamol (93),
four chemical steps (Williamson reaction, Claisen rearrangement, isomerization,
and oxidative dimerization) were optimized to their best yields and efficiency over
68 experiments, giving carpanone in 67% overall yield. For the rearrangement and
the isomerization steps (Scheme 7.19b,c), the optimal conditions located in the
high T/p regime were found out by the software over c. 20 iterations, giving the
product with high throughput. The optimized conditions for the last two steps
(Scheme 7.19¢,d) achieved improved selectivity and yields than that of their batch
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Scheme 7.19 Auto-optimization of each step in the synthesis of Carpanone. Source:
Cortés-Borda et al. [75]/American Chemical Society.
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counterparts. Recently, the same algorithm was applied for the self-optimization in
the synthesis of pyridine-oxazoline (PyOX) ligands [70].

7.6.4 Modular Flow System

Continuous-flow systems have been considered to be less flexible, since they are
normally tailored to specific chemical reactions. Some measures of redesign or
re-optimization have typically to be taken before performing a varied array of reac-
tions on the same flow setup. Nowadays, the commercially available lab-scale flow
reactors could only manage one to two chemical steps on one piece of equipment
with standardized modules.

In 2016, the research groups of Jamison and coworker developed a reconfigurable
system for the on-demand manufacturing of pharmaceuticals for smaller targeted
patient populations [76]. Modules for complex multistep synthesis, in-line purifi-
cations, post-synthesis workup and handling, crystallization, real-time monitoring,
and formulation of drug products were integrated in a refrigerator-sized device. The
setup has been reconfigured for the production of four APIs (diphenhydramine, lido-
caine, diazepam, and fluoxetine) in high purity and throughput, also including their
final liquid formulation as injectable dosages.

Twoyears later, the same research groups presented a compact, modular sys-
tem that enables automated optimization and scale-up of multistep reactions
(Scheme 7.20a) [77]. The flexibility of the flow system was featured by five universal
bays that could host any standardized reaction module (Scheme 7.20b) for the
particular chemistry to be performed. Raman, IR, and mass spectroscopy were
integrated in the system for in-line analysis. The Stable Noisy Optimization by
Branch and Fit (SNOBFIT) algorithm supported by MatLab was used for the global
optimization of single- or multistep processes as has been introduced in Chapter 3.
The user only needs to load the modules and reagents to get the optimization or
synthesis started through a graphical interface (Scheme 7.20c). The versatility of the
system was proven by the black-box optimization of C-C and C-N cross-coupling,
olefination, reductive amination, nucleophilic aromatic substitution (SyAr), pho-
toredox catalysis, and a multistep sequence. A library of nine compounds (10 mg
scale) was rapidly generated via SyAr reaction within 20 minutes, demonstrating
the potential of application in drug discovery. A two-step synthesis of cyclobutanone
was optimized on this platform (Scheme 7.20d): the generation of ketene (101) and
the [2 + 2] were handled in a concatenated setup, giving 103 in 77% yield with good
stereoselectivity.

Apart from modular reactors, Cronin and coworkers made use of a chemical
to computer-automated design (ChemCAD) approach that translates traditional
bench-scale synthesis into a platform-independent digital code. This in turn guides
the production of a 3D printed reactor that encloses the entire synthetic route for
the on-demand multistep synthesis of pharmaceuticals [78].
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Scheme 7.20 A reconfigurable system for automated optimization of diverse chemical
reactions. Source: Based on Bédard et al. [77].

7.6.5 Toward Full Automation

In the previous examples, the design of the synthetic route has been performed out-
side of the reactor system; i.e. the flow system requires a known route to carry out
the synthesis. The chemists have to select the substrates, the catalysts, the solvents,
and the modules based on a known or designed synthetic route; this is the case even
for a highly integrated self-optimization platform. It would be ideal that the system
could make a molecule in response to the user’s input (“dial a molecule”).

As has been introduced in previous chapters, the research groups of Jamison and
coworkers developed a robotic platform for the multistep synthesis informed by AI
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Scheme 7.21 A robotic platform for flow synthesis of organic compounds informed by Al
planning. Source: Based on Coley et al. [79].

planning (Scheme 7.21) [79]. Their synthesis planning program integrates their pre-
vious efforts to generalize known chemistry to new substrates by machine learning
to apply retrosynthetic transformations, to identify suitable reaction conditions, and
to evaluate whether reactions are likely to be successful (Scheme 7.21b) [80]. For
the synthesis of a given molecule (e.g. safinamide 109), once the route and reaction
conditions are confirmed, the robotic arm fetches the modules and the tubing from a
storage rack and then connects them together to execute the reaction (Scheme 7.21c).
The versatility of the system was demonstrated by the preparation of 15 APIs and
drug-like compounds with varied structural complexity (e.g. Scheme 7.21d). The
automatic rerouting of fluidic connections and two 24-way selector valves enable the
switching among different feedstocks, which is beneficial to the library synthesis in
drug discovery (Scheme 7.21e).
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7.7 Conclusion

Continuous-flow technology is a versatile and promising tool for the multistep
synthesis of APIs and related compounds. Despite the well-known merits for
single-step reactions, like improved safety, scalability, and process intensification,
the end-to-end connection of reaction steps in one flow reduces the environmen-
tal and instrumental footprints by eliminating the workup and purification of
intermediates. Compared with multistep synthesis in batch, the entire chemical
process could be intensified in flow in terms of higher throughput, overall yield,
and product quality. The integration of flow reactors with in-line sensors, PAT tools,
and computer software enables the utilization of the information generated by the
chemical reactions in an efficient manner, leading to a fully automated chemical
synthesis in the future.
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8.1 Introduction

The development of chemical processes that uses continuous flow represents a novel
area with high potential since today more efficient, environmentally friendly, and
safer methodologies are required to produce fine chemicals and active pharmaceu-
tical ingredients (APIs). These key advantages, along with higher product quality, a
smaller footprint, and the ability of performing chemistries that would otherwise be
impossible in batch mode, have led to this technology being increasingly adopted by
pharma and biotechnology companies from drug discovery to manufacturing [1].

Despite the mentioned benefits obtained by applying continuous-flow method-
ologies, the pharmaceutical industry has remained committed to batch operations.
However, this trend is changing due to fast-growing use of more personalized
medicines and therapies involving complex compounds that renders continuous
processes competitive with respect to traditional batch synthesis. Moreover, since
many bioactive compounds are optically active, the main application of enantios-
elective catalysis is found in the pharma and fine chemicals industries, in crops
protection, and in the biotechnology area [2].

The application of catalysis in continuous flow has been approached in two ways
(Figure 8.1):

(a) Mixing a soluble homogeneous catalyst in the solution being pumped.
(b) Using an immobilized catalyst onto a solid support in packed-bed reactors.

Both strategies have great potential applications, but the use of a heterogeneous
catalyst has additional benefits: the product is not contaminated with the catalyst,
and, if this proves robust enough, the effective catalyst loading becomes a function of
operation time, leading to extremely high turnover numbers (TONs) for the overall

Flow and Microreactor Technology in Medicinal Chemistry, First Edition. Edited by Esther Alza.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 8.1 Continuous-flow catalysis with (a) homogeneous or (b) heterogeneous
catalysts.

process even when the size of the reactor is small, since at any given time the sub-
strates are exposed to (super)stoichiometric amounts of catalyst inside the reactor,
and this allows high conversions in short contact times.

Moreover, asymmetric catalysis in continuous flow encompasses the important
principles of green chemistry, green engineering, and emerging technology in chem-
istry.

In this chapter, the applications of useful enantioselective catalytic transfor-
mations in continuous flow as key step for the synthesis of chiral APIs and their
advanced intermediates are reviewed. The most recent examples shown have
been classified between organo-, organometallic (including homogeneous and
heterogeneous division), and bio-enantioselective catalytic processes.

8.2 Homogeneous Enantioselective Catalysis
in Continuous Flow

Enantioselective catalysis is frequently involved in the synthesis of bioactive
compounds including APIs, agrochemicals, and many others. The synthesis of the
desired stereoisomer requires the use of specifically designed catalyst that is often
expensive and sensitive to some reaction parameters. In many cases the synthesis of
the catalyst can be costly and time consuming. Therefore, although enantioselective
batch reactions have been successfully applied in many industrial processes, the
development of continuous-flow enantioselective catalytic reaction is still chal-
lenging, even when these processes include higher standards of sustainability. The
continuous-flow technology offers a unique control and efficiency of the process as
well as safety and environmental sustainability. Other benefits include improved
atom economy, the possibility of quick modification of reaction conditions, and
rapid reaction optimization. Many new methods and techniques in continuous
asymmetric synthesis have been developed over the years.
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8.2 Homogeneous Enantioselective Catalysis in Continuous Flow

8.2.1 Homogeneous Enantioselective Organocatalysis

By definition, organocatalysis is the acceleration of chemical reactions with a substo-
ichiometric amount of an organic compound in the absence of a metal element [3].

Usually, organocatalysts are more robust, and not prone to decomposition during
reaction, in contrast with traditional metal catalysts. Moreover, many organocat-
alysts have been modified to allow their immobilization onto different supports
(from polymeric resins to nanoparticles or ionic liquids [ILs]), for their use as
heterogeneous catalysis in flow synthesis. The immobilization of organocatalysts is
long established as an approach that allows the recovery and reuse of these usually
expensive molecules. The heterogeneous organocatalyst is used in continuous flow
usually by placing it into a packed-bed reactor as a swellable microporous resin, as a
monolithic macroporous column, covalently attached to the reactor internal walls,
or even directly incorporated to the reactor as a 3D printed material [4].

Organocatalysis represents an effective methodology to perform metal-free cat-
alytic processes avoiding the contamination of final products with potentially toxic
metal specie, specially appreciated for the synthesis of active compounds. The fun-
damental advantages of organocatalysis are mainly related with easier experimental
procedures applying mild reaction conditions. That involves low levels of chemical
waste resulting in savings in time and energy and also in the overall cost of the pro-
cess because usually organocatalysts are less expensive compared with organometal-
lic species. And in the case of stereoselective reactions, the use of organocatalysts
allows the achievement of high levels of enantioselectivity in continuo [5]. How-
ever, one of the main limitations of these processes is the tendency to deactivation
of organocatalysts, a fact that reduces their efficiency for some transformations and
hampers their large-scale application [6]. The identification of the mechanisms that
cause deactivation is an important challenge to address in order to implement cor-
rective measures, allowing thus a wider use of organocatalysis in pharmaceutical
and fine chemicals industries.

Many research groups have focused their research in the asymmetric organocatal-
ysis field, and all these efforts have demonstrated that organocatalytic flow processes
are of practical application in the manufacturing of APIs. In this section, we have
selected the most recent examples of continuous-flow enantioselective organocat-
alytic processes for the synthesis of molecules with pharmaceutical interest.

8.2.1.1 Enantioselective Michael Addition
The use of (R,R)-trans-1-[ 3,5-bis(trifluoromethyl)phenyl]-3-[2-(N,N-dimethylamino)
cyclohexyl]|thiourea as a bifunctional catalyst (1) for the asymmetric Michael addi-
tion of acetylacetone to B-nitrostyrene was reported by the Maggini research group
in 2015 [7]. The continuous-flow system used was the Labtrix” Start standard system
equipped with a 10 pl glass microreactor (Scheme 8.1). The reactants were supplied
separately: one feed containing p-nitrostyrene reagent in toluene and the second
one containing acetylacetone derivative and the enantioselective thiourea catalyst.
The continuous-flow process significantly accelerated the reaction providing
the Michael adduct in high yield and enantioselectivity, up to 85% ee, in only
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Scheme 8.1 Metal-free Michael addition of acetylacetone to $-nitrostyrene.

five minutes of residence time. The authors also reported the successful synthesis
of an advanced intermediate for the preparation of the gamma-aminobutyric acid,
or y-aminobutyric acid (GABAy) receptor agonist Baclofen applying the same
methodology.

8.2.1.2 Enantioselective Aldol Reaction

The synthesis of enantiomerically pure alcohols is of great interest for pharma-
ceutical companies and for the synthesis of fine products, since they are key
intermediates and building blocks. One powerful synthetic alternative to the tradi-
tional methodologies using organometallics is the enantioselective aldol addition.
In 2019, the asymmetric organocatalytic aldol reaction in water with hydrophobic
substrates was reported in continuous-flow conditions by Gréger and coworkers
[8]. The continuous-flow system used was a capillary type tube reactor with two
feed streams (Scheme 8.2). The optimized reaction conditions were using 3.6 mol%
Singh’s catalyst loading, in 2-propanol/phosphate buffer (pH 7), with a residence
time of 60 minutes and room temperature. A mixture of 3-chlorobenzaldehyde,
2-propanol, and phosphate buffer was pumped at 0.1 ml/min. A second mixture
solution consisting of Singh’s catalyst (2), 2-propanol, acetone, and phosphate buffer
was also pumped at the same flow rate. The outlet stream was quenched using a
mixture of dichloromethane and 2.0 M aqueous hydrochloric acid solution (1 : 1
ratio) at 0°C. The desired product, (R)-4-(3-chlorophenyl)-4-hydroxybutan-2-one,
was obtained with 74% conversion and 89% ee.

8.2.1.3 Enantioselective Photooxygenation

Photochemistry, which uses light to promote reactions, is nonhazardous, environ-
mentally friendly, and very efficient synthetic methodology, and its application is
increasing rapidly, with broad and easy access.

The combination of photochemical reactivity with asymmetric organocatalysis
resulted in a very useful tool to access to new reaction pathways and, thus, to
enable the synthesis of novel compounds [9]. Furthermore, this synergistic combi-
nation has gained attention in the pharmaceutical industry for drug discovery and
development [10]. Despite the great potential, there are still only few publications
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Scheme 8.2 Asymmetric organocatalytic aldol reaction promoted by Singh’s catalyst (2).

on asymmetric photocatalysis in continuous flow using organocatalysis to control
the absolute configuration of the reaction products [11].

Recently, the enantioselective photooxygenation of p-dicarbonyl compounds in
continuous flow has been reported by Meng and coworkers [12]. The use of a C-2/
modified cinchonine-derived phase transfer organocatalysts reporting excellent
yields (up to 97%) and high enantioselectivities (up to 90% ee). The resulting
products have an a-hydroxy-f-dicarbonyl moiety, which is an important struc-
tural functionality present in a variety of natural products and pharmaceuticals.
a-Hydroxy-p-dicarbonyl compounds in fact are useful synthetic building blocks for
the preparation of a variety of biologically active substances, including naturally
occurring heterocycles and carbocycles [13]. The authors developed a visible
light-driven heterogeneous gas-liquid-liquid asymmetric aerobic oxidation reac-
tion in continuous using a CORNING Advanced Flow Reactor flow photoreactor
(Scheme 8.3). They found that the best phase transfer organocatalyst 3 could be
used at 10 mol% loading adding also a 1% of phthalocyanine (Pc) as photosensitizer.

The reaction conditions used in batch were not applied since in batch low tem-
perature is needed (—15°C) and causes precipitation, and the strongly basic media
generated upon oxidation damaged the surface of the glass reactor. For that reason,
the conditions in flow were optimal. The organic phase was prepared by solubiliz-
ing the corresponding substrates, PTC 3 (10 mol%) and Pc (1 mol%) in toluene. The
aqueous phase was a K,HPO, solution (10%) acting as a buffer. Both solutions were
pumped separately at 1.5 ml/min. Oxygen was introduced through a mass flow con-
troller at a flow rate of 10 ml/min, with a reaction pressure of 3 atm and reaction
temperature of 20 °C.

The reaction time was shortened from eighthours needed in batch to
10.92 minutes of residence time in continuous flow, with high yields and enantios-
electivities being preserved. Moreover, when tetraphenylporphyrin (TPP) was used
as the photosensitizer, the residence time was drastically shortened to 0.86 minutes
in flow without major variations in yield or enantiomerical excess.
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Scheme 8.3 Asymmetric photocatalytic oxidation of B-dicarbonyl substrates in continuous
flow.

It could be also demonstrated that stereoselectivity was greatly decreased if the cat-
alyst loading was reduced. However, reducing the TPP loading from 1 to 0.1 mol%
was not affecting the performance of the reaction. With these results, they were able
to perform a gram-scale reaction in flow to obtain 3 mmol (1.03 g) of product A, with-
out any decrease in yield or enantioselectivity.

8.2.1.4 Enantioselective Imine Reduction

A new class of picolinamides based on chiral imidazolidinones (chiral Lewis bases,
as the catalyst 4, Scheme 8.4) for the enantioselective metal-free imine reduction,
mediated by HSiCl,, was reported by the group of Benaglia [14]. The high chemose-
lectivity to reduce C=N bonds in combination of being an extremely cheap product
available in large quantities makes HSiCl, a very convenient reagent to use.

HSiCly
(3.5 equiv)
in CH,Cl, 25 pl/min v=0.5ml
3 O i HN-PMP
¢ 3 3 OzN\/L Me
\ T |
B, N N n-PMP 25 ul/min 0°C 88% ee
© Py 7/ ToN A 20 min
jg ’ 2 Me
4 (1 equiv)

(1 mol%) In CH,Cl,

Scheme 8.4 Organocatalytic enantioselective reduction of imines in flow.
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Figure 8.2 Chiral amines as valuable APIs.

After reaction optimization in batch, Benaglia and coworkers identified the active
organocatalyst 4, able to promote the reduction of a large variety of functionalized
substrates with high yields and enantioselectivities (>90%) using only 0.1-1 mol%
of catalyst loading. They demonstrated the synthetic potential of that approach by
the preparation of advanced intermediates of important APIs. One example is the
reduction of 3-alkoxy-substituted acetophenone imines, either N-benzyl protected
or N-(3-phenylpropyl) substituted. This is an efficient step for the synthesis of
enantiomerically pure compounds, used in the treatment of Alzheimer and Parkin-
son diseases, hyperparathyroidism, neuropathic pain, and neurological disorders
(Figure 8.2).

The authors applied the optimized catalytic methodology in continuous flow
for the synthesis of chiral a-nitroamines. These products can be easily reduced
with Ni-Raney to achieve chiral 1,2-diamines in only two steps (Scheme 8.4).
Chiral 1,2-diamine is a functionality displaying a broad spectrum of biological
activity. This methodology is very attractive for large-scale synthesis due to the
simple experimental procedure, the use of mild reaction conditions with low cost of
reagents and the straightforward isolation of the products.

8.2.2 Organometallic Enantioselective Catalysis

8.2.2.1 Enantioselective Sulfoxidation

Chiral sulfoxides have increased attention as precursors and building blocks for API
synthesis (e.g. esomeprazole) as well as for fragrances or as chiral auxiliaries. In
2016, the asymmetric sulfoxidation catalyzed by a biomimetic manganese complex
under continuous-flow conditions was reported by Gao and coworkers (Scheme 8.5)
[15]. The reaction was carried out in a coil reactor made of polytetrafluoroethylene
(PTFE). Two feed solutions were used. The first contained aryl sulfide, adaman-
tanecarboxylic acid (aca), and the catalyst, which was generated from Mn(OTf), and
a new type of porphyrin-inspired N4 ligand 5. The second one contained 45% hydro-
gen peroxide in acetonitrile and isopropyl alcohol mixture. Under continuous-flow
conditions the catalyst loading was reduced to 0.35mol% with a residence time of
four minutes, compared to the batch process, which required 0.5 mol% of the catalyst
and two hours reaction time. A wide variety of aryl methyl sulfides were efficiently
oxidized, providing the corresponding chiral sulfoxides in high yields (up to 91%)
and with excellent enantioselectivity (up to 96% ee). These good yields and enantios-
electivities were preserved even when extending the alkyl chain linearly from methyl
to pentyl. Encouraged by these results, the authors extended the substrate scope to
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Scheme 8.5 Continuous-flow microreactor system for the asymmetric sulfoxidation.
Source: Dai et al. [15]/John Wiley & Sons.

the aryl benzyl sulfides as well as a cyclic one. Also in this case high yields and excel-
lent enantioselectivities were obtained. The screening of substrates revealed that
change of substituents on the aromatic ring had no significant effect on the yield
and selectivity of the reaction.

The continuous-flow system was also evaluated for the scale-up of the pro-
cess. The reactor volume was increased by the reactor numbering up. The new
continuous-flow system contained four reactors placed in parallel. The direct
scaling of the process using aryl benzyl sulfides as substrate provided the corre-
sponding sulfoxides in 84-86% yield and 92-98% ee in gram scale. The scope of the
scale-up reaction was also extended to aryl methyl sulfides. Good yield and excellent
enantioselectivity were also achieved. The process was able to be scaled up to obtain
5g of oxidation products with 80-86% yields and 92-99% ee after 20 minutes of
continuous run.

8.2.2.2 Enantioselective Epoxidation

Other important synthons widely used as precursor of APIs and pharmaceuticals
are the optically active epoxides. One of the most efficient and straightforward syn-
theses of chiral epoxides is the catalytic asymmetric epoxidation. However, some
problems observed in batch such as long reaction times, difficulties in controlling
the reaction conditions, and unsafe processes dismiss the wide application of such
methodologies.

The asymmetric epoxidation of electron-deficient olefins catalyzed by an iron
complex under continuous-flow conditions was also reported by the Gao group
(Scheme 8.6) [16]. They employed a polyether ether ketone (PEEK) coiled microre-
actor with a total volume of 1 ml to show the application of this organocatalytic
methodology in continuous flow. A syringe pump was used to feed the microreactor
with the reagents through a T-junction. The T-mixer and microreactor were cooled
to —20 °C. The reaction mixture was quenched in the outstream with 10% aqueous
sodium thiosulfate. The optimized reaction conditions were applied to a variety of
trisubstituted cyclic enones that were successfully converted into the corresponding
chiral epoxides within a short residence times ranging from two to four minutes. As
a result of electronic effects, electron-withdrawing substituents at the ortho or para
positions of the substrates had a negative effect on the yields, going from 42% to 70%.
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Scheme 8.6 Continuous-flow microreactor system for the enantioselective epoxidation.
Source: Dai et al. [16]/Georg Thieme Verlag KG.

In these cases, the longer residence time of four minutes was needed. In general,
the epoxidation of trisubstituted enones under continuous-flow conditions afforded
rapidly (<4 minutes) the desired products in an average yield of 90% with an average
92% ee, providing a good alternative to batch synthesis of enantiopure epoxides.

8.2.2.3 Enantioselective Hydrogenation
As has been mentioned before, chiral alcohols are important chemical building
blocks for the synthesis of new API and drugs. One of the most applied method-
ology for the synthesis of optically active alcohols is the asymmetric catalytic
hydrogenation of carbonyl compounds.

Asymmetric transfer hydrogenation reactions are increasing their application
in industry due to the avoidance of the use of hydrogen gas (H,) and the expenses
and risks associated, which can be reduced to the minimum in combination with
continuous flow [17]. As example, the asymmetric transfer hydrogenation using
a bifunctional oxo-tethered ruthenium catalyst (7) for the synthesis of ceramides
(Scheme 8.7) was reported by Saito and coworkers in 2019 [18]. They developed the
first example of asymmetric transfer hydrogenation using a pipes-in-series flow reac-
tor with oxo-tethered ruthenium complex-catalyzed dynamic kinetic resolution on a
production scale. In comparison with a traditional high-pressure autoclave system,
the use of continuous-flow reactor was cheaper and safer. Under optimal conditions
the loading of the catalyst was only 0.2% at 85 °C and six hours of residence time.
The erythro-alcohol was obtained in 97% conversion with excellent diastereoselec-
tivity and enantioselectivity. This asymmetric transfer hydrogenation reaction was
also performed on a large scale using 1001 vertical pipes-in-series continuous-flow
reactor. This process was performed without any expensive reagents and has been
successfully run at 80 kg scale, affording the target product in 96% yield.

The separation and eventually reuse of homogeneous (expensive) chiral catalysts
using microfluidic systems is also important in these processes. Many research
efforts for the development of continuous-flow processes with online recovery of
the chiral metal and metal-free catalysts are conducted, being particularly valuable
for pharma and fine chemicals industries [19].

In 2015, Jensen and coworkers reported the continuous nanofiltration and recy-
cling of the enantioselective ruthenium hydrogenation catalyst 8 (Scheme 8.8) [20].
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Scheme 8.7 Asymmetric transfer hydrogenation in vertical pipes-in-series reactor.
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Scheme 8.8 Asymmetric hydrogenation with nanofiltration module for catalyst recycling.
Source: ONeal et al. [20]/American Chemical Society.

The asymmetric hydrogenation of a-tetralone by chiral Ru diphosphine/diamine
homogeneous catalyst under continuous-flow conditions with an online recovery
unit, solvent-resistant nanofiltration (SRNF), of the catalyst was developed. A
small-scale flow system was designed with a nanofiltration module consisting in a
PEEK membrane developed by the Livingston Group at Imperial College, London.
These membranes are characterized by its high compatibility with a wide range of
organic solvents as well as high stability in strong basic media.

In general, the first feed solution containing the starting material was mixed with
the second one containing potassium tert-butoxide and triphenylphosphine and the
recycled stream from the SRN module, retained stream. This retained stream was
prior mixed with a hydrogen gas supplied at the desired flow rate using a mass flow
controller. Next, the two inlet streams and the retained stream were premixed in a
four-way cross unit before entering the packed-bed reactor filled with glass beads to
improve mixing. The outlet stream was directed to the SRN module where the phase
separation occurred. The product stream permeated through the PEEK membrane,
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while the catalyst was remaining in the retained stream. The concentrated catalyst
solution was supplied back to the system via recirculation high-performance lig-
uid chromatography (HPLC) pump used for the nanofiltration cell. In this way, the
catalyst was continuously separated and recycled back to be used in the reactor.

The authors performed a 24-hour long experiment during which they were able
to maintain high yield with a TON near 5000. During this test, the catalyst was recy-
cled c. 60 times. The SRN membrane made of PEEK proved to be very efficient
and resistant to the strong base used. The catalyst was remaining in the retained
stream in c. 99.6% throughout the run. Some ruthenium was detected in the perme-
ate stream, however, in a level lower than 200 ppb. Moreover, the enantioselectivity
of the transformation suffered a minimal reduction, only from 97% to 93% ee during
the long run.

8.2.2.4 Enantioselective Michael Addition

In order to facilitate the recovery and reuse of the catalysts without losing the
homogeneous character of the reaction, some strategies have been developed.
One recent example is the anchoring of organocatalytic species onto cyclodex-
trin (CD) as a methodology to facilitate the recovery of covalently bonded
organocatalysts [21]. Kupai and coworkers reported the cinchona-squaramide 9
and the cinchona-thiourea 10 catalysts for the asymmetric Michael reaction of
1,3-diketones and trans-B-nitrostyrene in continuous flow (Scheme 8.9).

The CD moiety was found to have two key roles. First, it allows the complete recov-
ery of the catalyst due to its size. Second, it improves the catalytic performance of
the anchored cinchona-squaramide catalyst 9 due to a favorable conformation.

The continuous-flow process was performed in a coiled tube flow reactor inte-
grated with a DM900 membrane separation unit for the catalyst separation and
reuse. Under the optimal operation conditions, the resulting Michael adducts were
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obtained with an 80g/1 h productivity, 98% final product purity, and up to 99% ee
and 100% catalyst recovery. In addition, the separation unit was also able to recycle
up to 50% of the reaction solvent.

As mentioned previously, most chiral catalysts are a valuable and often expensive
class of compounds. Moreover, heavy metal residues are strictly restricted in the
fine chemicals and pharmaceutical industry. The development of continuous-flow
catalysis is appealing methodology because it combines the advantages of a
catalytic reaction with the benefits of flow microreactors. The development of
continuous-flow processes with online recovery of the chiral catalyst is improving
the performance, and it would be a very powerful tool for the chemical and pharma-
ceutical industry. However, the use of recyclable catalysts under continuous-flow
conditions represents an innovative strategy for the development of more envi-
ronmentally friendly and effective synthesis. For that reason, in recent years, the
number of reports paying attention to the asymmetric heterogeneous catalysis
in flow has increased. The combination of chiral supported catalysts and flow
chemistry promotes very sustainable way toward the synthesis of enantioenriched
compounds, and it will be discussed in Section 8.3 [22].

8.3 Heterogeneous Enantioselective Catalysis in Flow

Recently, an important effort for recycling and recovering enantiomerically pure cat-
alysts has been devoted. These are valuable and often expensive compounds that
usually present challenging recovery from the crude mixture reaction due to separa-
tion issues. For instance, in some drug synthesis, metal traces are strictly forbidden,
and usually additional posttreatment processes are required, increasing costs and
waste. The use of heterogeneous catalyst in continuous flow allows the possibility to
simplify the process, moreover in combination with continuous flow [18, 23].

There are different immobilization strategies in heterogeneous catalysis, based
on the interaction between the catalyst and the solid support [24]. Covalent poly-
meric support is the most frequently used strategy where the immobilized catalyst
is synthesized by grafting it onto a preformed support (for example, polystyrene [PS]
or inorganic nanoparticle supports) or by forming an organic polymer by copoly-
merization of suitable monomers. Another strategy is the self-supported method. It
consists in the use of self-assembled metal-organic frameworks (MOFs) using the
combination of linked ligands and reactive metal centers. Adsorption method rep-
resents another easy immobilization method. In this case the heterogeneous catalyst
can be obtained by simple impregnation procedure. However, due to the weak inter-
action between the support and the catalyst, they tend to be nonstable, and often
the catalytic activity can be affected by catalyst leaching. Finally, electrostatic/ionic
interaction immobilization consists on an anchoring method by catalyst adhesion,
which is used to heterogenize ionic catalytic species.

In the following sections, examples of supported catalysts applied in continuous-
flow chemistry to develop novel enantioselective synthetic strategies are divided in
supported enantioselective catalysis and asymmetric heterogeneous organometallic
catalysts.
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Scheme 8.10 TRIP-catalyzed enantioselective allylation of aldehydes.

8.3.1 Supported Organocatalysts

8.3.1.1 Enantioselective Allylation of Aldehydes

In 2016, the asymmetric allylboration of aldehydes was reported by Pericas and
coworkers using a new catalytic resin based on PS-supported (R)-3,3'-bis(2,4,6-
triisopropylphenyl)-1,1’-binaphthyl-2,2’-diyl =~ hydrogenphosphate  ((R)-TRIP)
phosphoric acid (11) extending the method to the enantioselective synthesis of
homoallylic alcohols under continuous-flow process [25]. The immobilization on
the catalyst was carried out through a copolymerization strategy.

The system consists of a packed-bed reactor containing the functional resin 11
(Scheme 8.10) and two separate solutions containing the corresponding aldehyde
and the allylboronic ester, mixed just before entering into the reactor. A background
reaction was observed in the collecting flask between the excess of allylboronic
ester and small amounts of remaining aldehyde, which was detrimental to the
enantiomeric purity of the final product. To avoid that, a downstream process was
required at the end of the column, consisting in the addition of an aqueous solution
of NaHSO, to scavenge any unreacted aldehyde that could be extracted in-line using
a liquid-liquid separator.

(R)-1-phenylbut-3-en-1-ol product (Scheme 8.10) was obtained in 92% yield
and 91% ee, with a TON of 282 and a productivity of 2.22mmol/h g,.,, after
28 hours continuous running process. Noteworthy, no detectable decrease in
the catalytic activity of the resin was observed. This flow methodology allowed
the production of enantiopure homoallylic alcohol in short periods of time with
highly reduced energy and material costs, under safety conditions. Remark-
ably, this PS-TRIP catalysts could be reactivated by acidic washings in case of
deactivation.
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Scheme 8.11 Enantioselective a-amination of 1,3-dicarbonyl compounds. Source:
Kasaplar et al. [26]/Royal Society of Chemistry.

8.3.1.2 Enantioselective a-Amination

Chiral amines are present in many bioactive molecules, and their synthesis is
of great interest in pharma, agrochemicals, or fragrance industries, particularly
a-amino-acids.

The Pericas group reported in 2015 the enantioselective a-amination of
1,3-dicarbonyl compounds with azodicarboxylates catalyzed by the immobi-
lized thiourea organocatalyst 12 (Scheme 8.11) [26]. The recyclability of the
catalyst was proved in batch, and the process in continuous flow was also using
a packed-bed reactor with 12. A part from the reagents feeds, it was necessary to
circulate a solution of Et;N to wash the column periodically to preserve the catalytic
activity of the resin.

The desired product containing a quaternary center was achieved in gram scale
after 21 minutes at room temperature in 71% isolated yield and 93% ee with a pro-
ductivity of 4.88 mmol/mmol_,, h and a TON of 37.

cat

8.3.1.3 Enantioselective Arylation of Aldehydes

The asymmetric arylation of aldehydes represents a good methodology for the
synthesis of optically pure alcohols. In 2017, the group of Pastre reported the
immobilization of several chiral amino acid-derived ligands for the enantio-
selective arylation of aldehydes with organozinc reagents in flow [27]. These
ligands were derived from (S)-proline, (2S,4R)-4-hydroxyproline, (S)-tyrosine,
and (S)-phenylalanine and were supported onto Merrifield resin. The best results
were obtained with catalysts 13 and 14 (Scheme 8.12). The designed flow setup
consisted of a glass Omnifit” column packed with the catalytic resin and fed with
the stock solutions of aldehyde and the arylzinc reagent. With only 1.5 minutes of
residence time, the desired products were afforded with full conversion and higher
enantiomeric excess than obtained in batch (e.g. 88% ee in flow versus 76% ee in
batch. Residence times depending on the substrate from 1.5 to 12 min). Moreover,
the stability of the ligands was evaluated, and it was found out that 14 could be
used for a longer period of time than 13. In fact, no significant change in reaction
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Scheme 8.12 Enantioselective organocatalyzed arylation reaction in continuous flow.

yield was observed, but the enantioselectivity slightly decreased, after a three days
experiment.

8.3.1.4 Enantioselective Cyclopropanation

One of the more versatile supported organocatalysts applied for many different
transformations are the diarylprolinols. Their application in the enantioselective
cyclopropanation of o,f-unsaturated aldehydes in continuous flow was reported in
2016 by the Pericas’ group for the straightforward obtention of chiral cyclopropanes
(Scheme 8.13) [28]. Chiral cyclopropanes are very valuable building blocks since
they are key pharmacophores in bioactive compounds.

ON@»Q Ph

[ H>—Ph

N OTBS
15 H
MeOOC COOMe
R \/\CH0+ E
(1 equiv) (3equy)  \20u/min CHO
In CH,Cl, MeOOC
i MeOOC
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N NMe
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in CHyCl, NH,CI
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Scheme 8.13 Enantioselective cyclopropanation reaction catalyzed by supported OTBS
protected diphenyl prolinol in continuous flow. Source: Lianes et al. [28]/American
Chemical Society.
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Scheme 8.14 Enantioselective Michael addition of different nucleophiles to enones.
Source: Izquierdo et al. [29]/Royal Society of Chemistry.

The authors include in this work the evaluation of different solid phase (micro-
porous versus macroporous PS) and the anchoring strategy of the catalytic resin 15
for its performance in the flow asymmetric cyclopropanation of enals with bromo-
malonates.

The combined flow setup includes also a glass Omnifit column packed with the
catalytic resin 15. The two reagents were mixed with the base N-methylimidazole,
before entering the reactor. In order to prevent a secondary reaction involving ring
opening of the cyclopropane, a downstream process was required. At the outstream
of the packed-bed reactor, a third inlet with ammonium chloride and a liquid-liquid
separator were placed to remove the base from the reaction mixture. This in-line
workup allowed the isolation of the final chiral cyclopropane product after only sol-
vent evaporation.

The catalytic resin 15 proved to be extremely robust, achieving productivities up
to 2.1 mmol/h g, with a TON of 94.0 (up to 76 hours of continuous running).
Both electron-poor, electron-rich cinnamaldehydes, and heteroaromatic enals were
well tolerated in this process, producing the desired cyclopropanes with high enan-
tiomeric purity (from 89% to 96% in 12 examples).

8.3.1.5 Enantioselective Michael Reaction
Asymmetric Michael reaction is a very versatile and widely used transformation
for C—C bond formation for the stereocontrolled synthesis of important building
blocks. Several organocatalysts immobilized onto PS resins were proved to be highly
efficient, promoting asymmetric Michael additions under batch and flow conditions.
The Pericas group has described the used of several immobilized organocatalysts for
this transformation.

9-Amino(9-deoxy)epi cinchona alkaloids anchored to a PS resin was developed for
the activation of enones for the addition of C-nucleophiles (Scheme 8.14) [29].

The flow process involved resin 16 packed into a simple Teflon® tube. This
packed-bed reactor was heated to 30 °C to afford the desired product (3.6 g were
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Scheme 8.15 Enantioselective Michael addition of aldehydes to nitroalkenes. Source:
Sagamanova et al. [30]/American Chemical Society.

collected in 21 hours of operation, corresponding to a TON of 32, using only 0.40
mmol (450 mg) of catalytic resin 16). Furthermore, the sequential preparation of a
small library of enantiopure products in continuous was possible combining differ-
ent enones with different nucleophiles using this PS-supported cinchona aminocat-
alyst 16 with remarkable productivity (TOF = 1.4-3.2 mmol,,;,q,,/mmol,.,-h) and
high enantioselectivities (33 examples with ee up to >99%).

In the same way, a novel polymer-supported fluorinated organocatalytic resin 17
has been developed and demonstrated great potential for the Michael addition of
aldehydes to nitroalkenes (Scheme 8.15) [30]. The configuration of the flow system
was also carried out by applying a packed bed reactor. In this case an additional
in-line liquid-liquid workup was added to simplify the isolation of the products. In
fact, the pure products were obtained only by evaporating the organic outstream with
high enantioselectivity. Catalyst 17 was proven to be extremely active, being the key
polymer design that did not affect the active site. The work constituted the first report
of the application of this catalyst with enamine activation mode. The highly efficient
continuous-flow processes designed allowed the multigram synthesis of a desired
Michael adduct or the sequential generation of a library of enantiopure Michael
products from different combinations of substrates (13 combinations, 94-97% ee).

The new resin 18 based on a chiral squaramide was applied in the asymmetric
oxa-Miquel addition of hydroxynaphthoquinones to 2-nitro-3-arylallyl acetates for
the generation in continuous flow of enantioenriched pyranonaphthoquinones,
which have high potential biological value (Scheme 8.16) [31]. This transformation
comprised two sequential reactions: the organocatalyzed Michael addition and the
base promoted cyclization.

The outlet of the column packed with catalyst 18 was coupled with a T-junction
connecting a base solution for an in-line workup. Notably, the total residence time of
the process including the two reactions and the workup was only 30 minutes. More-
over, this PS-supported resin was designed to be easily synthesized and with low
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Scheme 8.16 Enantioselective oxa-Michael reaction. Source: Osorio-Planes et al.
[31]/Royal Society of Chemistry.

cost and could be used for the continuous production of a library of six highly enan-
tioenriched pyranonaphthoquinones (97-98% ee) using the same 400 mg of catalytic
resin.

Finally, a new family of PS-supported cis-4-substituted diarylprolinols was
described for the aza-Miquel reaction [32]. In particular a tandem reaction in flow
consisting of an aza-Michael addition catalyzed by diarylprolinol 19 followed by
hemiacetalization to afford chiral 5-hydroxyisoxazolidines (up to 83% yield, up
to 99% ee) was reported (Scheme 8.17). Several a,p-unsaturated aldehydes were
reacting with N-protected hydroxylamine using benzoic acid as cocatalyst. Overall,
the accumulated TON in these flow processes was 134. The synthetic versatility
of the enantiopure products obtained with this process was showed by a sequence
consisting of their oxidation and continuous-flow hydrogenation that allowed the
preparation of chiral f-amino acids, which are widely used in drug discovery and
are present in a variety of natural products.

8.3.1.6 Enantioselective Tandem Michael Addition/Cyclization Reactions
The complex products obtained by the application of enantioselective tandem trans-
formations, in particular the organocatalyzed Miquel addition followed by cycliza-
tion reactions, allow the efficient synthesis of important pharmacophores of a large
number of biologically active molecules. Several examples are presented below.
The PS-supported isothiourea organocatalyst 20 based on the enantiopure
benzotetramisole developed by Pericas and co-workers showed excellent results
in the domino Michael addition/cyclization reaction for the synthesis of chiral
dihydropyridinones [33]. The continuous-flow process includes the sequential
preactivation of the carboxylic acid (14 minutes residence time) and the organocat-
alytic domino transformation (7.5 minutes residence time) using a packed-bed
reactor (Scheme 8.18). The integrated in-line liquid-liquid separator allowed
the continuous collection of the organic phase, from which the desired chiral
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Scheme 8.17 Enantioselective aza-Michael addition reaction followed by
hemiacetalization.
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Scheme 8.18 Enantioselective domino Michael addition/cyclization.

dihydropyridinone products were obtained by simple evaporation. In particular,
4.44 g of the product (3R,4R)-3,4,6-triphenyl-1-tosyl-3,4-dihydropyridin-2(1H)-one
(Scheme 8.18) was synthesized with >99.9% ee using a laboratory flow setup after
continuous system operation during 11 hours, resulting in a TON of 22.5 (15 mol%
of catalyst).

The same PS-supported isothiourea catalyst 20 mediates the enantioselective
formal [4 + 2] cycloaddition reaction between unsaturated heterocycles and in situ
activated arylacetic acids in continuous flow (Scheme 8.19) [34]. The Omnifit glass
column reactor was fed with a mixture of ‘Pr,NEt and phenylacetic acid, previously
combined with pivaloyl chloride, and with a solution of alkylidene pyrazolones.
2.74 g of desired product was obtained as a single diastereoisomer (67% yield and
99% ee) during 18 hours of continuous performance and using only 600 mg of resin.
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Scheme 8.19 Enantioselective [4 + 2] cycloaddition reaction. Source: Wang et al.
[34]/American Chemical Society.

A particular useful enantioselective tandem reaction is the asymmetric Robinson
annulation. This transformation begins with an asymmetric Michael reaction fol-
lowed by an intramolecular aldol condensation to afford a six-membered ring with
an o,p-unsaturated ketone. These products represent important building blocks
in organic synthesis, such are the Wieland-Miescher ketone or the Hajos—Parrish
ketone. The heterogenization of an organocatalyst based on Luo’s diamine was
developed for a fast and broad-scope enantioselective Robinson annulation process
in continuous flow [35]. The PS-supported chiral vicinal diamine 21 (Scheme 8.20)
was placed in a jacketed glass column (heated at 60 °C), and a preformed solution
of the Michael adduct combined with m-nitrobenzoic acid, used as cocatalyst
(5mol%), was pumped through the column. In this way, the Wieland-Miescher
ketone (R! = CH;, R? = H) was obtained in high enantiomeric purity (91% ee) with a
productivity of 0.5 g/h and TON of 117, after 24 hours operation of the flow system.

As has been showed with different examples, the catalytic asymmetric flow
processes based on immobilized catalysts are very useful for preparing libraries of
compounds, since different reactions can be performed in a sequential manner. Due
to the versatility of the supported catalyst 21, a diverse library of enantioenriched
Robinson annulation products was sequentially prepared using the designed flow
set up. The diversity-oriented continuous-flow process allowed the synthesis of
a library with good enantioselectivities (89-94% ee) and very high productivities
(TOF = 6.7-9.3 mmol,,,;/mmol, g, h).

resin

8.3.1.7 Enantioselective Reduction of Imines

In Section 8.2.1.4 the benefit of enantioselective reduction of imines applying
organocatalysis and how the group of Benaglia demonstrated the synthetic poten-
tial of that approach for the synthesis of advanced intermediates of important
APIs has been shown. The same group developed a variety of immobilized chiral
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Scheme 8.20 Enantioselective Robinson annulation.

picolinamides, derived from cinchona alkaloid primary amines, supported on silica
and PS [36] and solid-supported chiral imidazolidinones organocatalysts [37] for
the catalytic reduction of imines with trichlorosilane. The picolinamide catalyst 22
(Scheme 8.21) and the immobilized imidazolidinone 23 (Scheme 8.22) were used
in continuous flow. The process with catalyst 22 in a glass packed-bed reactor was
run for three hours, and the corresponding chiral amine was continuously obtained
in very high yield. However, the enantioselectivity of the process was quite low, and
it dropped over time, possibly due to the presence of organic residues coming from
the catalyst degradation.

The PS-supported catalyst 23 was packed into a stainless steel HPLC column and
fed with a solution of the imine and the trichlorosilane. In this case the flow process
was stable for seven hours, producing the corresponding chiral amine in excellent
yield and good enantiomeric excess, although the stereoselectivity of the process
slightly decreased over time, probably due also to the degradation of the imidazo-
lidinone ring of the catalyst.

8.3.2 Supported Organometallic Catalysts

8.3.2.1 Enantioselective Hydrogenation
Catalytic methods are very appreciated in industry for the development of effective,
good atom economy, scalable, and environmentally friendly processes, and these
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Scheme 8.21 Stereoselective reduction of imines catalyzed by supported chiral

piCOl.i amides.
Q/Q/\ -N
N-N
\\ N,BU
N-{”‘

(e}
23
N-PMP - Hn-PMP
| +  HSICl, ’> 6.66 pl/min :
(5 equiv) 30 min ©/\
(1 equiv) o i
In CH,Cl, 92-98% yield
80-85% ee

Scheme 8.22 Asymmetric reduction of imines catalyzed by supported chiral
imidazolidinones.

processes are being applied for the synthesis of many API. Asymmetric hydrogena-
tion of alkenes is probably one of the most powerful synthetic tool used in the synthe-
sis of chiral drugs or precursors. In particular chiral rhodium catalyst complexes are
the most typical species used for this process (together with ruthenium and iridium
ones).

The Leitner group developed a continuous-flow process for asymmetric hydro-
genation using the same commercially available catalyst (Rh/(S,S)-EthylDuphos)
24 used in the batch process via a straightforward and effective immobiliza-
tion method [38]. They reported the use of a noncovalent immobilization
strategy named Augustine approach. It consists on the use of heteropolyacids,
which are dispersed on a metal oxide surface and serve as anchors for cationic
organometallic complexes (Scheme 8.23). A commercially available compos-
ite of phospho tungstic acid (PTA) and aluminum oxide (Alox) was selected
as the support in this case. The continuous-flow process for the synthesis
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Scheme 8.23 Enantioselective rhodium-catalyzed hydrogenation in large scale.

of (S)-N-(1-(5-fluoropyrimidin-2-yl)ethyl)acetamide (key intermediate for an
AstraZeneca API) was optimized, and the designed system gave an overall TON of
c. 5000 within seven hours on stream with almost full conversion and high enan-
tioselectivity. Moreover, excellent catalyst stability and retention was demonstrated
at 1kg scale, displaying results well above the predefined product specification
limits (90% conversion, 98% ee, and Rh contamination <10 ppm).

The asymmetric hydrogenation of enamides in continuous flow using supported
ionic liquid phase (SILP) catalyst was also described by the same group [39].
Rhodium catalyst 25 was immobilized via the SILP approach using fluorous
reverse-phase silica as highly hydrophobic supporting material, in which the
catalyst was dissolved. Continuous-flow systems using SILP catalysts were previ-
ously restricted to gaseous or volatile substrates, or substrates soluble in scCO,.
However, using toluene as a modifier, they were able to expand the scope to highly
functionalized substrates with poor solubility in scCO,. The flow system consisted
of a stainless steel tube, containing the SILP catalyst 25, used as the reactor
(Scheme 8.24). Under optimal conditions, excellent stability with full conversion
and high enantioselectivity was achieved (quantitative single-pass conversion,
ee > 99%) over 90 hours on stream, resulting in a TON of 10 300. The metal leaching
in the product solutions was below the detection limit (1 ppm), indicating effective
catalyst retention and satisfying the requirements of the pharmaceutical industry
for the manufacture of APIs.

8.3.2.2 Enantioselective Hydroformylation

Enantioselective hydroformylation is an important and very useful process widely
applied for the synthesis of pharmaceutical and fine chemicals. The generation of
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Scheme 8.24 Enantioselective rhodium-catalyzed hydrogenation of enamides.

chiral aldehydes led to key intermediates that can be then further transformed in
chiral alcohols, amines, or others. Usually, the common reaction conditions involve
the use of H, and CO with alkenes in the presence of catalytic metal complexes with
chiral ligands and pressure, adding potential risk factors to the process. The advan-
tages of continuous flow minimize those risks.

A highly enantioselective hydroformylation under continuous-flow conditions
was reported by Stout and coworkers [40]. They used a vertical pipes-in-series plug
flow reactor (PFR) for good gas-liquid mixing as well as scalability from small vol-
ume research to production scale. The process of interest, high pressure asymmetric
hydroformylation of 2-vinyl-6-methoxynaphthalene catalyzed by Rh-BDP complex,
was investigated using the research scale pipes-in-series PFR.

The use of continuous-flow techniques and vertical-bubble-flow-pipes-in-series
reactor gave high vapor-liquid mass transfer rates by achieving very small liquid
segments flowing through the small diameter tubing. After screening of reaction
parameters such as reaction solvents, ligands, pressure, and understanding of
reaction kinetics performed in a batch reactor, the process was investigated under
continuous-flow conditions. The optimal reaction conditions were found to be
eight hours residence time at 70 °C to provide the desired product in 98% conversion
and good enantioselectivity (92% ee) while maintaining high regioselectivity (27: 1).
Moreover, oxidation of the resulting aldehyde to the carboxylic acid provides an
attractive synthetic route to naproxen. The continuous-flow system was run for
a total of 130 hours and continuously for 100 hours over six transitions and five
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Scheme 8.25 Asymmetric hydroformylation of norbornene.

steady states. The results obtained in batch and continuous-flow mode were
comparable. However, this study demonstrates that application of enantioselective
hydroformylation, a high-pressure reaction with toxic and flammable reagents,
can clearly benefit from continuous-flow processing and be performed safely and
effectively in a pharmaceutical industry.

On the other hand, the Rh-catalyzed asymmetric hydroformylation of norbornene
was also described [41]. The group of Godard developed different C1-symmetrical
diphosphite ligands that displayed high activity and enantioselectivity. Encouraged
by these promising results, the ligands were modified with a pyrene moiety to accom-
plish their immobilization onto multiwalled carbon nanotubes (MWCNT), reduced
graphene oxide (rGO), and carbon beads (CBs). The recyclability of the new het-
erogenized catalysts was investigated, and it was found to be unsuccessful in batch
due to catalyst leaching. However, under continuous-flow mode using MWCNT, the
catalyst 26 revealed to be robust and to provide high ee with fast residence times,
probably due to an improved gas-liquid mass transfer (Scheme 8.25).

8.3.2.3 Enantioselective 1,4-Addition to Enone

One efficient way to form a new stereogenic center and a C—C bond is the
enantioselective 1,4 additions of carbon nucleophiles to o,f-unsaturated com-
pounds. In 2018, the group of Uozumi reported the enantioselective 1,4-addition
of arylboronic acids to enones catalyzed by an amphiphilic resin-supported chiral
diene rhodium complex [42]. They developed a novel rhodium-chiral diene
complex immobilized on amphiphilic polystyrene-poly(ethylene glycol) (PS-PEG)
27. Encouraged by the results obtained in batch and the recyclability of the catalyst,
a continuous-flow system was designed for the synthesis of enantioselective
corresponding p-arylated carbonyl compounds. A packed-bed reactor containing
the immobilized rhodium-chiral diene complex was fed by a solution of the enone,
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Scheme 8.26 Asymmetric 1,4-addition of arylboronic acids to enone.

the arylboronic acid, and potassium hydroxide in a 1 : 1 mixture of H,O and EtOH
(Scheme 8.26). The asymmetric 1,4-addition was completed in 10 seconds at 50 °C
with high enantioselectivity. Long-term experiment allowed the 10-gram-scale
synthesis of the desired adduct with high enantioselectivity, within 12 hours.

8.3.2.4 Enantioselective Nitroaldol Reaction

Another powerful transformation for a new stereogenic C—C bond formation is
the catalyzed enantioselective nitroaldol (Henry) reaction between nitroalkanes and
aldehydes or ketones. Shibasaki and coworkers described the synthetic utility of
an MWNT-confined Nd/Na heterogeneous catalyst for the anti-selective catalytic
asymmetric nitroaldol reaction [43]. The MWNT-confined Nd/Na heterogeneous
catalyst 28 was prepared by conducting the self-assembling process in the presence
of MWNT. The heterogeneous catalyst was transferred onto a stainless steel column
with dried Celite” and connected to syringe pumps for the aldehyde and nitroethane
(Scheme 8.27). The use of MS 3 A and NaHCO; columns allowed to remove tiny
amounts of water and acidic impurities from the aldehyde before it reached the
catalyst column. The flow reaction was operated for 20 days, and the stereoselec-
tivity was consistently high, although gradual loss in conversion was observed. The
desired product was obtained in 81% yield, with >20/1 anti/syn ratio and 95% ee
(anti), which corresponded to TON of 1661.

The same group also developed the anti-selective catalytic asymmetric nitroaldol
reaction of a-keto esters [44]. A continuous-flow system was designed with a stain-
less steel column charged with MWNT-confined Nd/Na heterobimetallic catalyst
28 and fed by the substrates mixture (Scheme 8.28). This process was successfully
executed by taking advantage of the heterogeneity of the Nd/Na heterobimetallic
catalyst. The desired product was obtained after straight evaporation of the crude
mixture, in 92% yield and with high stereoselectivity (up to anti:syn > 98 : 2 and 99%
ee), isolating 1.52 g after 92 hours (TON of 265) when R = Me.
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Scheme 8.27 Enantioselective nitroaldol reaction of aldehydes.
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Scheme 8.28 Enantioselective nitroaldol reaction of a-keto esters.

8.4 Enantioselective Biocatalysis in Flow

The field of biocatalysis has been growing up over the past few years, representing a
sustainable alternative to conventional synthetic methods. In combination with the
advantages of continuous flow, the biosynthesis of complex molecules overcomes
typical limitations of enzymatic classic reactions in batch [45]. Enzyme-driven asym-
metric catalysis has been applied to a number of industrial processes as an efficient
method for the synthesis of chiral products. However, mentioned difficulties such
as enzymatic inhibition, difficulty of finding the appropriate reaction parameters
for different enzymes, and difficult scale-up are the reason why there are still only
few examples of biocatalytic approaches in continuous flow to achieve chiral com-
pounds.
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Scheme 8.29 Enantioselective biocatalyzed synthesis of O-acetylcyanohydrins. Source:
Brahma et al. [46]/Georg Thieme Verlag KG.

The Ley group accomplished the enantioselective preparation of O-
acetylcyanohydrins by a three-step telescoped continuous process (Scheme 8.29)
[46]. This novel orthogonal biocatalytic approach consisted of an in situ generation
of HCN employing CalB immobilized on acrylic resin (Novozyme 435) and the
use of Arabidopsis thaliana (AtHNL) onto Celite for the enantioselective hydrocya-
nation reaction. These two sequential biotransformations were controlled by safe
handling of an in situ generated hazardous gas HCN and the in-line stabilization
of the products by subsequent acetylation. High stereocontrol was obtained from
the enzyme-catalyzed addition of HCN to aldehydes, giving access to a range of
O-acetylcyanohydrins with very good conversions (75-99%) and ee values (40-96%)
over three steps. Continuous-flow processes allow the use of hazardous reagent for
reactions that usually present safety concerns. Moreover, this method improved the
batch protocols reducing the reaction time (40 versus 345 minutes) and simplifying
the operation mode.

An IL-based flow strategy for the enzymatic (lipase CALB) enantioselective
transesterification of alcohols and amidation reactions has been also developed
(Scheme 8.30) [47]. This system was based on the use of particle-stabilized IL
droplets in oil as microreactors to build a continuous-flow system in a column
reactor. A “bottom-up” fashion was a key element for this strategy. The continuous
influx of reactants into the droplet microreactors and the continuous release
of products from the droplet microreactors made this system a very productive
strategy. In fact, after 4000 hours on stream, the enantioselective transesterification
efficiency showed no significant decrease. The idea of the use of IL droplets for
bigger scale implies to have a huge number of microreactors all working together
in parallel, resulting in a macroscale continuous-flow reaction for the efficient
enzymatic enantioselective transesterification or amidation.

A versatile synthesis of alcohols from amines was reported by Paradisi and
coworker through a self-sustaining closed-loop multienzymatic platform [48]. The
biocatalytic synthesis of a wide range of noncommercially available products in

https://lwww.twirpx.org & http://chemistry-chemists.com



8.4 Enantioselective Biocatalysis in Flow

(4 equiv) (1 equiv)
In n-octane

(4 equiv) (1 equiv) |
In toluene :
0.6 mi/h

Scheme 8.30 IL droplet-based flow system for enantioselective transesterification or
amidation. Source: Zhang et al. [47]/American Chemical Society.

continuous flow was successfully achieved, affording the desired secondary alcohols
with excellent yields (80% to >99%) and optical purity (>99% ee) (Scheme 8.31).
The process consisted of a multienzymatic cascade reaction that combines a
o-transaminase from Halomonas elongate (HEWT) with oxidoreductases, such
as horse liver alcohol dehydrogenase (HLADH) or a ketoreductase from Pichia
glucozyma (KRED1-Pglu), for the preparation of aromatic alcohols from the
corresponding amines in continuous flow. This strategy led to an ultraefficient
zero-waste process with cofactor recycling, in-line recovery of benign by-products,
and recirculation of the aqueous media that contains the recycled cofactors in cat-
alytic amounts. This closed-loop process increased the efficiency of the system and
enabled the automation of the process. A simple trapping column, as downstream of
the process, allowed the separation of the pure products and by-products. The con-
version of amines into the corresponding alcohols was significantly enhanced with
this strategy, due to the elimination of the amine/aldehyde condensations that, in

NH, (0] OH
() — | —
I I /F
R R R
l NH, EtOAc Ambersep

900 OH

| D Aq solution
. KRED1-Pglu/
IF -
R imm-HEWT BmGDH
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Scheme 8.31 Synthesis of secondary alcohols from aromatic amines.
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batch, presents several limitations. Moreover, the synthesis of alcohols from amine
starting materials is an excellent strategy for the preparation of pharmaceuticals
and polymers.

The same group also developed the enantioselective hydrolysis of naproxen esters
[49]. They developed the hydrolytic enantioselective cleavage of different racemic
non-steroidal anti-inflammatory drugs (NSAIDs) ester derivatives. Bacillus subtilis
(BS2m) was chosen as enzymes for the enantioselective hydrolysis of naproxen esters
in continuous flow, based on batch results. Immobilization of a fusion BS2m with the
T4 lysozyme (BS2mT4L1) on an epoxy-derivatized methacrylate support (EC-403)
yielded the biocatalyst that was utilized in a packed-bed reactor (Scheme 8.32). The
high degree of insolubility of the naproxen butyl ester resulted in a slurry, which
made the reaction in flow difficult. However, the addition of Triton® X-100 to the
substrate allows to perform the hydrolysis, yielding (R)-naproxen in 24% molar con-
version and 80% ee with six minutes residence time.

BS2mT4L1

O\/\/ y OH
~0 o 37°C ~0 o

(5 mM) 6 min

50 mM PO, pH 8
0.5% Triton X-100

0.117 ml/min

Scheme 8.32 Enantioselective hydrolysis of naproxen butyl ester.

Other two types of enzymatic reductions of a hydrophobic ketone in the pres-
ence of an alcohol dehydrogenase (ADH) for the synthesis of chiral alcohols have
been reported [50]. Due to their excellent enantioselectivity and successful utiliza-
tion in the synthesis of APIs, ADH was chosen as the enzyme class to use. A simple
flow setup was designed, being capable to minimize some workup limitations. A
segmented flow system based on a biphasic methyl ftert-butyl ether (MTBE)/buffer
mixture was successfully applied for enzymatic reduction (Scheme 8.33). Two dif-
ferent types of biotransformation were investigated based on the use of two different
ADHs. ADH from Lactobacillus brevis was utilized for the reduction of acetophe-
none and ADH from Ogataea minuta for 2,2,2-trifluoroacetophenone. Although the
conversion was comparable with the results from the process in batch, they were
able to significantly simplify and minimize workup efforts for this biphasic system.

8.5 Asymmetric Total Synthesis in Continuous Flow

The advantages of asymmetric catalysis performed under continuous flow have been
demonstrated. However, the complete synthesis of complex chiral molecules by con-
tinuous multistep processes is challenging.

In 2015, a very nice example on the use of chiral catalysis in a multistep flow syn-
thesis was reported by Kobayashi and coworkers [51]. They developed a multistep
continuous-flow synthesis of (R)- and (S)-Rolipram. The system used in this study
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Scheme 8.34 Multistep synthesis of (R)- and (S)-rolipram applying enantioselective
catalysis.

is presented in Scheme 8.34. Commercially available starting materials, aldehyde
and nitromethane, were successively passed through the packed-bed reactors con-
taining heterogeneous achiral and chiral catalysts to produce the drug directly with
high enantioselectivity.

The first step of the synthesis involved a Henry-type reaction of benzalde-
hyde derivative with nitromethane. The outflow of the first reactor containing
nitroalkene was fed into the second packed-bed reactor. The second step of the
synthesis, an asymmetric addition, was the enantio-determining step of the whole
process. The reaction was catalyzed either by a supported PS-(S)-pybox-calcium
chloride catalyst or by the opposite enantiomer, PS-(R)-pybox-calcium chloride. In
this step, two packed-bed reactors were used at 0 °C. The y-nitro ester was obtained
in 84% yield and with 94% ee. Next steps involved Pd-catalyzed hydrogenation and
a decarboxylation reaction. In the third step, the desired product was obtained in

https://lwww.twirpx.org & http://chemistry-chemists.com

299



300

8 Enantioselective (Bio)Catalysis in Continuous-flow as Efficient Tool for the Synthesis

74% yield and 94% ee by using a polysilane-supported palladium/carbon catalyst
(Pd/DMPSI-C). At this stage, two columns containing Amberlyst 15Dry and Celite
were placed to remove any residue from the outlet stream. Next, the stream was
fed into the fourth one filled with the silica-supported carboxylic acid to provide
the desired product, (S)-Rolipram or its opposite enantiomer. (S)-Rolipram was
successfully synthesized in 50% yield and 96% ee. Direct recrystallization of the
crude product from water/methanol afforded optically pure (S)-Rolipram in 99% ee.
This continuous-flow multistep system was found to be stable for at least one week.
Moreover, no leaching of the palladium was observed; the level of the palladium
in the solution was as low as possible, below 0.01 ppm, indicating that the product
does not contain any metal.

The synthesis of (S)-Rolipram reported by Kobayashi and coworkers via heteroge-
neous catalysis under continuous-flow conditions clearly demonstrates the potential
of microreactor technology and flow chemistry in sustainable synthesis. This multi-
step process did not require isolation of any intermediates, separation of the catalyst,
or other type of workup procedures, which makes it very attractive and sustainable.

(S)-Pregabalin is a widely administered anticonvulsant and antiepileptic drug. The
synthesis of this drug in multigram scale of an (S)-Pregabalin precursor in continu-
ous flow with high enantioselectivity and with a very simple experimental procedure
has been also described (Scheme 8.35) [52]. The authors used the chiral thiourea
organocatalyst 1 to perform the stereoselective nucleophilic addition of diethyl mal-
onate to the appropriate nitroalkene obtaining a key chiral intermediate that, after
reduction of the nitro moiety, is followed by hydrolysis and decarboxylation. Under
the best reaction flow conditions (60 °C, two minutes residence time), 1 g of desired
intermediate was produced with 81% ee in only one hour using a very simple labo-
ratory size flow set up.

Another recent example that shows the potential of asymmetric catalysis in flow
chemistry for sustainable pharmaceutical manufacturing has been recently reported

xNO, 15 p/min
)\N _______ smi o o
(1 equiv) : : EtO OEt
CF, In toluene NO,
s ~| S e
o O 15ul/min ~ 60°C -,
AL Q + H h Productivity: 1 g/h
CF3 N™ "N E0 0kt 2 min 81% ee
H H N .
] <IN (3.3 equiv) u
(10 mol%)
In toluene o
OH
NO,

(S) -Pregabalin

Scheme 8.35 Asymmetric organocatalytic mediated synthesis of (S)-pregabalin key
intermediate. Source: Porta et al. [52]/MDPI.
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Scheme 8.36 Asymmetric Michael reaction under continuous-flow conditions.

by Kappe and coworkers where they present a multistep continuous-flow process for
the synthesis of the key intermediate of (—)-Paroxetine. Paroxetine is an antidepres-
sant drug (selective serotonin reuptake inhibitor) widely used to treat depression
and other psychiatric disorders [53].

Within the multistep synthetical methodology, the key chiral aldehyde
(Scheme 8.36) was obtained via organocatalytic asymmetric Michael reaction
of p-fluorocinnamaldehyde and dimethyl malonate using the PS-supported
cis-4-hydroxydiphenylprolinol catalyst 19 [31].

The optimal flow conditions developed were 20 minutes residence time at 60 °C
and solvent-free. The desired aldehyde was obtained with 93% conversion, complete
chemoselectivity, and 98.5% enantioselectivity.

The system was stable running continuously during seven hours, leading to a
productivity of 2.47 g/h and achieving 17.26 g of pure product (84% isolated yield,
97% ee). It should be emphasized that the catalyst was proved to be very robust.
Essentially constant selectivity (95-98% ee and 100% chemoselectivity) and very
small decrease in catalytic activity (from 93% to 85% conversion) was achieved.
The data generated resulted in an effective catalyst loading of 0.6 mol%, TON of
132, STY of 1.76 kg/1 h, and very low waste formation confirmed by an E-factor of
only 0.7.

This key aldehyde was then used for the multistep synthesis process of
(—)-Paroxetine intermediate (Scheme 8.37). This process consisted in a sequence of a
reductive amination/lactamization/amide-ester reduction to achieve the chiral key
intermediate, ((3,4R)-4-(4-fluorophenyl)piperidin-3-yl)methanol, of (—)-Paroxetine.
The telescoped process proved stable and afforded the desired product in 83%
isolated yield and 96% ee with a productivity of 2.97 g/h.

An analogous diphenylprolinol catalyst supported onto a Wang resin (29) was
also used by the group of Mlynarski in the continuous-flow organocatalytic Michael
reaction to prepare a key chiral intermediate for the total asymmetric synthesis
of (+)-Paroxetine (Scheme 8.38) and (+)-Femoxetine [54]. In this case, complete
conversion to the desired product with syn/anti ratio of 3.2 : 1 was achieved.
However, more than 16 hours were required to pump 5ml of the starting material
since the optimal required flow rate was very slow (0.005 ml/min). Unfortunately,
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Scheme 8.37 Multistep continuous-flow synthesis of the intermediate of (—)-paroxetine.
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Scheme 8.38 Asymmetric Michael reaction for the synthesis of (+)-paroxetine key
intermediate.

when a faster flow rate was applied (0.5 ml/min), the conversion dropped to 17%
(although the syn/anti ratio observed was higher [4.5 : 1]). The authors decided to
apply a compromise between residence time and productivity, so the flow rate was
set to 0.01 ml/min to achieve a maximum conversion of 50% with a residence time
of 100 minutes.
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Scheme 8.39 Telescoped organocatalytic conjugate addition-aldehyde oxidation
sequence for the synthesis in continuous flow of chiral GABA intermediates.

The versatility of catalyst 19 was further showed in a continuous process
involving two-step asymmetric synthesis in flow of chiral y-nitrobutyricacids as
key intermediates of the GABA analogs Baclofen (antispastic drug applied as
a muscle relaxant), Phenibut (anxiolytic used to treat anxiety and insomnia),
and Fluorophenibut (also an anxiolytic drug) on a multigram scale [55]. The
telescoped process includes an enantioselective organocatalyzed Michael addition
of nitromethane to a,p-unsaturated aldehydes to obtain y-nitro-aldehydes as key
intermediate neat conditions followed by their oxidation with in situ-generated
performic acid, leading to the desired GABA analogs (Scheme 8.39). The flow
system allows the pass of reactants through a column heated at 65 °C and filled with
catalyst 19. Then neat formic acid and an aqueous H, O, solution are introduced at
flow rates corresponding to one equiv of H,0, and five equiv of formic acid with
respect to the aldehyde. The reaction mixture coming out from the packed-bed
reactor and containing the y-nitroaldehyde is mixed with the combined formic
acid/H,0, stream, and the resulting mixture solution is passed through a coil
reactor at 100 °C where performic acid generation and aldehyde oxidation take
simultaneously place.

The y-nitrobutyric acids were obtained in high yields and excellent enantioselec-
tivities (96-97% ee), and the processes have a remarkably high productivity. Notably,
no chromatography purification is required, and the products are obtained easily at
the multigram scale.
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8.6 Conclusions

Important enantioselective catalytic processes in continuous flow have been
presented as useful synthesis tool for the formation of important chiral APIs and
advanced intermediates. The development of catalysts and processes that enable
the synthesis of enantiopure products is key for many different industries. In
combination with the continuous-flow technology advantages, it allows higher
productivities and reproducibility in shorter times, as well as easy scalability, rep-
resenting an excellent approach toward a more sustainable and smart production
of complex molecules. Moreover, as the technology evolves, the future of chemical
synthesis also progresses toward being more automatized, including process
analytical technology (PAT)-enabled process monitoring and multistep processes,
making the application of asymmetric catalysis in flow ideal for the efficient and
fast synthesis of chiral chemical libraries.
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9.1 Introduction

Flow reactor has unique features, such as efficient mixing, excellent heat and mass
transfer, and precise control of reaction time, resulting in the improvement of both
reaction yield and product quality. These features enable us to implement various
chemical transformations, including highly exothermic and hazardous reactions,
which have posed challenges in the conventional batch mode [1, 2]. Additionally,
the process of utilizing flow reactors provides safe and efficient access to the scale-up
process [3]. This emerging technology has recently been gaining considerable atten-
tion with a growing literature base [4, 5]. In the pharmaceutical industry, rapid and
stable supply of high-quality drugs to the market is essential; hence, the researchers
engaged in this field are highly expected to establish safe and robust manufacturing
processes under strict quality controls. Continuous-flow processing, including flow
reactions, can provide optimal methodologies for process intensification to meet
these requirements [6]. The emerging flow technologies also provide cost advantages
for pharmaceutical industries because innovative and cost-effective active pharma-
ceutical ingredient (API) synthetic pathway can be established while shortening the
research and development period, owing to seamless scale-up from the laboratory to
the manufacturing plant. Furthermore, continuous-flow processing offers advanced
quality control systems by incorporating in-line/online monitoring devices (i.e. pro-
cess analytical technology [PAT]) while assuring the consistency of drug quality.
Therefore, regulatory agencies, such as Food and Drug Administration (FDA), Euro-
pean Medicines Agency (EMA), and Pharmaceuticals and Medical Devices Agency
(PMDA), have been encouraging the adoption of continuous-flow processing into
pharmaceutical industries to supply high-quality drugs to the market within a short
delivery time [7, 8].

In this chapter, we introduced scalable flow processes for hazardous and catalytic
reactions and stated that these systems apply to the synthesis of high-value API
intermediates [9, 10]. In addition, we described that the flow reactor systems

Flow and Microreactor Technology in Medicinal Chemistry, First Edition. Edited by Esther Alza.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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installed in our sites were uniquely designed as multipurpose facilities, and com-
mercial production was accomplished under Good Manufacturing Practice (GMP)
conditions.

9.2 Plug Flow Reactor System for Phosgenation
Reaction

9.2.1 Introduction

The highly reactive phosgene is a useful and versatile reagent in organic synthesis,
and it can be used to quickly prepare a wide variety of carbonyl compounds, which
are well known for being valuable building blocks [11-15]. The adoption of chem-
ical reactions with inexpensive phosgene is often beneficial to the development of
the cost-effective synthetic route for pharmaceuticals, agrochemicals, and other
fine chemicals. However, the handling of toxic and volatile phosgene under the
batch system poses safety issues, whereby special safety measures are required to
prevent the leakage of hazardous chemicals in large-scale production, as it was
introduced in Chapter 1. Thus, minimizing reaction volume is highly desirable
to enhance manufacturing safety. Although heat management of exothermic
phosgenation reaction is crucial for process safety and product quality, it is hard
to control the reaction heat in batch mode, especially in large-sized reactors, due
to poor heat transfer. Thus, there is a safety risk on industrial production with
hazardous materials under batchwise conditions. Continuous-flow system provides
a small reaction volume and equipment size, which allows the minimization of
hazardous chemicals in a reactor and facilitates equipment segregation. Moreover,
heat control for exothermic reactions is readily achievable, owing to excellent heat
removal efficiency. Hence, the process safety of hazardous reactions is expected to
be dramatically enhanced against that of the conventional batch mode. Although
gaseous phosgene can be used to perform phosgenation reactions, the utilization
of a phosgene surrogate as the less toxic material is desirable to mitigate the safety
risk [16-18]. To enhance the process safety, we chose less toxic solid triphosgene
that can be transformed into phosgene with amines.

In this study, we used triphosgene and amine to establish safe and scalable flow
reactor system for phosgene reactions (Figure 9.1). In this flow system, the start-
ing material and phosgene derived from triphosgene react in a coiling tube while
continuously yielding a controlling reaction temperature using water bath and an
emerging solution containing the desired product. This flow system allows the in
situ generation and consumption of poisonous phosgene within a piece of closed and
compact equipment. Furthermore, the residual phosgene in the eluting stream can
be easily decomposed by quenching it in acid solution with stirring. We assume that
the triphosgene-mediated flow system is an ideal approach to minimize the oper-
ators’ exposure to hazardous materials in a manufacturing plant. Accordingly, we
started our investigations to establish and develop a safety process for phosgenation
reactions using continuous-flow system.
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Figure 9.1 Illustration of the flow system for phosgenation reaction.

9.2.2 Feasibility Study

We initially performed the chloroformate reaction as a model phosgene reaction
in flow mode. The suitable amine for the phosgene flow system was examined to
prevent the precipitation of amine HCI salt before performing the continuous-flow
experiments. The results of the solubility test of several amine HCI salts revealed
that no solid formation was encountered by tributylamine in most of the versatile
and green solvents. Therefore, we concluded that tributylamine could be suitable
for a chloroformate reaction under continuous-flow condition.

First, chloroformate compounds were synthesized using the flow equipment
(Table 9.1). In this system, the T-piece mixer and the coiling reaction tube were
immersed in a temperature-controlled water bath. Then, triphosgene in toluene
(Solution A) and the mixture of substrate/tributylamine in toluene (Solution B)
were transferred to the mixer before passing into the coiling tube by feeding pumps.
The resulting solution containing the desired product was continuously quenched
in the acid solution while stirring at 0°C. In the case of 1b synthesis, the flow
reaction successfully proceeded, and an excellent reaction yield was accomplished
in a short residence time without clogging issue. A decrease in reaction yield was
observed in the comparative batch mode because the decomposition of 1b occurred
due to long reaction time. It was also revealed that chloroformate compound 2b was
successfully prepared in excellent yield under milder condition. These experiments
demonstrated that our flow system is compatible with the phosgenation reaction
and that flow reaction has an advantage in reaction yield over the conventional
bath reaction.

Second, several pharmaceutical intermediates were prepared using the same
flow reactor system to expand the range of applications. N-Carboxyanhydride 3b
and urea compound 4b, which are known as advanced intermediates of imidapril
(angiotensin-converting enzyme [ACE] inhibitor) [19] and relebactam (f-lactamase
inhibitor) [20], were chosen as target products. In this study, flow reactions were
performed using 3a and 4a as the starting materials to obtain the corresponding
compounds. The investigation results suggested that the desired API intermediates
were successfully synthesized in satisfactory yields within a short residence time
while preventing the precipitation issue (Table 9.2).

Our investigations demonstrated that our flow reactor system using triphos-
gene/tributylamine applies to a wide variety of phosgenation reactions, including
the preparation of pharmaceutical intermediates.
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Table 9.1 The preparation of chloroformate compounds under continuous-flow

methodology.?
2ml/min oo
— | Water bath (T °C) |
(Solution A) N !
Triphosgene in toluene \_/ : i
i T-piece |
2ml/min | mixer :
(Solution B) | .
Tributylamine, @ i Reaction i Y )
substrate in toluene N ______lube | Desired
= product
Residence
Substrate Desired product System T(°C) time Yield (%))
OH OTC| Flow 0 1min 90
/. /. O
1a 1b
Flow 0 4 min 98

? ? Batch -5 3h° 60
J‘L
v OH Y (0] Cl

N 2a N 2b

Flow 30 1 min 99

a) Ld.=2mm.
b) Determined by HPLC analysis.
¢) Reaction time.

9.2.3 Establishment and Development of Continuous-Flow Process
for API Synthesis

Encouraged by the promising results of the feasibility study, we used our phosgene
flow technology to establish and develop a cost-effective synthetic process for API.
In this study, we focused on solifenacin (M3 muscarinic receptor antagonist) [21]
as a target API. The synthetic pathway of solifenacin, which comprises four steps in
batch, was already established in our research group. This synthetic process, how-
ever, had a technical issue in that a considerable amount of epimer impurity was
generated during the reaction, whereby the sacrifice of crystallization yield and the
recrystallization step of API was required to remove epimer impurity. This synthetic
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Table 9.2 Synthesis of pharmaceutical intermediates in continuous-flow mode.?)

Triphosgene o OFEt o. OEtO_

AOIO/E;\ tributylamine Aj: YN

Ph N~ CO,H T ph N/QFO Ph NJWTN\)
3a H 3b o//\\o H o CoH

H Imidapril

Triphosgene

N.os
n (j’ " tributylamine H (P\N,OBn H (?\N,OSO;
T A= A
CszO/ o H CbzN O 4 O H,N TCF) %

4a
Relebactam
Desired Reaction Residence Yield
Substrate product Solvent temperature (°C) time (min) (%)
3a 3b Toluene/THF® 60 3 76
4a 4b THF 0 2 85

a) Ld.=2mm.
b) Determined by HPLC analysis.
c¢) Triphosgene was dissolved in toluene. Tributylamine and 3a were dissolved in THF.

Phosgenation HO

Triphosgene \@ Succinic | N\ﬂ/o
; tributylamine ! Base acid Ph O
; NH ———— N_Cli — ——= N

5 LY @ 0,000
5b .

Solifenacin

Scheme 9.1 New synthetic route for Solifenacin.

route resulted in a high production cost. Hence a new synthetic pathway was estab-
lished in our laboratory to address this issue (Scheme 9.1). The new process yields a
decrease in step number (4 — 3 steps), with no epimerization during the reaction.
Furthermore, an increase in crystallization yield was observed, and no recrystal-
lization was required mainly because epimer impurity control was achieved dur-
ing the reaction. It was expected that the new API process would have cost advan-
tages over the previous one because the total yield can be improved by about 30%.
The newly established pathway, however, posed a safety issue in large-scale produc-
tion since the phosgenation reaction was contained at Step-1. Thus, we adopted the
continuous-flow process at Step-1 in order to establish the safety scale-up process.
First, the preparation of 5b in flow mode was carried out using the same laboratory
equipment depicted in Table 9.3 (Method A). As indicated by the results, although
starting material 5a was completely consumed, the low reaction yield (45%) was
provided due to a large amount of by-product (5¢) generation. Unfortunately, no
improvement was observed despite all our efforts for optimization studies in this
flow system. We anticipated that the preparation of a sufficient amount of phos-
gene before the main reaction was essential to solve the problem since an undesired
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Table 9.3 Synthesis of pharmaceutical intermediate 5b in continuous-flow mode.

Method A f gt mmm————————— N NN |
— Water Bath (10 °C) i 1
Triphosgene N ! N_ _ocCl, !
in solvent \J I .
! 1
! 1
1

in solvent

1
1
1
1
1
1
1o
I >
1
1
1
10
1
Itn
1
1 ©
1

f-2
—_—
Tributylamine, 5a /\
\Z

Method B

Triphosgene
in solvent

Tributylamine
in solvent
ba
in solvent
Residence time Flow rate (ml/min) Ld. Yield Generation of

Method t-1 t-2 f-1 f-2 f-3 (mm) (%)  impurity 5c
A 2min — 2.0 2.0 — 2.0 45 Yes
B 4min 2 min 1.0 1.0 2.0 2.0 90 No
B 5s 10s 1.0 1.0 2.0 0.5 96 No
B 5s 10s 39.5 39.5 79 3.0 98 No

a) Determined by HPLC analysis.

by-product seems to be generated by a reaction between 5a and triphosgene. Second,
the new laboratory equipment, presented as Method B in Table 9.3, was assembled
in order to perform this approach. In this setup, phosgene was prepared in the first
reaction tube by mixing triphosgene and tributylamine. The resulting solution was
then combined with 5a at the second reaction tube. When residence times -1 and
t-2 were set at four and two minutes, the reaction yield dramatically increased to
90% with undetectable amount of 5¢. Next, both residence times were investigated
to determine the optimal condition. The results of the optimization studies revealed
that a residence time of only 5-10 seconds was sufficient to provide a high reaction
yield.

Finally, a scale-up study was conducted by increasing the flow rate and inner diam-
eter (the total flow rate increased from 4.0 to 158 ml/min; inner diameter increased
from 0.5 to 3.0 mm). The results revealed that the desired product was obtained in a
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Figure 9.2 The image of Triphosgene  Tributylamine
the pilot flow reactor for
preparation of 5b.

5a

=

Cooling
water

-

Precooling __
coils

comparable yield to the small-scale experiments, and around 64 g of 5b was success-
fully produced over only 4.5 minutes of operation. Our investigations revealed that
the key intermediate of solifenacin can be successfully prepared through the phos-
gene flow reaction system (see Method B in Table 9.3) and that the flow system with
triphosgene/tributylamine is amenable to the scale-up process.

As the final step, we manufactured a few hundred kilograms of solifenacin under
GMP condition via the new synthetic route containing phosgene flow reaction that
we had established. Phosgenation in flow mode, a key step of the new synthetic
pathway, was conducted by a pilot flow reactor facility installed in Osaka Synthetic
Chemical Laboratories, Inc. (Japan, Kaneka’s 100% subsidiary; see Figure 9.2 for the
image of our pilot facility). Compact coils were submerged in the circulating cooling
water during the reaction, and the precooling coils were integrated before each reac-
tion tube to accurately control the reaction temperature (see Section 9.4.1 for more
details about the concept of our flow reactor system). Around 100 kg (three lots) of
desired intermediate 5b were successfully manufactured with the pilot flow reactor
as process validation (PV) production by scaling out the process while achieving sat-
isfactory productivity (1.9 kg/h) without sacrificing reaction yield. In addition, the
desired API (i.e. solifenacin) was prepared on a large scale through our newly estab-
lished process. We used the scalable flow technology to establish a cost-effective
synthetic route for solifenacin while increasing the process safety. Furthermore, a
large-scale API production with the pilot flow reactor was accomplished under GMP
condition.

9.3 Simple and Practical Packed-Bed Reactor System
for Catalytic Reactions
9.3.1 Introduction

Since the flow processes using packed-bed reactor systems have several advantages
over the traditional batch processes, such as enhanced reaction efficiency, owing to
the high exposure of the substrate to the catalyst and its excellent reusability, many
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research groups have shown their interest in the enabling system and its useful-
ness [22-25]. We herein introduce two types of packed-bed reactor systems utilizing
anion-exchange resin and immobilized cells (IMCs) as catalysts.

9.3.2 Deacylation Reaction with Anion-Exchange Resin

Hydroxy compounds are common class of substances among pharmaceuticals,
agrochemicals, and other fine chemicals. Hydroxy groups are generally required to
be protected or deprotected in the course of the synthetic route toward the target
compound because of their high reactivity. Acyl substituents are among the most
useful protecting groups mainly because the corresponding esters are relatively
stable under a wide range of conditions, such as weak basic, oxidative, and reductive
circumstances [26-28]. It has been reported that acyl groups are readily deprotected
by hydrolysis or alcoholysis with acid, base, or enzyme catalysts [29-31]. These
examples in batch mode, however, often involve tedious work-ups, such as extrac-
tion and filtration, to remove the remaining catalyst before proceeding to the next
step. Furthermore, a certain amount of product might be lost in the aqueous phase
during extraction when the desired product, the hydroxyl compound, is highly
soluble in water. Thus, process improvement in the deacylation process, especially
for an industrial scale, is desirable to increase productivity. We herein describe
an efficient and practical deacylation process using a continuous packed-bed flow
reactor system with an inexpensive anion-exchange resin as a catalyst (Figure 9.3).
The anion-exchange resin was activated by replacing chloride ion with methox-
ide ion before the feeding of substrate 6. In this system, it is expected that the
desired hydroxy compounds 8 can be easily obtained in high purity by passing
acyl compounds 6 through the column, which is filled with the catalyst. Then,
both by-product 7 and methanol are readily removed by concentration without
time-consuming work-ups, such as extraction and filtration. Consequently, the
productivity of the deacylation process can be considerably enhanced compared
with the conventional batch process. Therefore, we addressed the development of
efficient and practical deacylation reaction using the packed-bed reactor system.

9.3.2.1 Feasibility Study

The deacylation reactions using a packed-bed reactor system were initially inves-
tigated using several model substrates to assess the feasibility of the process (see
Table 9.4). In this system, a commercially available anion-exchange resin (DIAION
PA 308 from Mitsubishi Chemical Co., Ltd.) was used as a catalyst and pretreated
according to the following procedures before the main reaction. At first, the counter
anion of the resin was changed from chloride to methoxide by passing sodium
methoxide in methanol through the column. Then, methanol was flushed into the
column to remove the remaining sodium methoxide. After the activation of the
resin, each substrate in methanol was pumped through the column at the space
velocity (SV) of 4h™!, and the reaction solution was subsequently collected from
the outlet. When benzyl acetate 9 was used as a model substrate, the flow reaction
proceeded successfully to produce the product in excellent yield while offering
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Figure 9.3 Illustration of MeO-form
the packed-bed reactor O Anion-exchange resin (0]
. HOR?
system for deacylation 1J\ 5 1 +
reaction. R OR MeOH R OMe 8
6 7 (Desired)

NMez;OMe
® o

Concentration

(Desired)

L
T

7 + MeOH
6 7+8
in MeOH in MeOH

several advantages over the comparative batch reaction. The reaction time was
drastically shortened due to the high exposure of the substrate to the catalyst.

Moreover, poor filterability of the resin, which is caused by fine particles gener-
ated during the agitation in batch mode, could be circumvented in the flow mode.
By adjusting the reaction temperature, the same protocol could be applied to the
other compounds protected by the acyl group (10 and 11). It should be noted that
the by-product, methyl ester, was readily removed by simple concentration after the
flow reaction in all the experiments. We demonstrated that our packed-bed reactor
system with anion-exchange resin applies to deacylation reactions and that reaction
efficiency can be improved over the batch system.

9.3.2.2 Application for Pharmaceutical Intermediates and Scale-up

As the next step, we focused on the synthesis of pharmaceutical intermediates to
demonstrate the practicability of our packed-bed reactor system. The chiral com-
pounds 12b and 13b have been reported to be the key intermediates of API (i.e.
efinaconazole and atorvastatin) (see Scheme 9.2) [32-35]. We assumed that these
intermediates would be obtained from the corresponding precursors 12a and 13a
containing pivaloyl and acetyl groups.

First, the screening of anion-exchange resins was conducted using the inter-
mediate 12a as a starting material (Table 9.5). A wide variety of anion-exchange
resins with different physical properties were examined for this investigation. It
was revealed that the resins with lower cross-linking density tend to provide better
reaction yield in this flow system. They are also likely to offer a larger reaction space
for the substrate to interact with methoxide, leading to higher reactivity. Although
the highest yield was obtained using DOWEX 1X2 (100-200 mesh), the unit price
of the resin was found to be higher in bulk scale compared with other resins that
we screened.
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Table 9.4 Deacylation reaction with an anion-exchange resin in a packed-bed reactor.

Temperature
(°C)

18.6 ml/h

(SV =4 h-) Anion-exchange

resin

/ (PA 308)

O
HO
+
O LS
1 Product By-product

9-11
(R = Me, P, Pr) oo ’
Reaction Residence Temperature Conversion Yield
Run Substrate mode time (min)  (°C) (%) (%)
1 0 Flow <15® 25 98 98
AOA@
9
2 Batch 1209 25 98 (65)9 98
3 o Flow <152 50 88 90
%OAQ
10
4 o Flow <15® 50 95 93
/\)‘LO/\©
1
a) Determined by HPLC analysis.
b) The residence time was determined as the resin volume in the column (in ml) divided by the
flow rate (in ml/h).
¢) Reaction time.
d) The result for a reaction time of 15 min is indicated in parentheses.
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Scheme 9.2 Application examples of the packed-bed reactor system for pharmaceutical
intermediates. Source: Based on Tamura et al. [32], Cheng et al. [33], Beck et al. [34] and
Fan et al. [35].

Accordingly, from the economic and availability perspectives, we decided to use
DIAION PA306s as a catalyst, although the yield was slightly lower than the yield
using DOWEX 1X2 (100-200 mesh). Next, the reaction conditions, such as the reac-
tion temperature and the SV value, were further examined in the flow mode using
DIAION PA 306s to improve the reaction yield of 12b. The investigation results
revealed that an excellent reaction yield was obtained at a higher temperature and
a lower SV value (see Run 4 in Table 9.6). The same system was used to prepare
13b to expand the substrate scope. The results revealed that 13b was successfully
synthesized in an excellent reaction yield (Run 7 in Table 9.6).

It is worth noting that the acetyl group was selectively deacylated in Runs 6 and
7, with tert-butyl ester moiety remaining intact. Toward the industrial production,
a large-scale experiment was subsequently conducted with the larger inner diam-
eter of the column at the higher flow rate to ensure the scalability of the system
(Run 5 in Table 9.6). The result indicated that the reaction yield was comparable
with that of the small-scale experiment, and high throughput (flow rate: 198 ml/h;
productivity: c. 72 mmol/h) was attained while preventing deterioration in quality
and high-pressure drop. Thus, we demonstrated that our packed-bed reactor sys-
tem, which utilizes an anion-exchange resin as a catalyst, is compatible with the
preparation of various API intermediates and amenable to scale-up.

Finally, to ensure the practicability of our flow system, we evaluated the dura-
bility and recyclability of the catalyst according to the following procedures. The
methanol solution of 12a was continuously supplied into the column filled with
DIAION PA 306s at 50 °C and SV = 1 h~! for seven days, whereas the reaction con-
version was monitored through an offline high-performance liquid chromatogra-
phy (HPLC) analysis during the operation. The high conversion was maintained for
94 hours, representing the superior durability of the catalyst. Subsequently, the deac-
tivation of the resin was observed with a rapid decrease in the conversion (see first
trial in Figure 9.4).

As noted earlier, the deactivated resin was then subjected to the same procedure
for activation, and its durability was reevaluated. Consequently, similar to the result
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Table 9.5 Screening of anion-exchange resins for the deacylation reaction.

4.2 mlh Ani h
(SV=1h") nion-exchange
resin
N / N
7am\ </ N OH o
(- _ F
N N + tBU )J\ O/
12b By-product
Anion-exchange resin
lon-exchange Cross-linking  Yield
Run  Name Type capacity (equiv/l)  density (%) (%)
1 DOWEX 1X2 Gel 0.6 2 92
(100-200 mesh)
2 DIAION PA306s Porous >0.8 3 87
3 DIAION PA308 Porous >1.0 4 74
4 DIAION HPA25L Highly porous  >0.5 25 49
5 AMBERLITE MR >1.0 No data 58
TRA900J

a) Determined by HPLC analysis.

of the first trial, the reaction conversion was fully recovered to 99.9% and maintained
for 93 hours, illustrating that the catalyst was completely regenerated (see second
trial in Figure 9.4). The plausible mechanism for deactivation of the resin is shown in
Figure 9.5. Methyl pivalate, which is generated as a by-product in the main reaction,
is hydrolyzed by minute amounts of water in the solvent, followed by replacement of
methoxide by the resulting pivalate. These experiments demonstrate that our flow
system is compatible with the preparation of general hydroxy compounds, including
pharmaceutical intermediates, and is amenable for large-scale production, owing to
the high durability of the catalyst.

9.3.3 Reductive Amination with Biocatalyst

Stereoselective/chemoselective reactions utilizing biocatalysts have been recognized
as powerful methodologies for the manufacturing of APIs along with their interme-
diates. Our research group specializes in both organic synthesis and biotransforma-
tion and has established many competitive synthetic routes for API intermediates,
such as chiral alcohols, amines, and nonnatural amino acids in batch mode [33-41].
Additionally, these compounds were successfully manufactured using industrially
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Table 9.6 Optimization of reaction conditions for pharmaceutical intermediates.?

Temperature
(°C)

Anion-exchange

! |

| |

i | resin

| 1/ (PA 306s)

! |

I

| |

| ! o
12a or 13a 3 1 12bor13b  + R)k P

i ! O

[ , By-product

(R = 'Bu or Me)
Column Resin Temperature sv Yield

Run Substrate Product diameter (mm) volume (ml) °C) (h 1) (%)?
1 0.9 3.9 25 5 8

Bu
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Table 9.6 (Continued)

Column Resin Temperature sV Yield
Run Substrate Product d (mm) lume (ml) °Q) (h-1) (%)?
2 0.9 3.9 40 4 76
3 0.9 42 40 1 87
4 0.9 3.9 50 1 98
5 2.2 198 50 1 99
6 >< >< 0.9 4.7 25 25 78

(¢] O O (¢] O O
no X I
YO\/'\MO Bu S O'Bu
o] 13b
13a

7 0.9 4.7 25 5 98

a) The result of Run 2 in Table 9.5.
b) Determined by HPLC analysis.
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Figure 9.4 Evaluation of the catalytic activity of anion-exchange resin.
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Figure 9.5 A plausible mechanism for the deactivation of resin.

applicable biocatalyst under GMP conditions. We then turned our attention to bio-
transformation, utilizing IMCs as a catalyst to expand the application of our flow sys-
tem. We herein describe the reductive amination of a-ketoacid 14a in flow mode with
an IMC as a catalyst to afford r-tert-leucine 14b, which is known as a pharmaceuti-
cal intermediate of atazanavir (HIV protease inhibitor) (Figure 9.6) [42]. a-Ketoacid
14a in potassium phosphate buffer was passed through the column loaded with an
IMC along with a catalytic amount of NAD* and ammonium formate.
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Figure 9.6 Illustration of the packed-bed reactor system for reductive amination. Source:
Based on Gong et al. [42].

The results reveal that 14b was continuously obtained with both high conversion
and high optical purity. In addition, the activity of the cell persisted for 70 hours,
illustrating the high durability of the biocatalyst and practicability of our flow sys-
tem. We believe that this application qualifies as an excellent example to showcase
the effective combination of biotransformation and flow chemistry. Further opti-
mization studies and expansion of applications with biocatalyst in our flow system
are currently under development in our research group.

9.4 Flow Reactor Facility for Large-Scale Production

9.4.1 Concept of Our Flow Reactor System

Commercial-scale flow reactor facility installed in Kaneka Singapore Co. (Pte) Ltd.,
Kaneka’s 100% subsidiary, is illustrated in Figure 9.7.

Two reagents in the solution are transferred and combined at the T-shaped mixer.
The resulting solution is then pumped in a spiral tube placed in a jacketed tank. The
reaction temperature can be controlled by the circulating cooling water and mon-
itored by the temperature sensor devices inserted in the coiling tube. Additionally,
a small agitator installed in the tank increases the heat exchange efficiency under
exothermic reaction in flow. It is noteworthy that a coiling tube can be replaced and
customized to meet features of the target reaction. The customization examples of
the reactor are shown in Figure 9.8. The number of the line and the length of the
reaction tube are changeable, and the coil can be changed to the columns for the
packed-bed reactor system.

In addition, a wide type of materials, such as stainless steel, Hastelloy, and
Teflon®, can be used based on chemical compatibility and the type of chemistry.
Furthermore, a coiling tube can be utilized for dedicated or single use to prevent
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Figure 9.7 The image of Reagent-1 Reagent-2 Product
commercial flow reactor in
Kaneka Singapore Co. (Pte) l l I
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Figure 9.8 Customization examples of the flow reactor.
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cross-contamination, whereby no cleaning validation for a coiling tube is required.
This flow reactor can be a multipurpose facility by adopting these concepts.

9.4.2 Commercial Production

A commercial-scale flow reactor facility was used to perform large-scale production
for a phosgenation reaction [43]. The reaction coil of the commercial facility
in Singapore is larger than the one of the pilot plants described in Figure 9.2.
Scale-up studies, including mixing effects, were conducted in combination with
chemical (engineering) approaches [44]. In addition, the temperature profile of
the target phosgene reaction on a large scale was simulated by the kinetic theory
approach. The reaction rate constant and the overall heat transfer coefficient were
carefully examined in our laboratory to design the reaction coil for manufacturing.
Figure 9.9 presents the temperature profile of the flow reaction. The estimated
data by simulation and actual temperature values measured by thermocouples in
large-scale production yielded comparable results.

After the completion of PV production, commercial production in flow mode was
launched, and metric ton of API intermediates was successfully manufactured under
c¢GMP condition using this flow facility while achieving high productivity (through-
put of the desired product: c. 11 kg/h).

9.5 Conclusions

We established a safe and efficient continuous-flow reactor system using triphos-
gene and tributylamine for phosgenation reactions, resulting in a homogeneous
reaction that prevents clogging issues. This system is amenable to the diverse array
of phosgene reactions, including the preparation of pharmaceutical intermediates.
Moreover, using our flow technology, we developed a cost-effective synthetic route
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References

for solifenacin and accomplished a few hundred kilograms of production in our
pilot plant while increasing the process safety. Subsequently, we established a
simple and practical packed-bed reactor system with a catalyst for the deacylation of
esters. Several API intermediates with the hydroxyl group were effectively prepared
by the deacylation reaction in flow without time-consuming purifications, such as
reextraction and filtration. This system also demonstrated to be compatible with the
scale-up process and that the catalyst provides excellent durability and regenerabil-
ity for the deacylation reaction. In addition, the application example of the effective
combination of biotransformation and flow chemistry using the packed-bed reactor
with immobilized biocatalyst was described. Finally, we introduced our commercial
flow reactor that is equipped with a removable and customizable reaction tube.
Large-scale productions up to metric ton scale in flow mode were accomplished
under cGMP condition in our Singapore plant. Our research group is currently
studying and developing new chemical transformations, such as organometallic
reactions and photoreactions, from gram to kilogram scale to expand the range of
our flow application examples.
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