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This article defines the role that continuous flow chemistry can have in new reaction discovery, thereby
creating molecular assembly opportunities beyond our current capabilities. Most notably the focus is
based upon photochemical, electrochemical and temperature sensitive processes where continuous
flow methods and machine assisted processing can have significant impact on chemical reactivity
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Introduction

Synthetic chemistry exploits at its core numerous selective and
reliable methods for the precise manipulation of complex
molecular architectures. Countless transformations have been
discovered and optimised over the last 150 years that now form
the foundation of modern synthetic chemistry. Based on this
rich pedigree, chemists can today avail of a diverse toolbox for
forging new bonds, new stereo centres, or even entire molecular
scaffolds with high precision and selectivity. While many clas-
sical bond forming reactions (i.e., C-C, C-O, C-N, C-X bonds)
can be traced back to serendipitous discoveries involving
simple chemical building blocks, more sophisticated trans-
formations have their origins in total synthesis campaigns
where the observation of unexpected reactivity patterns enabled
the development of more specific reaction modes." As topics
such as asymmetric catalysis, chemical sustainability and
process selectivity are critical for today's chemists in both
academia and industry,” the rate at which fundamentally new
reactions are reported appears to have slowed down. This trend
is however countered by significant developments in the
modern era, for example photo-* and electrocatalysis* as well as
the application of existing biocatalysts® and the creation of non-
natural variants® that provide for far superior means towards
the synthesis of complex chemical entities.

The use of enabling methods, including reaction automa-
tion,” high-throughput technologies,® machine learning (ML)°
and artificial intelligence (AI)" are already contributing to the
development of not only more efficient chemical reactions but
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also the discovery of new transformations. Continuous flow
chemistry thereby plays a central role as it facilitates the
application of various enabling technologies whilst providing
for safer and miniaturised equipment platforms.** This leads to
further advantages such as the safe use of high temperatures
and pressures, straightforward scalability, as well as benefits
arising from spatiotemporal processing and flash chemistry.”
Unsurprisingly, this has led to many new reactions and reac-
tivity patterns being discovered that exploit the salient features
of miniaturised flow set-ups. In this Perspective we will high-
light the most significant examples of flow-based reaction
discoveries as categorised by photochemical, electrochemical,
and high/low temperature processes which will include
important industrial contributions. The value of Al and ML for
future efforts in this field will be discussed and it is hoped that
this will both inform, and guide synthetic chemists interested
in technology-based reaction discovery.

Discovery of photochemical reactions

In the context of photochemistry, the use of continuous flow
processing is commonly favoured over batch-mode operation
due to its advantages such as uniform irradiation, increased
photon transfer and scalability."® Therefore, continuous flow
photochemistry emerged as an efficient alternative for the
development of scalable protocols using either bespoke or
commercial equipment to produce multi-gram quantities of
products in hours instead of days. For this reason, synthetic
chemists have made significant efforts to adapt classical
photochemical methodologies to realise efficient and econom-
ical flow processes.'* However, the unique conditions that can
be harnessed through flow have also been exploited to discover
new reactivities.

One representative example was reported by the Jamison
group where the ability of continuous flow set-ups to effectively
handle gases such as CO, as well as photochemistry for rapidly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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screening reaction conditions was exploited. Superior gas-
liquid mixing and better irradiation of the reaction mixture
allowed for two new reactions to be uncovered. In the first case,
a new amino acid synthesis was reported in which tertiary
amines and CO, gas are activated under UV irradiation
(Scheme 1a).* In this process single-electron activation of CO,
using p-terphenyl as catalyst takes place which is facilitated by
the efficient gas-liquid mixing. More than 20 examples of this
distinctive benzylic photocarboxylation reaction are reported
with moderate to excellent yields.

Secondly, the same group explored this approach for the
efficient B-selective hydrocarboxylation of styrenes in a metal-free
process (Scheme 1b). This photocarboxylation protocol reports
good selectivity to give the unusual anti-Markovnikov product for
a wide range of styrenes.'® The authors provide a comparison of
this flow approach to a batch alternative in which CO, gas had to
be introduced into the solution continuously. This resulted in
longer reaction times and lower selectivity and yield. Finally, the
flow approach is demonstrated for more than 23 examples
including variably substituted styrenes with moderate to excellent
yields and high selectivity towards the monocarboxylated
product.

In a similar fashion, the combination of gases and photo-
chemistry allowed Noél and coworkers to achieve the impressive
photochemical activation of light alkanes."” This approach exploi-
ted the pressurisation of the gaseous reagents to favour their
photochemical reaction in the liquid phase (Scheme 2a). There-
fore, light alkanes such methane, ethane, propane and isobutane
were successfully functionalised using decatungstate-catalysed
C(sp’)-H activation reactions under the intensified reaction
conditions.

Additionally, the same authors achieved the photocatalytic
carbonylation of diverse alkanes following a similar C(sp*)-H
activation approach.* In this case, flow technology facilitated the
safe handling of toxic carbon monoxide gas at elevated pressures
(Scheme 2b). Although variable yields were obtained in some
cases, this transformation involving light alkanes, carbon
monoxide and photocatalysis would have been very difficult to
achieve using traditional batch techniques. Recently, a flow set up
was also used for the tungsten-catalysed C-H amination of light
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Scheme 1 Photocarboxylation reactions in flow mode.
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Scheme 2 Flow intensification alkanes via

photocatalysis.

activating  light

alkanes with nitroarenes.” This new reaction was developed in
batch, however, a flow approach was used to enhance mass
transfer and increase overall safety of the process.

Carbon monoxide has also been exploited in flow-based
photochemical carbonylations by the Polyzos group. The
inherent hazards of this gas in combination with the high
pressures required were easily solved by using a tube-in-tube
flow reactor system.”® Therefore, the authors have applied this
strategy in different rationally designed photochemical
carbonylation processes. This culminated in the successful
carbonylative hydroacylation of styrenes with alkyl halides
providing more than 40 examples with mostly good to excellent
yields.** (Scheme 3). The precise addition of carbon monoxide
combined with a short residence time thereby provided for good
chemoselectivity and excellent functional group tolerance.
Furthermore, a novel carbonylative amidation process of aryl
and alkyl halides was discovered involving a highly reducing
second excited state of the iridium catalyst.> This trans-
formation was demonstrated by accessing a large number of
amide products including natural products and complex
examples. Previously, the same authors had also reported
a photocatalytic radical carbonylation to access 2,3-benzofurans
exploiting allyloxy-tethered benzene diazonium salts in the
presence of pressurised carbon monoxide gas.*

30 bar 454 nm O R;

24 bar
D><t— Rw)J\/KRa
MeCN/H,O -
45 examples
15-93%
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R ; 25°C
:< Ry—X 2 equiv. X=1orBr
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0.05 M  [Ir(ppy)2(dtb-bpy)PFg] 2 mol%

Scheme 3 Carbonylative hydroacylation of
photochemical flow conditions.
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The handling of insoluble substrates, reagents, or catalysts is
a widely recognized challenge in continuous flow processes. For
this reason, Barham and coworkers prepared an analogue of
9,10-dicyanoanthracene as a more soluble and potent oxidative
photocatalyst.>* This was then explored in a new N-CH; oxida-
tion reaction of trialkylamines to give N-formamides in the
presence of O,. After a short optimisation in a recirculation flow
system, the authors opted for a continuous flow set-up to
benefit from improved gas-liquid mixing and irradiation of the
reaction mixture. The underlying mechanism is noteworthy as it
involves a change from photoinduced SET to energy transfer,
followed by a downstream HAT step. A total of 18 new
compounds were synthesised in moderate to good yields,
showing good functional group tolerance and opportunities for
late-stage functionalisation. In the field of C-H activation
reactions, Ackermann and coworkers coupled manganese-
catalysis with flow photochemistry.”® Here flow was again crit-
ical over batch-mode processing to avail from better irradiation
that provided for higher yields, and better catalyst performance.
Ultimately, a powerful manganese-catalyzed C-H arylation of
(hetero)arenes was developed affording more than 30
compounds in good to excellent yields.

The examples highlighted above showcase scenarios where
the discovery of new reactions is enabled by the safe and
effective use of gases at elevated pressures in combination with
photocatalysis in flow mode. Through miniaturisation flow
chemistry thereby provides for excellent photon transfer and
micro-mixing of gaseous reactants under intensified condi-
tions. An alternative approach towards discovering new photo-
chemical reactions is based on the direct excitation of suitably
conjugated substrates with UV light using flow reactor set-ups.
This can be exploited to generate short-lived reactive interme-
diates that trigger new reaction cascades and thus generate new
types of products.

This approach was recently demonstrated in the context of
discovering a new photochemical cascade in flow as reported by
Baumann and coworkers.>® Exploiting alkyne bearing chalcones
thereby generated a transient carbene that was trapped by
a nearby aryl ring system to afford isolable cycloheptatrienes
and ultimately, complex cyclobutenes via a sequence of pericy-
clic reactions (Scheme 4).

The uniform irradiation of the substrate solution with
a high-power LED (365 nm) in combination with short

365
. nm o
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£e o) 3
R X ' e
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(0]

isolable intermediates

3

Scheme 4 Photochemical reaction cascade discovered in flow.
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Scheme 5 Skeletal rearrangements of isoxazoles discovered in flow
mode.

residence times also allowed for the isolation of late-stage
intermediates in support of the proposed mechanism. Subse-
quently, continuous flow processing facilitated the expansion of
the substrate scope to identify a highly regioselective entry into
highly substituted polycyclic products that shows how flow-
based reaction discovery can be merged with exploring new
chemical space.”

The same group also reported another intriguing photo-
chemical rearrangement process. In this case, highly reactive
ketenimines were obtained from trisubstituted isoxazoles upon
short exposure to UV-C light (Scheme 5).> This finding
emanated from a previous publication where isoxazoles were
rearranged to form oxazoles via keto azirine intermediates.*
However, a different reactivity was observed by altering the
substitution pattern of the isoxazoles. A set of isolable keteni-
mines was generated in good yields and reacted in situ with
hydrazines to give functionalised trisubstituted pyrazoles. This
example demonstrates the power of flow processing for the
serendipitous discovery of new reactions that enable the prep-
aration of unusual intermediates as well as valuable heterocy-
cles via a telescoped approach.

The value of flow photochemistry for accessing highly reac-
tive intermediates has also been exploited in the context of
generating benzynes from stable triazine precursors. Here, the
benzyne precursor was found to undergo an unusual amide
substitution under photochemical conditions if secondary
amines were present.’® Instead of the predicted insertion of the
benzyne into the N-H bond of the amine, a new triazine species
was formed in a high-yielding process. This unexpected reac-
tivity enabled the development of a new triazine synthesis
affording these underutilised compounds in moderate to good
yields (Scheme 6). In this case, flow photochemistry was har-
nessed for more uniform irradiation which is especially
important when handling highly reactive species.

Additionally, flow photochemistry has recently gained trac-
tion as a powerful tool for the rational design of new

COOH

@i o 3 bar COOH

=N< /U\ @[

N MeCN Ny~

Ri T Ri N"N Ro
1.25 equiv. Ry

(Benzyne precursor) 10 examples

33-82%

365 nm

Rs 25-30 °C, 3 min
+ 4N 0.08 M
HN\R2

Scheme 6 Photochemical benzyne formation as a starting point for
discovering a new route to triazines.
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procedures, based on known photochemical reactions that
benefit from greener conditions, accelerated reaction screening,
and better irradiation in flow to generate various target
compounds. One representative example is the synthesis of a-
aminoamide derivatives by Aleman and collaborators.** Based
on known radical addition concepts, a new synthesis of the
desired a-aminoamides was developed whereby flow provided
vast improvements compared to similar batch processes
including the possibility of telescoping the hydrolysis of the
amine. Furthermore, Rueping and coworkers identified flow
conditions to develop both C-H functionalisation and cross-
dehydrogenative coupling reactions using rose Bengal as
a photocatalyst under irradiation with green LEDs.** Although
these transformations were not conceptually novel, utilizing
flow approaches enabled the use of green light and a benign
photocatalyst which improves the green credentials of this
chemistry. Consequently, good yields for 10 different substrates
were obtained albeit with relatively long reactions times (ca.
20 h in flow compared to 3 days in batch). In a similar fashion,
Fang and Tranmer reported different flow photocyclization
reactions that avoided the use of metals and multi-step
sequences. The effective use of flow chemistry enabled the
desired transformation and provided rapid access to a range of
different phenanthridinones,* thieno[3,2-c]quinolin-4(5H)-
ones, and benzo[4]-1,6-naphthyridine-5(6H)-ones** with poten-
tial biological interest.

In relation to industry-led advances towards new reactions
involving flow photochemistry, the main trend is the adaptation
of known procedures, but using greener, readily scalable, and
highly efficient methods. A representative example of this is
Jansen's effort to develop new photochemical metal-catalysed
cross coupling methods. In most cases, these studies start
with a batch exploration with the aim of transferring the
conditions to a future flow process where the final optimisation
takes place. In this context, a visible light induced nickel-
catalysed Negishi reaction was reported.*® Apart from all the
previously mentioned advantages of flow photochemistry over
batch, the authors highlight the use of freshly prepared orga-
nozinc derivatives and only 2 mol% of nickel catalyst needed.
Consequently, more than 20 products were generated in
moderate to excellent yields, and a scale-up operating for more
than 8 hours was also demonstrated (Scheme 7). Moreover, it
was possible to expand the substrate scope to historically

R znBi] @7

THE 450 nm
3.5-4 bar R
Ar”
23 examples
44-96%
X-Ar
NiCly(glyme) 5 mol% Zgo"jg'
dtbbpy 7.5 mol%

0.25M C;S

X=Cl, Br, or | THF/DMF (9/1)

Scheme 7 Ni-catalysed photochemical Negishi cross coupling reac-
tions in flow mode.
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unsuccessful substrates for this transformation.*® A palladium-
catalysed procedure accelerated by blue light was disclosed in
this case, further expanding the scope to 31 more compounds.

Subsequently, a visible light promoted iron-catalysed
Kumada-Corriu coupling was reported in a collaboration
between Janssen and the Noél group.*” The use of flow pro-
cessing provided a rapid and scalable approach to access to
a wide range of compounds (up to 27 with good to excellent
yields) with good functional group tolerance and including
electron-rich aryl chlorides which usually require more forcing
conditions when using other protocols.

Additional applications that highlight the value of flow
photochemistry for the identification of more sustainable
conditions include photoredox C(sp®)-C(sp’) cross-coupling
reactions developed through collaborative efforts between the
Ley group and a team from Novartis.*® Here flow photochem-
istry was used to overcome issues associated with potassium
trifluoroborate salts and the limited scalability of analogous
batch methods. This work demonstrates the efficient cross
coupling using visible light and readily accessible boron pinacol
esters as substrates for more than 30 substrates with good to
excellent yields (Scheme 8).

A team of researchers from Janssen and the Kappe group
reported the flow synthesis of arylhydrazines via a nickel-
catalysed photoredox coupling between aryl halides and Boc-
protected hydrazine.** After preliminary batch experiments,
most of the screening and optimisation was performed in
continuous flow mode which included a DoE study. Ten
different substrates were demonstrated including two scale-ups
showing process robustness and avoiding issues with nickel
precipitation.

A light induced C-H arylation of arenes using diazo anhy-
drides prepared in situ was recently reported through a collab-
oration of between Lilly and the Kappe group.*® The required
diazo anhydrides were generated from anilines through a new
photochemical pathway that does not require the intermediacy
of diazonium salts. Although the exploration started in batch,
the authors quickly adopted flow processing to avail of better
irradiation and consequently minimise side product formation.

a)
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DMAP 2 equiv. (Ar? D<p— A A
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7 + Bpin 12 examples
Arq 1.2 equiv. 50-85%
01M Ni(cod), 3 mol% 50 min
) dtbbpy 3 mol% 35 9C [Ir]= Ir(dF(CF3)ppy2)(dtbpy)IPFe
b) Ro~_Ri 420 nm R
\(. 1.2 equiv. 6.8 bar 1
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Ar” Ry
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|
Ar 21 examples
[Ir] 1 mol% 40-84%
0.25M 100 min
60 °C

Scheme 8 Photochemical C(sp?)—C(sp®) cross-coupling reactions in
flow.
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A set of 17 different compounds was then synthesised in
moderate to good yields.

A final case study demonstrating the value of academia-
industry collaborations concerns aerobic photochemical
C(sp®)-H oxidations. A team from the Noél group and Abbvie
reported this transformation using molecular oxygen and dec-
atungstate photocatalysis.** After a short exploration in batch,
the authors exploited flow chemistry to improve both mixing
and irradiation and thus realise better yields. This resulted in
a large scope of substrates being converted into related ketones
through efficient flow processing which would not be achiev-
able in batch mode.

Electrochemistry

Driven by the increasing demand for sustainable synthesis
methods, researchers worldwide are focusing on the develop-
ment of electrochemical reactions. This is as electrons can be
considered as traceless reagents which leads to significant
advantages over the use of stoichiometric and potentially toxic
reductants and oxidants. Electrochemical flow cells overcome
several issues associated with analogous batch set-ups, whereby
the large ratio of electrode surface to reactor volume, efficient
mass transfer and easy scalability stand out as key features. The
small inter-electrode distance furthermore results in a reduc-
tion or even elimination in the use of supporting electrolytes
needed in the reaction mixture, thus enabling an improvement
in terms of sustainability and material costs. Furthermore, the
reaction selectivity can be easily tuned by changing the nature
of the electrode material and the applied potential.**

As the following case studies demonstrate, the role of flow
electrochemistry in the discovery of new reactions has become
notable in recent years.

An intramolecular dehydrogenative C-S coupling using
a modular flow electrolysis cell was highlighted by Xu and co-
workers in 2019 to synthetise 1,4-benzoxathiins and 1,4-ben-
zothiazines. Despite several studies performed in batch on the
C-S coupling for the synthesis of benzothiazoles, oxidative
desulfurisation reactions still represent an unsolved challenge
for fused six-membered heterocycles. By conducting the elec-
trolysis under acid conditions using a flow cell, a new pathway
was discovered, and no traces of desulfurised amides were
observed, which contrasts with the batch reaction. The reac-
tions proceeded with evolution of hydrogen gas, overcoming the
need for oxidising reagents and proton acceptors. The reaction
robustness was demonstrated by preparing a library of 30
compounds, affording yields ranging between 48 and 81%
(Scheme 9).

In the same year, Ackermann and co-workers developed one
of the first electrocatalytic C-H activation in flow, whereby the
active rhodium(m) carboxylate catalyst was generated in situ on
the anode. Metalla-electrocatalysis represents an effective route
towards more sustainable synthesis and the flow platform
increases the robustness of this method in terms of functional
group tolerance, chemoselectivity, regioselectivity and scale-up.
Several alkynes underwent flow-assisted annulation reactions
with a variety of C-H/N-H functionalisations in an inter- or
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Scheme 9 Electrochemical flow synthesis of 1,4-benzoxathiins.

intramolecular manner, resulting in a library of 26 compounds
in moderate to excellent yields. This flow platform led to the
discovery a new catalytic reactivity by employing electricity in
a dual role of terminal oxidant and promotor for the reductive
elimination in the overall rhodium-catalysed C-N bond forma-
tion (Scheme 10).*

A similar electrochemically C-H functionalisation process was
also explored by the Xu group for two different reactions. This
included a flow-based electrochemical C-H phosphorylation of
arenes to prepare target aryl phosphorus compounds. In previous
batch reactions of this type, the substrate scope was limited to
electron-rich arenes or azoles, due to over-oxidation issues of the
intermediate radical cation and the moderate reactivity of the
neutral P-radical formed. Flow chemistry enabled the investiga-
tion of new reactivity for anodically generated P-radical cations
with the subsequent trapping by arenes in a process that did not
require a catalyst or an external oxidant. By using H,O as an
additive, 44 aryl phosphorus compounds were synthetised,
exploring both electron-rich and electron-deficient arenes, natural
products and synthetic bioactive compounds, with yields ranging
between 26 and 94%.*

Similarly, an electrochemical C-H hydroxylation of arenes was
developed in flow by the same group in 2022, that did not require
catalysts or oxidants. Previous reactions of this type suffered from
a limited substrate scope, overoxidation issues and low reactivity
of the arene radical cation intermediate. By using an undivided
flow cell under acidic conditions, electron-rich, neutral and
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2.5mol % NaOPiv 2 equiv.
O,
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MeQ, . ‘
O\/{:NH 8V MeO_ _N__g,
N |
R+ N
= O~ )
\\/\Rz U
0.06 M MeOH GF Anode
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Scheme 10 Electrochemical flow synthesis via Rh-catalysis.
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electron-deficient arenes were used, accessing a large number of
products in good to excellent yields (Scheme 11).*¢

Electrochemistry can also be employed as an alternative
pathway in the oxidative decarboxylative ether formation
through Hofer-Moest-type reactions, as described by Brown
and Linclau in 2020.*” This methodology was applied to cubane
carboxylic acids as challenging substrates for their functional-
isation under previously reported batch conditions. Carrying
out this reaction in continuous flow mode was essential to work
under electrolyte-free conditions. By using a commercially
available flow cell and no supporting electrolyte, a library of 14
compounds could be prepared in moderate yields, exploring
different alcohols as nucleophiles as well as functional groups
on the cubane moiety.

Furthermore, flow electrochemistry has been applied with
great effect to aza-Wacker cyclisation reactions generating
different N-heterocycles, as reported by Xu and co-workers in
2021. This approach led to an increase in the electrode surface
area, facilitating the mass transfer in the alkene cyclisation.*®
This catalyst-, reagent- and additive-free method tolerated
a wide range of substrates resulting in a library of 48
compounds in high yields. Notably, the same method under
batch conditions gave inferior results and a supporting elec-
trolyte was needed to increase the conductivity. In addition,
flow electrochemistry was also applied to the synthesis of spiro-
indolinines via the dearomative arylation of indoles. Although
optimisation and discovery were carried out in batch, contin-
uous flow was investigated to improve scalability.*

Reaction discovery via thermal processes

Historically, the use of high temperatures has allowed for the
discovery of new reactions as energy barriers can be overcome
easily whilst the increased rate of reactions means that ther-
modynamically favoured products can be accessed more
quickly.

In the context of flow chemistry, improved heat transfer
resulting from high surface area to volume ratios is one of the

a) S
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Graphite Anode

HBF, 2 equiv. 44 examples
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o 52 -173 mA!
R [ B
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) 5255, o
0.045 M 'BuOMe/MeCN (1/1) @ R
or 0.06 M MeCN
TFA 2-3.5 equiv. Graphite Anode 69 examples
25°C 30-96%
2,6-lutidine 1-2 equiv. 22s

Scheme 11 Flow-based C-H phosphorylation and hydroxylation
reactions exploiting electrochemistry.
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main advantages over batch processing.'* This does not only
lead to process intensification and improved safety through
reactor miniaturisation, but also newly discovered thermal
reactions that would not be viable in analogous batch set-ups.
In addition, the ability to exploit backpressure regulators and
thus work above the atmospheric boiling point of common
organic solvents, and the intrinsic scalability of continuous flow
systems make this the method of choice for many industrial
processes. Being able to control the exothermicity of a reaction
often leads to better selectivity towards a given product,
providing routes to otherwise inaccessible compounds. Some
examples where high temperature conditions have been used to
explore new reactivities in a safe and controlled manner are
discussed below.

Two representative examples illustrating the effect of flow
methods at elevated temperature to promote a desired reactivity
were reported by Ackermann and coworkers. Here, different
Mn-catalysed C-H arylations were achieved after exploring the
effect of temperature, solvent, catalysts, and additives in
continuous flow mode. As shown in Scheme 12 this rendered
a set of over 20 indoles and related structures via chemo-
selective hydroarylation reactions.’® Afterwards, the reaction
was expanded to include C-H arylation reactions of azines with
a different catalytic system.* In both cases, the authors per-
formed a batch comparison with similar and sometimes
improved yields. However, the reaction discovery and the initial
optimisation were executed in flow mode due to its intrinsic
advantages of working at high temperatures and rapid
screening of reaction conditions.

A recent effort by the Ley group led to the discovery of a new
method for the preparation of homoallylic alcohols in flow
mode.> This process operates at 60 °C and was effectively used
to generate a set of 15 products that were prepared from TMS-
diazomethane, E-vinyl boronic acids and aldehydes in good to
excellent yields (Scheme 13). After the initial flow discovery, the
method was expanded to allow batch processing in view of
wider uptake.

A related flow process exploiting in situ generated diazo
alkanes via the MnO,-mediated oxidation of hydrazones was
reported by a team of researchers from the Ley group and
Pfizer.*® This provided a convenient access to reactive diazo
species that were then coupled with boronic acids at ambient
temperature. Flow chemistry thus served as a discovery tool for
these important sp>-sp> cross coupling reactions based on
diazo species that could be expanded to generate various
cyclopropane products.*

A (o]

@[» O/[< 8 bar

R N + /\‘\/O R N
@ // 1,4-dioxane 400 oc /N

2 equiv. 20 min —

MnBr(CO)s 10 mol%
HOAc 20 mol%

20 examples
50-94%

Scheme 12 Development of a flow-based C—H alkynylation reaction.
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Scheme 13 Synthesis of homoallyl alcohols in flow mode.

For similar reasons as discussed above in the context of
photochemistry, working with gases in continuous flow is
usually preferred over batch because of the better mixing ach-
ieved and reduced safety concerns arising from reactor minia-
turisation. The formation of cyclic carbonates from epoxides
and CO, is a well-known reaction, however, Jamison and
coworkers recently achieved this transformation using a novel
strategy. The epoxide is thereby activated by electrophilic
bromine with CO, in the presence of DMF.* The initial explo-
ration was done using batch set-ups, but the final optimisation
used a flow set-up allowing the reaction time to be reduced to 30
minutes with full conversion of the substrate. A set of 12
different cyclic carbonates was synthesised following this
procedure in good to excellent yields.

Additionally, a new Rh-catalysed hydroaminomethylation
reaction was discovered by Abolhasani and coworkers.*® Based
on preliminary batch procedures and a thorough optimisation
in flow, a more general and scalable procedure was developed,
which allowed the use of hindered amines and highlighted the
possibility to generate the intermediary enamine species in
preference to the reduced amine which shows a new hydro-
aminovinylation pathway.

Supercritical carbon dioxide (scCO,) is often employed in
industry as a versatile and green solvent. However, the extreme
conditions applied can lead to unexpected reactivities. In
a related study George and Poliakoff employed y-Al,O; as
a heterogeneous catalyst for the direct amination of alcohols in
scCO,. Unexpectedly, this study found that cyclic ureas and
urethanes can be accessed by incorporation of CO, under more
forcing conditions (Scheme 14).”” This study is related to earlier
work by the authors reporting the thermal reaction between
tetrahydrofurans, dimethylcarbonate, and anilines in the pres-
ence of y-Al,O; which led to a variety of new products based on
the opening of the tetrahydrofuran ring system. Here the use of
flow reactors allowed their use towards self-optimising and
potentially automated processes.>®

Another unexpected outcome in relation to a well-known
transformation was reported through a collaboration between
the Baumann group and Almac.*® When using quaternary
proline derivatives as substrates for Curtius rearrangements
unsaturated pyrrolidines and ring-opened ketones were ob-
tained as main products. This new reactivity can be explained
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Scheme 14 Discovery of new reactivities under thermal conditions.

via an interrupted Curtius rearrangement occurring at elevated
temperatures of 100 °C. Although this unknown reactivity was
first observed under batch conditions, flow processing was
preferred during the following optimisation study in view of
reaction safety, substrate scope, and scalability of the process.

Flow technology has also been exploited to access thermo-
dynamically unfavourable compounds under more forcing
conditions. For instance, Pérez Castells and coworkers achieved
the successful Pauson-Khand reaction of vinyl ethers by using
high temperatures and pressures in continuous flow.*® More-
over, it was possible to detect products not previously reported
via cobalt catalysis. Another example can be seen in the
successful synthesis of 1,4-benzothiazines which was achieved
by Oh and collaborators.®* Unlike under batch conditions, the
use of flow processing allowed to control the ambivalent reac-
tivity of the (E)-B-vinyl ketone substrate towards the desired
benzothiazine targets (Scheme 15).

The generation and use of highly reactive species at elevated
temperatures can lead to various unexpected flow reactions
(Scheme 16). Examples include a recently published synthesis
of substituted benzo[d][1,3]dioxoles from peroxides and amides
as reported by Gnanaprakasam and coworkers.**

Similarly, the Kirschning group combined flow processing
with inductive heating methods leading to the oxidative
conversion of cyclic ketones into ring-expanded esters as well as
hydrocarbons in the presence of H,0,/HNO;.* The Jamison
group reported a flow-based access to diimide from N,O-bistri-
fluoroacetyl hydroxylamine and free hydroxylamine to affect the
saturation of various alkenes at elevated temperatures in flow

B
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Scheme 15 Flow synthesis of benzothiazines from

ketones.
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Scheme 16 Thermal rearrangement of peroxides in flow.

mode.** In analogy, Kappe and coworkers have developed
a related method to generate diimide in situ for metal- and
hydrogen-free transfer hydrogenations.®® Hydrazine hydrate
and molecular oxygen were thereby exploited in a continuous
flow process at 100 °C. This flow approach compared favourably
to a related batch method that was characterised by low selec-
tivity and productivity.

Lithiation reactions

Lithiation reactions are amongst the most versatile synthetic
methods based on the metalation of suitable organic precursors
that enable a variety of subsequent transformations. Despite the
value of these reactions in academia and industry, lithiations
are very challenging due to the associated exothermicity when
generating these high-energy intermediates. Further challenges
arise when scaling these processes as insufficient mixing can
lead to side reactions that may only be controlled under cryo-
genic conditions. Continuous flow processing is thus an
invaluable tool for lithiations as the improved heat and mass
transfer mitigates these problems. Spatiotemporal control
furthermore allows chemists to execute highly selective lith-
iations that are not possible in batch mode which has resulted
in the coining of the term flash chemistry describing these
unique flow-based lithiation processes.® In analogy to lithiation
reactions, similar advantages have been reported for analogous
magnesiation reactions® as well as the generation and use of
organo-sodium and -potassium species.®®

The last ten years have seen a steady increase in flow-based
examples of effective and innovative lithiation reactions. An
early example exploring new reactivity by taking advantages of
precise control of temperature and residence time was pub-
lished by the Ley group in 2014 (Scheme 17).% This study
reports the lithiation of dibromomethane in flow mode which is
challenging in batch due to the decomposition of this inter-
mediate. The lithiated dibromomethyl species was thereby
added to several esters affording the resulting ketone products
in high yields. Notably, for substrates bearing acidic a-protons
this flow approach allowed for new reactivity patterns as
competitive enolisation reactions could be avoided.

Yoshida and Kim reported on the selective lithiation of
isocyanate-substituted aryl halides using phenyllithium as the
organometallic reagent.”” Preliminary batch experiments
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Scheme 17 Generation and use of lithiated dibromomethyl species in
flow.
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Scheme 18 Lithiation of m- and p-iodophenyl isothiocyanate with
phenyllithium.
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showed that the undesired reaction at the isothiocyanate site
cannot be prevented. However, the precise control of residence
time in microflow set-ups allowed the lithiation of m- and p-
iodophenyl isothiocyanate with phenyllithium to selectively
occur at —40 °C (tges = 14 ms). The resulting aryl lithium species
can then be trapped with various electrophiles and further
reactions on the isocyanate with external nucleophiles can be
achieved via a telescoped flow process in only six seconds. This
process was demonstrated for 20 compounds that were gener-
ated in high yields (Scheme 18).

Another powerful example of flash chemistry was published
by Kim, Yoshida and co-workers in 2018 (Scheme 19).” In this
flow protocol ortho-lithiated aryl benzyl ethers are generated in
situ from ‘Buli at ambient temperature. The superb reaction
control of the resulting microreactor allowed to either trap this
aryl lithium species immediately with an electrophile (¢ges < 1
second) or promote its isomerisation to a benzylic anion over

E
P O\rph . i OYPh
\ . Ph ( >— \
oot 25 °C . Ph
0.1 M THF 0.03so0r6.3s
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Scheme 19 Flow protocols exploiting ortho-lithiated aryl benzyl
ethers.
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Scheme 20 Regioselective flow synthesis of a-functionalised stil-
benes via precise residence time control.

a period of 6 seconds prior to trapping. Lastly, longer reaction
times (1 h at 50 °C in batch) resulted in a [1,2]-Wittig rear-
rangement providing tertiary alcohols after protonation. A
collection of 18 different products exploiting this flow-based
approach rendered these targets in high selectivity and excel-
lent chemical yields.

The importance of precise control of residence time in the
millisecond range was also showcased by the same authors
exploiting the cis-trans isomerisation of a-anionic stilbenes
(Scheme 20).”> In batch mode the rapid isomerisation from cis
to the more stable trans isomer cannot be prevented. However,
flow processing allowed to immediately quench the o-lithiated
cis-stilbene within 55 ms. Alternatively, by increasing the resi-
dence time to 94 s, full isomerisation to the more stable trans-
stilbene isomer was observed, highlighting the benefits of flow
chemistry as tool for inaccessible reactivity in batch. A library of
24 examples with yields ranging between 54 and 99% was
described, exploring several electrophiles.

Further applications of flow-based lithiation protocols were
reported by Barker in 2019 for the o-lithiation of 1,3,4-oxadia-
zoles at room temperature.” Improved mixing and heat transfer
in flow mode allowed for the selective generation of this species
that is not possible in batch due to inevitable ring fragmenta-
tion and related side reactions.

Early studies’™ describing the addition of dichloromethyl
lithium to carbonyl compounds and a subsequent homologa-
tion through a Meinwald-type epoxide-aldehyde isomerisation
process inspired Luisi and co-workers to exploit flow processing
to investigate this transformation. This work demonstrated how
flow chemistry effectively tames the unstable lithium dihalo-
carbenoid species en route to generating a-chloro aldehydes
bearing a quaternary center. Through precisely controlled resi-
dence times in the millisecond range relatively high tempera-
tures of —20 °C can be exploited in flow mode which is not
a viable option in batch.” The same group reported the C3- and
C2- functionalisation of constrained aza-heterocycles through
the generation of highly reactive lithium species in flow.”
Preliminary experiments were performed in batch, however,
flow processing was quickly identified for its superiority as it
guaranteed better reaction control that was crucial for the
generation and use of unstable organolithium species, resulting
in a library of N-Boc azetidines with good yields. In addition,
Luisi and co-workers showcased how flow processing can be
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Scheme 21 Exploration of new chemical space via lithiated azabicyclo
[1.1.0]butanes.

exploited for the exploration of new chemical space for strained
heterocyclic targets (Scheme 21).””

Building on prior studies by the Kappe and Luisi groups™
this innovative approach thereby describes a robust strategy to
synthetise series of complex 1-azabicyclo[1.1.0]butanes (ABB)
which are highly strained C(sp®)-rich compounds. Using *BuLi
in combination with a residence time of 2.5 minutes the ABB-Li
species was generated at 0 °C in flow mode. This was then
trapped in a second reactor coil with different haloalkyl ketones
to produce a variety of target compounds. A library of 34 prod-
ucts was accessed in high yields and excellent chemoselectivity
and allowed the concomitant formation of oxiranes, oxetanes
and tetrahydrofurans adjacent to the azetidine core.

In the same year, Yorimitsu and co-workers highlighted the
use of flow chemistry in the reductive dimerisation of styrenes
for the generation of reactive 1,4-dilithium species. By taking
advantage of microreactor technology, the unwanted polymer-
isation of these highly reactive intermediates could be avoided
allowing for immediate trapping reactions with several
electrophiles.”

The regioselective deprotonation of dihalopyridines using
LDA was studied by Legros and co-workers and showcased
divergent functionalisation reactions in flow mode. Aided by
superb control over residence time and temperature it was
possible to either trap the lithiated intermediate with

0.167 M THF

LDA
1.2 or 1.5 equiv.
1.0 M THF

Electrophile

1.5 equiv.
0.3 0r0.5M THF

28 examples
42-97 %

Scheme 22 Product divergency in flow-based lithiations of dihalo-
genated pyridine scaffolds.
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Scheme 23 Flow-based formation of unsaturated nitriles via in situ
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electrophiles at —60 °C or trigger a halogen dance process at
—20 °C (Scheme 22).*° Analogous batch reactions were flawed
due to the rapid degradation of the lithiated pyridine species
resulting in low selectivity and yields. This study thus demon-
strates the value of flow processing in divergent functionalisa-
tion reactions of pyridines affording 28 target compounds in
good yields.

Whilst the above examples highlight strategies based on
flow-based organolithium species and their reaction with elec-
trophiles, recent efforts also exploit transmetalation reactions.
As demonstrated by Kim and co-workers, flow processing can
thereby improve the chemoselectivity for the direct C-H met-
alation of tetrahydrofuran (THF).*" In batch mode the genera-
tion of the a-anionic THF species will lead to fragmentation
giving ethylene gas and a lithium enolate species, however, due
to the precise control over residence time and temperature in
a microfluidic system flow processing can prevent this
competing pathway. This demonstrated that a-methylated THF
can be rapidly prepared at —50 °C in situ using Schlosser's base
(KO'Bu/°BulLi) prior to transmetalation via cupration and bor-
ylation reactions.

In 2020, Jamison and co-workers discovered the rapid
conversion of a,B-unsaturated aldehydes into related nitriles
when  studying  flow-based  aziridination  reactions
(Scheme 23).%> Continuous flow chemistry was initially exploited
for the rapid on-demand generation of chloramine from
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Scheme 24 Deuterio difluoromethylation of aldehydes exploiting in
situ generated difluorocarbene.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

sodium hypochlorite and ammonium species. Chloramine was
to be used as an electrophile in a telescoped procedure that
avoided handling of this hazardous species. However, when
employing chloramine for the aziridination of unsaturated
aldehydes in flow, the serendipitous formation of unsaturated
nitriles was observed instead. Upon further optimisation a set of
nitrile products was obtained in a flow process within 5 minutes
of residence time and yields up to 71%.

Jamison and co-workers also disclosed a method for the
deuterio difluoromethylation of aldehydes using gaseous
chlorodifluoromethane (CICF,H, Scheme 24).** Flow chemistry
thereby guaranteed control of gas stoichiometry and allowed to
overcome challenges relating to the use of this species in
pressurised gas-liquid reactions. Specifically, singlet difluor-
ocarbene (:CF,) was generated through deprotonation of
CICF,H with LiO'Bu as base and subsequent a-elimination.
Upon trapping with triphenylphosphine the resulting ylide
(Ph3P=CF,) underwent a Wittig reaction with aldehydes to
generate a difluorinated oxaphosphetane as key intermediate.
Quenching this species with deuterated water rendered the
deuterio difluoromethylation products under alkaline condi-
tions, or gem-difluoroalkenes upon heating.

The importance of AT and ML

The above sections provide a summary of representative studies
whereby flow processing was instrumental in the discovery of
new reactions and reactivity patterns. These exploited light,
electricity, or thermal means to trigger the desired reactions
and the use of flow principles was critical in controlling vital
reaction parameters such as residence time, mixing and heat
transfer. The discovery of these processes was sometimes
inspired by prior observations in batch mode leading to ratio-
nally developed methods, whilst in some cases serendipity led
to the resulting transformations. In the future, artificial intel-
ligence (AI) and machine learning (ML) methods along with
associated robotic systems can be expected to have an
increasing role in the assembly of society's functional mole-
cules. The machine assisted benefits that arise by adoption of
flow chemistry techniques play especially well into this rapidly
evolving agenda.

On the other hand, the data field available to AI/ML for
synthesis currently is very limited and not yet standardised and
slows progress in the area. Nevertheless, there are obvious areas
where AI/ML impacts, for example in synthesis route design,**
optimisation,®““ scale-up® and automation.**** More innova-
tion, however, will likely arise through their application in new
high-throughput  reaction discovery platforms, self-
optimisation protocols and function linked synthesis. The
serendipitous nature of new reaction discovery and the
disconnected leaps of faith common to innovative chemical
progress provide a very challenging but exciting environment
for the future incorporation of Al

Also, going forward, ethical issues in the use of these
methods will need careful monitoring and control, whereby
bespoke flow reactor systems will again likely serve the
community well in this regard.
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Conclusions

As demonstrated in this Perspective flow chemistry has started
to impact on the discovery of new reactions and reactivity
patterns allowing for the subsequent exploration of new
synthetic methodology. Unsurprisingly, most discoveries were
reported in fields that lay dormant for some time (i.e., photo-
chemistry, electrochemistry, temperature sensitive reactions)
due to the absence of mild and effective processing technolo-
gies and the improved safety envelope offered by miniaturised
flow set-ups. Further discoveries in these and many other areas
are expected to emerge in the near future, especially when
combinations of new synthesis modalities are exploited. Future
efforts will also embrace reaction automation, inline analysis,
Al and ML to a larger extent, and it is likely that dedicated
robotic flow platforms will be conceived in both industry and
academia to generate large numbers of new discoveries going
forward. Fostering collaborative links between scientists of
different backgrounds paired with an open mind towards new
discoveries and their subsequent exploration will be crucial
assets in these exciting endeavours. Undoubtably, these devel-
opments highlight how flow chemistry does not merely serve
chemists to translate challenging reactions from batch to flow,
or develop continuous processes ready for large scale synthesis,
but that it enables the discovery of new and highly efficient
chemical reactions.
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