7 ROYAL SOCIETY
PPN OF CHEMISTRY

Digital
Discovery

View Article Online
View Journal | View Issue

REVIEW

Flow chemistry as a tool for high throughput

{ '.) Check for updates 1
experimentation

Cite this: Digital Discovery, 2025, 4,
2364
George Lyall-Brookes, Alex C. Padgham and Anna G. Slater © *

The way in which compounds and processes are discovered, screened, and optimised is changing,
catalysed via the advancement of technology and automation. High throughput experimentation (HTE) is
one of the most prevalent techniques in this area, with applications found across a broad spectrum of
chemical fields. However, limitations such as challenges in handling volatile solvents mean it is not
suitable for all applications, and scale-up can require extensive re-optimisation from an initial high
throughput screening (HTS). These challenges can be addressed by coupling HTS with other enabling
technologies, such as flow chemistry. The use of flow also widens available process windows, giving
access to chemistry that is extremely challenging to carry out under batch-wise HTS. This review will
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Introduction

Historically, the discovery and development of reactions has
relied upon the creativity and persistence of chemists, paving
the way for modern advancements. Often, major breakthroughs
have been attributed to serendipity and unexpected outcomes,
but societal pressures have led researchers to seek more effi-
cient methods to accelerate innovation.* As such, the chemical
community has increasingly turned to enabling technologies to
facilitate the move away from trial-and-error, one reaction at
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applications, capabilities and benefits, finishing with comments on future directions for the technology.

a time approaches;> these new platforms allow workflows that
reduce the time required to develop synthetic methodologies,
via improved optimisation capabilities and a simplified trans-
lation to desired larger scale processes.

Flow chemistry is one of the enabling technologies used to
enable more efficient reaction screening.® The technique is well-
established for large-scale manufacturing in the oil, gas and
petroleum industries,* with the first references to the use of
a ‘flow reactor’ dating back to the 1930s.> However, it is only
within the last two decades that interest for the technology has
grown within the chemical community,® primarily stemming
from the ability to improve chemical processes that are ineffi-
cient and challenging to control under batch conditions.”
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Compared to batch conditions, flow chemistry can provide
benefits due to the improved heat and mass transfer afforded
through the use of narrow tubing and/or chip reactors: the so-
called miniaturisation.®? The low volume of reactive material,
at any one time, allows the safe use of hazardous and explosive
reagents® such as alkyl lithium,* azides*™ and diazo contain-
ing compounds.”>'® The ease of pressurising flow systems
enables the use of solvents at temperatures far in excess of their
boiling points under atmospheric pressure, offering wide
process windows and accelerated reaction rates. Finally, the
precise control of reaction time and temperature, and acces-
sible in flow, decrease the risk of undesired side- and by-
products, as well as decomposition.”

Flow chemistry has further been beneficial in the develop-
ment of novel methods of automation; fully automated flow
chemistry platforms can now be found within the literature,*>°
as well as being commercially available.*** Such platforms
have further expanded the scope of what flow chemistry systems
can achieve, with applications including synthesis,*>*® autono-
mous optimisation,®*® kinetic studies**>' and, most pertinent
to this review, reaction screening.**> However, flow chemistry is
not typically carried out in parallel; although throughput of an
individual reaction can be dramatically increased via process
intensification in flow, the technique is generally not thought of
as suitable for screening many reactions or substrates
simultaneously.

Here, a complementary powerful method of conducting
reaction screening is with high throughput experimentation
(HTE),*** where a wide chemical reaction space is explored by
employing diverse conditions for a given synthesis or trans-
formation, typically determined by the literature, past experi-
ence, or scientific intuition.*® This allows reactions to be
conducted in parallel on a large scale in a ‘brute force’
approach, drastically reducing the time required to conduct
a comparable number of experiments in a traditional manner:*®
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for example, the time taken to conduct screening of 3000
compounds against a therapeutic target could be reduced from
1-2 years to 3-4 weeks.”” Automation of reaction screening
stems from the life sciences, where it has a long history,***° and
in which it is now widely prevalent, primarily for microscopy-
based functional analysis screens, using 96- and 384-well
plates with typical well volumes of ~300 pL.**

Initially, chemists adopted a similar approach to biologists,
i.e., conducting reactions in parallel in ~300 pL, 96- or greater
microwell plates, used in conjunction with additional mixing
and cooling components as needed. Plate-based approaches are
still prevalent within many chemical disciplines due to their
relatively straightforward operation. However, the use of plates
in HTE can bring limitations: for example, continuous variables
such as temperature, pressure and reaction time are chal-
lenging to investigate.*” Optimised parameters identified via
plate-based screening also often require re-optimisation when
reaction scale is increased, negating the time-saving benefits of
HTS. As such, alternative approaches have been explored, with
the combination of flow chemistry and HTE proving particularly
fruitful.

In flow, the continuous variables of a process may be
dynamically altered throughout the duration of an experi-
ment;* this presents an opportunity to investigate and manip-
ulate such variables in a high-throughput manner, in a way not
possible in batch. Similarly, the use of flow means scale can be
increased by increasing operating time, affording access to
tractable quantities of substrates without changing the process.
It is also easier to maintain the heat and mass transfer of the
process in flow across reactor scales compared to batch,
reducing re-optimisation requirements. The wide process
windows and improved safety profiles of flow chemistry mean
that HTE can now be conducted within chemical laboratories
on “challenging” and hazardous chemistry, and at increasingly
larger scales. Finally, the advancement and automation of
analytical techniques in flow, including inline/real-time process
analytical technologies (PAT), have enabled more efficient HTE
workflows requiring less material and human intervention,**
leading to widespread adoption across various chemical disci-
plines,* within both industrial****** and academic settings.**~>*

Herein we will outline the use of flow chemistry in HTE
across six key research areas: photochemistry, algorithmic
optimisation, catalysis, electrochemistry, medicinal chemistry
and material/supramolecular chemistry. Key examples illus-
trating the impact of the technology will be used to highlight the
applications and benefits of combining these complementary
techniques, and to suggest future directions for development.

Flow HTE in photochemistry

One of the most prevalent areas where HTS is combined with
flow is for photochemical reactions. Flow chemistry lends itself
well to photochemical transformations that are challenging for
traditional batch chemistry; in batch, poor light penetration
and non-uniform irradiation leads to poor selectivities and
conversions, particularly at larger scales. The use of flow reac-
tors can enable efficient photochemical processes via

Digital Discovery, 2025, 4, 2364-2400 | 2365
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minimising the light path length and precisely controlling
irradiation time.**** Many examples of commercial®***® and
bespoke photochemical reactors exist within the literature
and have been implemented with great success. Despite this,
determining the optimal conditions for a photochemical
process can often prove challenging and time consuming, and
as such HTE is becoming increasingly popular to expedite this
task, particularly within the pharmaceutical industry.

The most commonly employed approach for HTE screening
of photochemical parameters is through the use of 24-96 multi-
well batch photoreactors.®*”° Jerkovic et al. used this approach
in the development and scale up of a flavin-catalysed photo-
redox fluorodecarboxylation reaction (Fig. 1a).”* 24 photo-
catalysts, 13 bases, and 4 fluorinating agents were selected
based on existing literature and screened across four HTE
experiments using a 96 well plate-based reactor, with the
solvent composition, scale and light wavelength kept consis-
tent. The screening returned several hits outside of the previ-
ously reported optimal conditions, with two optimal
photocatalysts and bases identified in addition to the best
fluorinating agent. These hits were then validated using a batch
reactor’> and optimised using a design of experiments (DoE)
approach.”

Due to the heterogeneous nature of the batch optimised
procedure, further photocatalyst screening was conducted in an

60-62
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Fig. 1 (a) Flavin-catalysed photoredox fluorodecarboxylation reac-
tion, (b) schematic diagram of the setup employed using a two-feed
approach — adapted with permission from Jerkovic et al.”* Copyright ©
2024 American Chemical Society.

2366 | Digital Discovery, 2025, 4, 2364-2400

View Article Online

Review

attempt to develop a homogeneous procedure, to negate the
risk of clogging or fouling in a flow reactor. A homogeneous,
and equally effective, photocatalyst was identified and used
moving forward - an additional DoE study was also conducted
to further optimise the new conditions. Time-course *"H NMR
data were also collected to optimise residence time, and
a stability study of the reaction components was conducted to
determine the composition and number of feed solutions
required. The process was initially transferred to flow on a small
scale using a Vapourtec Ltd UV150 photoreactor;*” returning
a conversion of 95% on a 2 g scale. Gradual scale up and opti-
misation of flow reaction parameters (i.e., light power intensity,
residence time and water bath temperature) were subsequently
conducted using a “custom” two-feed set up (Fig. 1b), achieving
a 100 g scale. Finally, the optimal conditions were carried
through to the kilo scale where 1.23 kg of the desired product
was obtained at a conversion of 97% and a yield of 92%, cor-
responding to a throughput of 6.56 kg per day.

Mori et al. reported a comparable approach to investigate
cross-electrophile coupling of strained heterocycles with aryl
bromides (Scheme 1),”* employing a 384-well microtiter plate
photoreactor to identify the optimal conditions for the reaction
of interest. Following this initial screening, further optimisa-
tion of the reaction parameters was conducted in a smaller 96-
well microtiter plate reactor, expanding the scope and achieving
conversions of up to 84%. The 96-well plate was then used once
again, in three batches of reactions, for the synthesis of 110
compounds, with the final products purified via preparative
liquid chromatography-mass spectrometry (LC-MS), forming
a library of drug-like compounds.

Following determination of the optimal coupling conditions,
a small parameter study was conducted to elucidate the optimal
flow conditions for the reaction, with the highest yield achieved
at 60 °C and a 10-minute residence time. These optimised
conditions were then subsequently adapted to the gram scale
synthesis of a targeted compound, using a commercially avail-
able automated synthesiser, capable of synthesising multiple
small-volume samples. Used in conjunction with an in-house
developed photoreactor, 1.3 g of the material could be syn-
thesised from a 2.5 hour run time with a residence time of 15
minutes in the photoreactor.

Despite the success of these approaches, they highlight
a significant limitation of the use of batch HTE equipment: that
optimal parameters cannot be directly translated to flow to
enable the scale up of the process, and that additional resources
and time allocation are required.”” To avoid this issue,
Gonzalez-Esguevillas et al. adjusted the solution level used
within a standard 96-well plate to match the exact internal
diameter of a flow reactor, ensuring that the path length of the
light remained constant across both batch and flow (Fig. 2a)
and reducing the need for re-optimisation.** To further facilitate
comparable light exposure to a flow reactor coil element, a glass
96-well plate platform was developed (“FLOSIM”), which used
LEDs and concave lenses/high density reflection mirrors to
achieve uniform photon dispersion (Fig. 2b). The FLOSIM
platform was validated via the optimisation of a variety of
photoredox reactions. The workflow consisted of an initial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Photoredox-assisted reductive cross-coupling reaction of strained aliphatic heterocycles with aryl bromide - reproduced from Mori

et al.”* with permission. Copyright © 2023 American Chemical Society.

validation of the reaction in batch across various wavelengths,
followed by screening the conditions on the FLOSIM platform
using light source exposure times equivalent to the desired
residence time in flow. The identified optimised parameters

a. flow system

were then directly transferred to a commercially available
Vapourtec E-series UV-150 system for scale up (Fig. 2¢).

A further challenge for batch HTS photochemistry is repro-
ducibility issues arising from differences in irradiation between

HTE system
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(a) Well-plate to flow translation concept, (b) FLOSIM platform for well-plate to flow translation, and (c) outlined workflow for optimisation

of photoredox reactions — reproduced from Gonzalez-Esguevillas et al.>* with permission under the Creative Commons Attribution license (CC-

BY-NC-ND 4.0). Copyright © 2021, Gonzalez-Esguevillas et al.
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(a) Diagram of oil-segmented droplet generation from a micro-well plate — reprinted with permission from Sun et al.8¢ Copyright © 2020

American Chemical Society and (b) photochemical droplet microfluidic platform — reproduced from Sun et al.”® with permission under the

Creative Commons Attribution license (CC-BY). Copyright © 2020, Sun

different wells and in different reactors, as noted by Pijper
et al”® To avoid this, slug-flow continuous approaches, where
segments of material are separated by an immiscible fluid or
gas,”” have been developed as an alternative HTS
strategy.'®”>7*#> Use of slug- or droplet-flow methods also
minimises the amount of material consumed during screening,
as reactions are typically conducted on the nanolitre to femto-
litre scale, an up to eightfold reduction in starting material
consumption in comparison to traditional plate-based
screening.”® Such platforms also avoid the pitfalls of tradi-
tional screening platforms, as volatile solvents can be used
without evaporation, broad operating windows can be applied
and continuous variables can be easily adjusted.®® The princi-
ples of such platforms have been discussed in a previous
review,* with Arshad et al.®® and Yu et al.** discussing the use
cases of such platforms.

An example of a slug-flow platform being used for HTE can
be seen in the screening of visible light-driven tri-
fluoromethylation reactions,” first reported by Beatty et al.
(Fig. 3b).* The platform incorporated droplet microfluidics and
electrospray ionization-mass spectrometry (ESI-MS) analysis to
facilitate high throughput reaction discovery in flow. Droplet
samples (5-10 nL) were aspirated from standard 384 or 1536
microwell plates®** and segmented by using a perfluorodecalin
carrier (8 nL) in 100 pm internal diameter perfluoroalkoxy alkyl
tubing (Fig. 3a). The samples were then irradiated for 10
minutes via a visible-light source and transported to a sheath
sprayer for in-line dilution. The dilution served the dual
purpose of quenching the reaction and diluting the sample to
a suitable detection range for the MS analysis.

Following the initial success of a small-scale preliminary
investigation into a platform capable of carrying out the radical

2368 | Digital Discovery, 2025, 4, 2364-2400
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trifluoromethylation reaction, Sun et al. further developed the
platform to generate a library of alkene aminoarylation prod-
ucts. An oscillating flow system was induced via use of a syringe
pump operated in withdrawal and infusion modes (Fig. 4). The
use of an oscillating flow system enables prolonged irradiation
of the droplets whilst maintaining a constant flow. The syringe
pump was used in conjunction with a custom-built Cree LED
array photoreactor® in order to maximise photon flux, a metric
describing the number of photons per second per unit area.
100-200 droplets could be irradiated per incubation period,
more than 100 times greater than comparative state-of-the-art
oscillating flow systems.”®®* ESI-MS analysis was used to
confirm product formation at a throughput of 0.3 samples per
second, with a total of 350 sampled within a 19-minute window.

4

200 nL/min, 10 min

>r.z
ab ab ab @&

0

Fig. 4 Schematic representation of an oscillating flow reactor whilst
being irradiated — reproduced from Sun et al.”®> with permission under
the Creative Commons Attribution license (CC-BY). Copyright © 2020,
Sun et al.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ten sulfonylacetamides and ten alkenes were selected for
screening (Scheme 2); of the potential 100 product combina-
tions, 37 hit conditions were identified, with nine of the droplet
reactions selected to validate the platform on the 0.01 mmol
scale. Seven of these were successful, with the two unvalidated
reactions attributed to initial false hits due to byproducts with
the same m/z signal as the desired products. Translatability of
the platform to a microscale flow reaction was then investigated
ata 0.1 mmol scale to generate material on a milligram scale, as
needed for discovery chemistry applications. The same nine
reactions were scaled up and isolated, with comparable yields to
the previously conducted 0.01 mmol scale reactions.

Further work by Sun et al. incorporated nanoelectrospray-
ionisation mass spectrometry (nESI-MS) analysis into the
workflow (Fig. 5),”® increasing throughput to 2.9 samples per
second, a near 10 fold increase.” The platform was used to
screen photoredox catalysis in a plate-based format, with
samples transferred via segmented droplet flow for nESI-MS
analysis. A benchtop modular photoreactor was designed for
irradiation of the microwell plate reactions using high power
LEDs in a 25 LED array to accommodate standard 96, 384 or
1536 well plates. Premixed reaction solutions were irradiated in
the microwell plate, followed by withdrawal and dilution of an
aliquot of the reaction solution. 8 pL of the subsequent solution
was then transferred to a separate well for droplet formation, as
per the previously developed workflow.”

The workflow was validated using radical perfluoroalkylation
reactions developed by the Stephenson group,*>* specifically
the photoredox trifluoromethylation of N-Boc-5-bromo-7-
azaindole and caffeine (Fig. 6a). Product formation could be

Drug Compound
Library

A\

‘ ) visible

light

L

tracked successfully for the two reactions. Following validation,
the strategy was used in the late stage fluoroalkylation (CFs;,
CF,H, and CF,Cl) of drug like compounds (Fig. 6b), high
throughput optimisation of photoredox reaction conditions
(Fig. 6¢) and the late-stage functionalisation of a compound
library for subsequent biological screening (Fig. 6d). A
throughput of 0.67 droplets per second was used in each case,
although this could be increased to 2.9 droplets per second,
decreasing the time needed for a 384 microwell plate to under 7
minutes compared to the 422 minutes that the same work
would require via LC-MS analysis.**

As shown by these examples, high-throughput droplet
screening can vastly increase the efficiency of reaction
screening, especially when combined with advanced analytical
techniques as in the studies above. However, the utility of such
approaches is not solely limited to photochemistry: combining
the advantages of real-time, inline analysis with automated
data-processing provides opportunities to further increase effi-
ciency of chemical reaction discovery and for development via
autonomous optimisation strategies.

Flow HTE to enhance algorithmic optimisation

Time- and resource-intensive optimisation problems are
increasingly being taken out of the hands of chemists, for
example via the use of self-optimising systems rather than one
factor at a time (OFAT) approaches. Self-optimising systems use
inline analytical data to autonomously derive the next set of
experimental conditions, typically via the use of machine
learning algorithms, forming a closed loop optimisation cycle.**
The cycle is repeated iteratively until a predetermined or

Drug Analog Library
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Fig. 5 Overview of a droplet nESI-MS platform for screening plate-based photochemical reactions — reproduced from Sun et al’® with
permission under the Creative Commons Attribution license (CC-BY-NC). Copyright © 2023, Sun et al.
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Scheme 3 Buchwald—-Hartwig reaction investigated by Wagner et al.”
adapted from Wagner et al”” with permission under the Creative
Commons Attribution license (CC-BY 4.0). Copyright © 2024, Wagner
et al.

maximum value for the optimisation variable is reached, or
after a pre-set number of cycles.

Flow chemistry lends itself particularly well to this approach
due to the iterative nature of conducting individual flow reac-
tions,” the nature of inline analysis via PAT, and the improved
process control that ensures that data points are accurate and
repeatable. Initially, self-optimising systems were used to
maximise a singular variable such as yield or conversions;
however, as algorithms have advanced, multiple variables can
now be optimised simultaneously accounting for trade-offs
between the variables.

Wagner et al. reported the development of a self-optimising
system for reaction optimisation that employed a slug flow
regime. The use of 300 pL reaction slugs meant a large number
of reaction iterations could be run while consuming ~10% of
the material needed for a standard flow experiment and
reducing the time taken to reach the global optimum.” A
Fourier transform infrared (FTIR) spectrometer and ultra high-
performance liquid chromatograph (UHPLC) were employed
synergistically; use of a sample loop ensured that even at
different reaction flow rates, the samples were delivered into the
flow cell at a constant velocity for consistent analysis. The FTIR
recorded a spectrum once every five seconds; once a reaction
slug was detected a signal was sent to the UHPLC to inject the
sample and begin measuring (Fig. 7). As such, the platform is
ideal to explore the efficiency of various optimisation strategies
without excessive use of resources or waste generation.

Multi-objective Bayesian
optimisation

(TSEMO)

* LHC sampling used
* 60 reactions

e ~12 hour run time Investigation
e Maximum yield: 91%

« Maximum STY: 1.13 kg L h" design
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N 4

DoE Investigation

* Bayesian optimisation data

used to inform DoE
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® 24 experiments + centre
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A Buchwald-Hartwig amination reaction (Scheme 3) was
selected to validate the set-up due to its mechanistic complexity
and numerous potential optimisation variables. Six indepen-
dent optimisation variables were investigated: amine loading,
reaction concentration, residence time, reaction temperature,
base loading and catalyst loading. The study used three
different optimisation strategies: multi-objective  self-
optimisation using Bayesian optimisation, DoE and a kinetic
study (Fig. 8).

Self-optimisation was executed using the Thompson
Sampling Efficient Multi-Objective (TSEMO) Bayesian optimi-
sation algorithm, with broad ranges for the selected optimisa-
tion variables: yield (%), space time yield (STY) (kg L " h™"), and
cost (based on solution consumption). 12 Latin hypercube
(LHC) sampling experiments were employed,”” followed by
a further 48 iterations guided by Bayesian optimisation,
resulting in a total of 60 reactions conducted in ~12 hours and
minimal material consumption - only 7% of the theoretical
quantity of material required to conduct comparable reactions
at a steady state was consumed. A maximum yield of 91% was
achieved and, under differing conditions, a maximum STY of
1.13 kg L' h™" could be obtained. No trends were observed
when varying reaction concentration, amine loading, or 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) loading. A control exper-
imental point was repeated several times to establish
reproducibility.

The results of the Bayesian optimisation informed the
parameter selection for a DoE study, with residence time and
concentration kept constant as a result. A face-centred full
factorial design was selected, including 24 experiments and
centre points to test reproducibility. Certain parameters, such
as temperature and catalyst loading, were intentionally nar-
rowed to ensure that the most relevant area of the design space
was explored, whilst other parameters remained relatively flex-
ible. The resulting model for predicting reaction yield provided
an excellent fit for the observed reaction yield, returning a R*
value of 0.904 (Fig. 9), and good reproducibility, with only a 6%

Kinetic Modelling

* Previous data used to select
experimental conditions

* Six experiments conducted

* Kinetic model proposed and
parametrised

* Model predicted outcomes
of the previous two

investigations successfully

4 \ _4

Fig. 8 Process flowchart for the study outlined by Wagner et al.””
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Fig. 9 Predicted results obtained via the DoE study versus observed
results for the reaction yield — reproduced from Wagner et al.”” with
permission under the Creative Commons Attribution license (CC-BY
4.0). Copyright © 2024, Wagner et al.
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Fig. 10 Plot showing product (5-methyl-2-((2-nitrophenyl)amino)
thiophene-3-carbonitrile) concentration across six different time-
course experiments. Points denote experimental measurements,
whilst dotted lines denote predicted values using the fitted kinetic
model — reproduced from Wagner et al.”” with permission under the
Creative Commons Attribution license (CC-BY 4.0). Copyright © 2024,
Wagner et al.

yield disparity observed between replicated runs. DBU loading
was found to have a profound effect on the yield of the reaction
in direct contrast to the findings of the Bayesian optimisation
experiments; it was speculated that this could be a result of the
narrower parameter window explored as part of the DoE design.

0]

0.75 - 1.25 equiv.
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The third and final experimental design used kinetic
modelling of a selection of six experimental conditions, based
upon prior data collected in the study, to examine variation in
the optimised parameters (Fig. 10). For each of these condi-
tions, six experiments were performed at residence times
between 0.5 and 12 minutes, with the resulting data used to
propose a kinetic model and define the parameters, which in
turn provided the rate of reaction data. The model was able to
predict the outcomes for both the self-optimised and DoE
experimental results, returning root-mean square error values
of 34.9 mM and 25.0 mM respectively (a metric describing the
average difference between a value predicted by a model and the
actual values). This highlighted the capabilities of the model to
provide more accurate predictions within the design space of
interest, despite being fitted to a smaller area of the design
space.

The use of multiple optimisation strategies allows compar-
ison of their advantages and disadvantages, and to develop
appropriate experimental workflows that best fit the optimisa-
tion problem at hand. Along these lines, Wagner et al. reported
a further study using Bayesian optimisation to address the
following questions: (1) when to use an exploitation-focused
algorithm (exploring chemical space around previously identi-
fied points), and when to use an exploration-focused algorithm
(targeting wide exploration of previously unexplored regions)?
(2) What is the best approach to tackle multi-objective optimi-
sation problems? (3) Can previous knowledge of similar reac-
tions be used to accelerate reaction optimisation?®

To answer the first question, an expected improvement (EI)
based Bayesian optimisation algorithm, which favours exploi-
tation over exploration, and a single objective implementation
of the TSEMO algorithm, which balances both exploration and
exploitation, were applied for the optimisation of the amide
coupling of benzoic acid and benzylamine (Scheme 4). Both
algorithms returned comparable optimum yields, with 77% and
72% observed for the EI and the TSEMO algorithms, respec-
tively; however, the EI algorithm returned that value in six
experiments, half the number of the experiments for the
TSEMO algorithm, although at the expense of exploration effi-
ciency. Limited improvement to the exploration of the EI algo-
rithm was observed via the introduction of LHC sampling
across 13 experiments. The authors proposed that by incorpo-
rating a 10 experiment LHC sample, the issue could be mini-
mised by providing more knowledge of the design space; this
can ensure that a global optimum can be found, albeit at the
expense of the experimental budget. The benefits and

EDCI.HCI o

OH ©/\NH2

0.75-1.25equiv. ~ 0.20 - 0.35 mol L

0

EtOH
50-120 °C
2 -5 min.

Scheme 4 Amide coupling of benzoic acid and benzylamine with EDCL-HCL (N-(3-dimethylaminopropyl)- N’ -ethylcarbodiimide hydrochloride)
and EtOH (ethanol), featuring input parameter boundaries. Adapted from Wagner et al.®® with permission under the Creative Commons Attri-

bution license (CC-BY 4.0). Copyright © 2024, Wagner et al.
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Score = -
weight

yield

Scheme 5 The general structure of the weight function applied to the
results — reproduced from Wagner et al.>> with permission under the
Creative Commons Attribution license (CC-BY 4.0). Copyright © 2024,
Wagner et al.

limitations of EI based algorithms were displayed in this work:
they are best employed when extensive reaction data exist for
a given transformation, such that optimal reaction conditions
can be found via prioritising exploitation; in contrast, multi-
objective optimisation algorithms, such as TSEMO, are best
employed for reactions with limited available data, where
a more complete balance of exploration vs. exploration is
required.

Upon expanding the variable boundaries, LHC sampling
returned yields >90%, although this required the use of large
reagent excess, high temperatures and long residence times,
meaning the process had poor environmental metrics and
throughput. Here the authors address the second query: how to
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problems? A weighted approach was adopted,®® employing user-
assigned weights to undesirable inputs, returning a score for
each experiment (Scheme 5). The acquired reaction data were
compared to a standard multi-objective algorithm in the form
of multi-objective TSEMO, in silico; the weight function
approach outperformed the standard algorithm in the region of
interest, mapping a more relevant section of the Pareto front,
which is defined as a set of optimal trade-offs between con-
flicting objectives.” Thus the authors concluded that the use of
a weighted approach, as opposed to the use of an algorithm
such as TSEMO, proved optimal for mapping a relevant section
of the Pareto front, when the deemed optimal parameters
proved unfavourable from a throughput and environmental
perspective.

Finally, Wagner et al. set about addressing how existing
reaction data can be leveraged in reaction optimisation.”® To
probe this, three variations to the standard reaction conditions
were adopted to see whether prior knowledge from the previous
campaign could accelerate optimisation for related chemistry:
a change in the coupling reagent, a change to an unreactive
electron deficient aniline, and a change to both reactants and
coupling partners. Successful conditions for the standard

most  efficiently approach —multi-objective optimisation  yeaction (Fig. 11a) were identified, returning a yield of 99% and
r N - - I
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o " T3P (o]
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Fig. 11 Summary of attempts to use MTBO to accelerate optimization across different reactions. (a) The standard reaction scenario used for
other comparisons in this study, (b) transfer to a different coupling reagent in reaction (2), (c) transfer to a different substrate in reaction (3), and (d)
transfer to different substrates and coupling reagents in reaction (4) — reproduced from Wagner et al.®® with permission under the Creative
Commons Attribution license (CC-BY 4.0). Copyright © 2024, Wagner et al.
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0.93 weight function score. A multitask Bayesian optimisation
algorithm™**** was trained using the reaction data. When the
algorithm was applied to a reaction with comparable reactivity
(Fig. 11b) to the data set in which it was trained, the algorithm
returns excellent results (99% yield, 10 experiments). However,
when little overlap existed between the training data set and the
reaction intended for optimisation (Fig. 11c and d), the algo-
rithm was less successful, giving results comparable to, or worse

View Article Online
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than, a standard Bayesian optimisation approach. From this it
can be concluded that multi-task algorithms are ill-suited for
tasks that differ too far from the auxiliary task in which they are
trained (Fig. 11c and d). However, they excel when applied to
tasks comparable to the auxiliary task, presenting a particular
opportunity for their application in the generation of
compound libraries with comparable structural motifs and
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Fig. 12 High throughput platform devised by Avila et al,, (a) a stopped-flow system concept, (b) a high-throughput platform: a (1) liquid handler;
(2) multi-selection valve; (3) array of sampling loops, each connected to a (4) respective HPLC pump; (5) digitally controlled reactor temperature;
(6) digitally controlled cooling jacket; (7) stopped-flow reactor coil; (8) back pressure regulator; (9) NIR flow cell; (10) 2 pL sampling loop
connected to HPLC-MS, and (c) carboxylic acids, amines and coupling agents used in the study — reproduced from Avila et al.*** with permission

from the Royal Society of Chemistry.
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optimisation campaigns, where a wealth of diverse data from
pre-existing campaigns exists.

Different methods have also been reported for comparable
investigations into optimisation efficiency. Miiller et al re-
ported the development of an open-source reaction simulator,
enabling the comparison of various multi-objective optimisa-
tion algorithms.*® Felton et al. similarly reported a framework,
‘Summit’, to compare seven machine learning strategies for the
optimisation of two in silico benchmarks, based upon a nucle-
ophilic aromatic substitution and a C-N cross-coupling.'®® Both
approaches employ a simulated method for comparison, in
contrast to the experimental approach outlined by Wagner
et al.,”® helping to minimise material consumption; both
methods could be integrated into high throughput flow work-
flows, prior to commencing experimental work, ensuring
selection of an optimal algorithm for the required optimisation
task.

Avila et al. reported a machine learning guided platform for
library synthesis (Fig. 12b).*** The platform used a stop flow
reactor which enabled reaction time to be independent of the
flow rate, whilst also facilitating a ~90% reduction in the use of
solvents and reagents. An initial DoE approach was used to
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identify suitable reaction conditions, with temperature high-
lighted as a key reaction parameter. A library of 25 amides was
then synthesised using the platform; each of the 25 combina-
tions of acids and amines used to synthesise these amides were
subjected to four coupling reagents and nine reaction condi-
tions, leading to a total of 900 reactions to execute, over a ~192-
hour duration (Fig. 12¢). The platform enabled exploration over
a broader temperature range (50-200 °C) than typically achieved
and/or possible when conducting the reactions in batch or
alternative HTE setups. These experimental data were then used
to build a machine learning model capable of predicting
synthesis conditions, with 92% accuracy.

Konan et al. reported the use of a similar system capable of
screening both discrete and continuous variables (Fig. 13B),'*
for the optimisation of a thermal sensitive [3 + 3]
cycloaddition.'**'* The optimisation strategy adopted was cat-
egorised into three distinct stages: sampling, filtering and
optimisation. Initially, solvent-catalyst combinations were
selected and subsequently screened via the use of a two-way
ANOVA (analysis of variance) and DoE, with the reaction
conditions then optimised using a feedback algorithm. The
authors commented on the advantages of using ANOVA and

A/ Formal [3 + 3] cycloaddition

O

B/ Automated screening platform

* 1,3-Cyclohexanedione 4a, 0.25-0.5 M
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(A) Benchmark [3 + 3] cycloaddition; (B) the automated screening platform used for study; (C) the list of discrete variables investigated —

reproduced from Konan et al.**> with permission from the Royal Society of Chemistry.
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DoE based screening in HTS, in contrast to ‘brute force’
approaches as reported in some of the examples outlined
herein, due to the ability to capture the effect of continuous
variables across all discrete variables. Four continuous variables
(temperature, residence time, equivalent of Fig. 13: 4a, and
catalyst loading) and two categorical variables (catalyst and
solvent) were considered for the optimisation of a [3 + 3]
cycloaddition benchmark reaction (Fig. 13A).

The manual selection of solvents and catalysts was imple-
mented prior to sampling via LHC (Fig. 13C). Screening of the
continuous variables across the nine possible combinations of
solvents and catalysts was conducted over 45 experiments, in
a ~29-hour window with ~1 mmol of Fig. 13: 4a consumed (190
pL injection volume, <30 umol of Fig. 13: 4a per injection). A
two-way ANOVA was then used to filter the results of the
screening; two discrete combinations were selected for subse-
quent self-optimisation. An optimisation algorithm based upon
a modified Nelder-Mead method was used,"*® with the reaction
optimised in both ethanol and iso-propanol. The optimal
experimental conditions in both solvents were found to be
comparable: for ethanol, an optimal HPLC yield of 96%,
throughput of 11.9 g h™, and space-time-yield of 2.4 kg h™' L ™"
were obtained within 13 experiments across ~3 hours, with
~460 umol of Fig. 13: 4a consumed; for isopropanol, an optimal
HPLC yield of 79%, a throughput of 11.7 ¢ h™", and a space-
time-yield of 2.3 kg h™" L' were achieved, within 18 experi-
ments across ~4 hours with ~660 pmol of Fig. 13: 4a consumed.
The optimised ethanol conditions were subsequently scaled up
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in flow with good success, affording 7.8 g of the desired product
(Fig. 13: 6a) in 30 minutes (85% isolated yield, 15.6 ¢ h™"). The
wider applicability of the optimised procedure was also
demonstrated across a range of starting materials with good
success - isolated yields were in the range of 79-83% and
throughputs in the range of 15.9-21.6 g h™".

In collaboration with Pfizer, Eyke et al. outlined a platform
for both reaction optimisation and kinetic evaluation, using
both droplet micro-fluidics and parallel reactor channels
(Fig. 14),"** based upon a previously reported platform by the
Jensen group.” To facilitate a high throughput, a bank of
multiple independent parallel reactors was introduced, with
each reactor capable of independent operation across differing
conditions. A stopped flow approach was employed in a similar
manner to that of Avila et al'® and Chatterjee et al.,” with
software controlling the scheduling of the droplets to prevent
bottlenecks in the platform.

The platform's suitability for kinetic studies was first inves-
tigated via the reproduction of a previously conducted kinetic
investigation of a nucleophilic aromatic substitution (SyAr)
reaction.'””> Ten parallel reactors were used for the study, with
the platform successfully determining the kinetic parameters,
with excellent agreement with the previous study, in 30 reac-
tions across a 13-hour window of platform time with only
600 mg of starting materials consumed.

Closed-loop automated optimisation was subsequently
attempted with the open-source Bayesian optimisation package
Dragonfly."*® A Buchwald-Hartwig amination was investigated
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Fig. 14 Schematic representation of the outlined platform with N parallel stationary reactors — reproduced from Eyke et al.*** with permission

from the Royal Society of Chemistry.
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Scheme 6 Buchwald—Hartwig amination between 9H-carbazol-2-yl trifluoromethanesulfonate and 3-aminopyridine — adapted from Eyke
et al** with permission from the Royal Society of Chemistry.
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as a test reaction, with the use of two palladium catalysts
(tBuBrettPhos Pd G3 and ¢BuXPhos Pd G3) and two bases (DBU
and 2-tert-butyl-1,1,3,3-tetramethylguanidine (BTMG)),
explored across two solvent systems - dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) - and a range of
temperatures (50-100 °C) and residence times (5-60 minutes)
(Scheme 6). Optimal conditions for DMF were found in 28
experiments across a 12.5-hour window, with 132 mg of starting
material consumed; optimal DMSO conditions required 30
experiments across a 14-hour window with a consumption of
142 mg of material. In comparison to nanowell plates, the
moderate sample throughput was noted by the authors, with
comments on the potential sources of improvement: increased
instrumentation, such as liquid handlers, for solution prepa-
ration, and HPLC instruments, for analysis, to prevent bottle-
necks; further optimisation of the scheduling software; and
shorter analytical methods and liquid handling times.

Florit et al. expanded upon this work in the development of
a dynamic experiment optimization method (DynO) in
a Bayesian optimisation framework."** The concept of dynamic
flow experiments is centred around the adjustment of process
inputs throughout a run in a controlled manner in order to
collect transient data, negating the need to reach a steady state
prior to data collection.”

To highlight the capabilities of DynO, a test reaction between
a di-halogenated species and phenylboronic acid was conduct-
ed in a simulated reactor. DynO was compared with Drag-
onfly,"* paired with a random optimiser, across a variety of case
studies centred upon this reaction. Across these case studies
DynO was run for a maximum of 10 iterations after initial data
points for the Gaussian process model were collected (‘initiali-
sation’), and Dragonfly for a maximum of 65 iterations. In the
majority of cases DynO learned faster than Dragonfly, in terms
of both experimental time and the volume of reagent
consumed, whilst in all cases initialising DynO with dynamic
experiments reduced the ‘relative regret’ (the ratio of the
difference between the achieved and optimal value, relative to
the optimal value'*®) against the number of data points, exper-
imental time, and the volume of reagents required for the
optimisation.

DynO was then investigated experimentally via a base cata-
lysed ester hydrolysis reaction. The design space consisted of

NO, Nitro
N N0 Sp\Ar /||\/\j/ Reduction
o | E— \/\N N7 E—
N Solvent: DMF o Catalyst: Pd(0)
1 2 Base: DIPEA 3 Reductant: H,
T(°C) T (°C)
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Stoich. P (psi)
X =CI,Br,F H; equiv.
2a2b2c
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two variables: residence time and equivalents of the base rela-
tive to the ester, between 5-30 minutes and 1-3 equiv. respec-
tively. A steady state was established prior to initialisation.
Then, the continuous variables were autonomously varied to
obtain data for initialisation, which were then used to train the
Gaussian process. A steady state was once again established
prior to commencing optimisation. Optimal conditions were
obtained after one iteration with an experimental yield of 93%
obtained, with a corresponding residence time of 30 minutes
and 2.4 equiv. of the base.

Whilst this review primarily focuses on high throughput
experimental flow procedures, high throughput computational
approaches can also be adopted.®*** This has been high-
lighted in work by Coley et al.,*** and Nambiar et al.,"*® who used
a computer-aided synthesis planner (CASP), trained on millions
of reactions from the Reaxys database and the U.S. Patent and
Trademark office, to provide and evaluate the potential success
of suggested reaction conditions. However, the study by Coley
et al. required additional input from the chemist," regarding
variables such as residence time, stoichiometries, and concen-
trations, to ensure compatibility with flow chemistry. The
reactions were then carried out using a flexible ‘plug-and-play’
robotic flow chemistry platform, to accommodate a broad range
of reaction classes, with the synthesis of 15 active pharmaceu-
tical small molecules, in reasonable yields (32-95%) and
throughputs (265 mg h™'-1.72 g h ™).

Nambiar et al. expanded upon this work, adopting Bayesian
optimisation (Dragonfly package) for the self-optimisation of
both continuous and discrete variables for the CASP suggested
routes, although manual solubility screening was still required.
A telescoped multi-step synthesis of the active pharmaceutical
ingredient sonidegib (Fig. 15: 6) was targeted, with the top
ranked suggested route consisting of a SyAr reaction, followed
by a nitro reduction and a subsequent amide coupling (Fig. 15).
A robotic modular flow chemistry system, similar to that in
a previous study, was used to carry out the synthesis, with the
addition of a faster robot and capabilities for in-line/online
analysis and feedback optimisation. Before undertaking the
optimisation campaign, a study was conducted to establish the
stability of the palladium catalyst required for the reduction
step; this preliminary study identified the deactivation of the
catalyst due to the prior SyAr reaction, and so the process was

“/,\5‘
Q...
NH. Amlde
(" couning 0*’&
N™ °N OCF,

\o/\ Solvent DMF o
4 Base: DIPEA 6
T(°C)
t.es (Mins)
Stoich.

Coupling Reagent =
HATU or EDC/HOBt

Fig. 15 CASP proposed reaction conditions, with continuous variables highlighted in red and discrete variables highlighted in blue. Abbrevia-
tions: HATU (hexafluorophosphate azabenzotriazole tetramethyl uronium), EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide), and HOBt
(1-hydroxybenzotriazole). Reproduced from Nambiar et al.,*>* with permission under the Creative Commons Attribution license (CC-BY-NC-ND
4.0). Copyright © 2022 Nambiar et al.
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divided into two, with the SyAr reaction optimised separately to
the subsequent two steps.

For the SNAR reaction, 30 reactions were conducted over a 10-
hour window, with ~0.4 g of starting materials consumed per
experiment - four continuous variables (residence time,
temperature, equivalents of Fig. 15: 1, and equivalents of the
base) and one discrete variable (Fig. 15: 2a, 2b or 2c¢) were
considered. Three optimisation objectives were targeted: reac-
tion yield, productivity, and cost of reagents per mole of prod-
ucts made. The optimisation campaign returned two optimal
objective trade-offs (2¢, 98.3%, 5.97 ¢ h™!, $595 per mol; 2a,

R pr—
(HO)ZBOOH " Q/
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93.8%, 5.70 g h™*, $414 per mol), with the chemist then able to
select a preference based upon additional context and process
considerations.

For the optimisation of the telescoped nitro reduction and
amide coupling, an investigation into the formation of an un-
wanted side product was carried out. It was found that forma-
tion of the observed side product could be minimised via acti-
vation of Fig. 15: 5 in a separate reactor, prior to the coupling
reaction. This led to a process configuration alteration, which
was easily adopted due to the flexibility of the flow platform
used. The self-optimisation campaign consisted of 15

10%
XPhosPdG3 R
)~
DBU
EtOH

Scheme7 Suzuki—Miyaura cross-coupling reaction investigated by Jaman et al.*** Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Used
with permission from Jaman et al*** High throughput experimentation and continuous flow validation of Suzuki—Miyaura cross-coupling
reactions, Chemistry — A European Journal, Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 17 HTE screening parameters, with reference to the number of hits identified for each — reproduced from Kashani et al.**” reprinted with
permission from Kashani et al.**” Copyright © 2020, American Chemical Society.
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experiments over 13 hours, consuming ~1.4 g of starting
material per experiment. Reaction yield and throughput were
used as optimisation objectives, with five objective variables
targeted: three continuous (residence time for the activation of
Fig. 15: 5, equivalents of Fig. 15:3 and temperature of the amide
coupling) and two discrete (reagent for the activation of Fig. 15:
5 and reactor volume for the amide coupling). An optimal yield
and throughput of 93% and 7.4 g h~" of sonidegib was achieved.

When algorithmic optimisation is paired with flow chem-
istry, such as in the outlined studies above, complex relation-
ships between variables can be deciphered and processes
optimised in a timely manner. The ability to conduct reactions
under slug flow regimes also enables minimal material
consumption throughout the optimisation process. This is
particularly useful in reactions with multiple, complex param-
eters and/or expensive reagents - for example, in the case of
complex catalytic reactions.

Flow HTE in catalysis

The discovery and use of new synthetic methodologies dates
back over 150 years.'* However, within recent times the prev-
alence of synthetic methodology studies has drastically
increased.’”'** HTE can prove particularly useful in such

a)
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studies, especially in the case of a complex synthetic method-
ology, where a variety of factors can interact to alter the success
of a reaction.” This is particularly true in the case of catalytic
reactions, that consist of numerous steps and competing
pathways,”® making traditional OFAT optimisation chal-
lenging. Catalytic reactions, such as many cross-coupling reac-
tions, are central to pharmaceutical, agriculture, and detergent
industries,** and as such much work has been conducted to
screen these reactions. The advantages of flow chemistry for
catalysis have already been demonstrated, including increased
reaction rates due to enhanced mass transfer and high local
concentrations of the catalytic species,"*® reduced by-product
formation due to improved process control,"*' and enhanced
scale up capabilities via scaling up, scaling out or numbering
up.132

In HTE, the most commonly investigated transformation is
the Suzuki-Miyaura cross-coupling reaction.*® The reaction is
considered one of the most important carbon-carbon bond
forming reactions, facilitating the synthesis of a large variety of
organic compounds across various fields.'** However, the reac-
tion is highly dependent on the substrates employed,*® meaning
HTE can prove helpful in identifying the key reaction parame-
ters, by screening several conditions simultaneously. Jaman
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(a) Proline catalysed aldol reaction and scope of kinetic and mechanistic screening and (b) schematic diagram of the flow platform

employed for SPKA kinetic analysis. Reproduced with permission under the Creative Commons Attribution license (CC-BY). Copyright © 2023
Lennon and Dingwell,**® Angewandte Chemie International Edition published by Wiley-VCH GmbH.
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et al. highlighted the use of batch HTE with continuous flow
validation for investigation of this reaction class.*** In one hour,
the automated HTE platform performed reactions in a 96-well
plate, using 4-hydroxyphenylboronic acid and 11 different aryl
halides for the cross-coupling, at temperatures of 100 °C, 150 °
C, and 200 °C (Scheme 7). Reactions were selected from each of
the hotspots from the HTE campaign to establish confidence
levels between batch HTE and continuous flow.

A 1:1 ratio of 4-hydroxyphenylboronic acid and aryl halide
was adopted across all flow reactions; residence times of 0.5, 1,
3 and 6 minutes were explored for each reaction, at either 100 °©
C or 150 °C. A Chemtrix chip reactor was used for this investi-
gation, which subsequently required a decreased -catalyst
loading of 0.5%, in order to prevent clogging of the reactor. The
findings of the microfluidic evaluation were found to be
comparable to the results of the HTE screening, with negative
results also validated via flow.

Reizman et al. reported an automated droplet microfluidic
platform (Fig. 16a) for the optimisation of a variety of Suzuki-
Miyaura reactions (Fig. 16b).*** Samples of pre-catalysts, excess
ligands, aryl halides with an internal standard, and boronic acid
or boronic pinacol esters were prepared in tetrahydrofuran
(THF), and stored under argon in an automated liquid handler.
The liquid handler prepared droplets via the sampling and

View Article Online

Digital Discovery

mixing of the corresponding stock solutions, followed by
injection into a sample loop, with the droplets progressed via
argon. To initiate the reaction, DBU was injected into the
droplet and the reaction mixture heated in a Teflon tube
reactor. The droplet was subsequently quenched, sampled,
filtered and split, with one sample used for UV quantification
and one for MS analysis.

The system was controlled and optimised via software that
formulated response surface models in an iterative manner and
proposed experiments based upon online HPLC data, within
the confines of the selected discrete variables and continuous
variable ranges. The optimisation aimed to maximise the
turnover number (TON), a metric used to describe the
maximum use of a catalyst for a specific transformation under
defined reaction conditions,"*® whilst maintaining 90% of the
maximum yield, within a maximum of 96 experiments. Of the
four examples explored as part of this study, three returned
yields over 82% with max TON values of over 69, with only the
final example returning a low yield of 35% with a max TON value
of 17.

The Buchwald-Hartwig amination reaction is the second
most targeted transformation in HTE,*® and is commonly used
to validate system suitability, such as in the case of the previ-
ously outlined study from Eyke et al' Kashani et al
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corrected residence time calculated for each fraction — adapted with permission from Di Maso et al.**° Copyright © 2024 American Chemical

Society.
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investigated the transformation using HTS (Fig. 17), incorpo-
rating both batch and flow chemistry, to develop an improved
synthetic methodology that could also be applied to a wider
selection of cross coupling reactions.”® As part of this
screening, each combination of six differing organohalides,
four amine nucleophiles, 10 commercially available ligands,
and two solvents was explored, with certain parameters fixed to
keep the number of experiments within a reasonable range. Five
96-well plate reactors were used for the screening of 480
experiments, with 35 hits quantified by gas chromatography
mass spectrometry (GC-MS) analysis, and some hit experiments
being quantified and successfully reoptimised in batch.

One of the key variable discoveries was the suitability of
DBU, in conjunction with palladium and inexpensive ligands, to
facilitate the transformation. The use of DBU also enabled
a continuous flow chemistry approach to the reaction, as the
clogging risk associated with many inorganic bases was elimi-
nated. With certain modifications to the screening conditions,
such as increased temperature and catalyst loading, a series of
coupling products were generated in good to high yields (78-
88% yield) using a simple 1 mL tubular reactor. This approach
was also applied to the Mizoroki-Heck reaction via a change of
base to triethylamine in dioxane at 90 °C, and the Sonogashira
reaction via the use of triethylamine in THF at 90 °C and
a 0.25 M concentration.

In 2024, Lennon and Dingwell outlined a method for the
kinetic investigation of a catalytic process via the use of HTE in
flow.**®* The authors coined the term Simulated Progress Kinetic
Analysis (SPKA) for the approach, in which a singular kinetic
profile is obtained from the instantaneous rate of multiple
individual reactions across varying concentrations; this allows
the construction of a rate vs. concentration plot (Fig. 18c). This
work expands upon the pioneering reaction progress kinetic
analysis approach developed by Blackmond;"™® comparative
kinetics investigations have also been reported in flow, across
various groups.'**** The SPKA approach was used to investigate
the kinetics of an asymmetric organocatalysis transformation in
the form of a secondary amine mediated aldol reaction
(Fig. 19a)."° The time taken to collect data is independent of
reaction time, so monitoring of reactions in their entirety is not
required. Lennon and Dingwell noted that “SPKA is agnostic to

Nu
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diffusion of the
selective carbocation
anodic oxidation
of the substrate

Fig. 21 Selective anodic substitution reaction due to selective wetting
of the anode and cathode — reproduced from Noél et al**® with
permission under the Creative Commons Attribution license (CC-BY-
NC-ND). Copyright © 2019 American Chemical Society.
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Fig. 22 Top: schematic view of the all the layers that form the
microreactor — reproduced from Rial-Rodriguez et al!®* with
permission from the Royal Society of Chemistry.
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Scheme 8 Electrochemical transformations explored by Rial-
Rodriguez et al.:*** (a) oxidation of tert-butyltoluene, (b) oxidation of
alcohol to corresponding ketone, (c) Hofer—Moest reaction of
carboxylic acid - reproduced from Rial-Rodriguez et al!*®* with
permission from the Royal Society of Chemistry.

the experimental approach”,**® meaning SPKA can be conduct-
ed in both batch and flow.

The system was validated using flow chemistry, using
a segmented flow regime (Fig. 19b). To collect the SPKA profile,
ten reaction segments were created - a single 0% reaction
segment, without any catalyst as a reference point, and nine
reaction segments with decreasing reagent concentration,
spaced equally for a simulated 0-80% conversion. The
segments were passed through a reactor coil prior to analysis of
the outlet concentration via in-line infrared (IR) spectroscopy.
The known inputs and measured outputs were used to generate
a 9-point SPKA profile, which was in good agreement with a two-
point batch SPKA profile. A decrease in residence time was also
investigated with the resulting data in good agreement with
previously reported kinetic data for the transformation.**”***

The platform was further optimised by reducing the number
of data points per profile to 5 whilst operating at a lower resi-
dence time and delay time between slugs, enabling the gener-
ation of a kinetic model in 25 minutes, with a total reaction
volume of 0.75 mL, equating to 57 kinetic profiles per day when
run for 24 hours. Lennon and Dingwell highlighted the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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capabilities of the platform, conducting a kinetic investigation
of the same aldol reaction (Fig. 19a)."*® The subsequent inves-
tigation consisted of 24 possible combinations, requiring three
experiments per combination to determine the rate, resulting in
a total of 216 experiments. The 216 experiments were conducted
in 90 hours, in comparison to the ~3500 hours the same
experiments would have taken if conducted in a traditional
manner. The investigation provided valuable information
regarding catalyst deactivation and unwanted off-cycle
processes.

Scientists from Merck used a similar approach for the
translation of an immobilised transaminase process (Fig. 20a)
from batch to flow,"*® due to inefficiencies in the batch proce-
dure. Di Maso et al. used a packed-bed flow reactor to facilitate
the transformation, employing a dynamic flow method to
optimise the reaction. DoE was used to optimise and obtain

© 2025 The Author(s). Published by the Royal Society of Chemistry

further reaction understanding in batch prior to translation to
flow. A residence time of 4 hours was required to reach full
conversion, meaning a pseudo steady state was reached after
22.5 hours, rendering optimisation under the steady state
unfeasible. In the dynamic flow kinetic investigation, a steady
state was first reached, followed by a decrease of flow rate at
a set rate until a final steady state was reached, with corre-
sponding fractions collected and analysed by GC throughout
the run (Fig. 20c). The corrected residence time of each fraction
collected was calculated, with times from 30 minutes to 4 hours
scanned across a ~16-hour period. A total of sixty individual
conditions were investigated in the same time that 4 conditions
would have taken using a traditional method.

The dynamic experiment suggested that a residence time of
approximately 3 hours would return full conversion to the
desired product; informed with this result, further optimisation

Digital Discovery, 2025, 4, 2364-2400 | 2383
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Fig. 25 Automated microfluidic platform for electrochemical reactions and analysis. Copyright © 2020 Wiley VCH GmbH. Used with permission
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Scheme 9 (a) Electrochemical redox-neutral a-amino arylation of 1-
phenylpyrrolidine and (b) the TEMPO-catalysed alcohol oxidation
reaction. Used with permission from Mo et al*%? A multifunctional
microfluidic platform for high-throughput experimentation of elec-
troorganic chemistry, Angewandte Chemie International Edition, Wiley
VCH GmbH.

and process improvements were then completed. An investi-
gation of the immobilised enzyme stability, enzyme evolution,
and solvent selection was subsequently carried out, resulting in
a further optimised procedure. It was identified that use of an
evolved enzyme would reduce the residence time from 3 hours
to 90 minutes, which could then be halved again to 45 minutes
with the use of an alternative resin as a solid support for the
immobilised enzyme. The isolation of the desired product was
also altered, improving both the isolated yield and the diaste-
reomeric ratio of the isolated material. The optimisation
culminated in the development of a process with a 4-fold
improvement to the throughput and diastereoselectivity, with
improved isolation, that could be undertaken on a kilogram
scale.

As demonstrated above, HTE has proven particularly useful
in the optimisation of catalytic reactions that are mechanisti-
cally complex, and as such HTE has become increasingly relied
upon in the field of a similarly mechanistically complex field:
electrochemistry. The complexity of electrochemistry stems
from formation of various primary intermediates via electron
transfer, with subsequent cascade reactions leading to a variety
of competitive products™ added complexity arises from the
solvent influence on ionic conductivity and the impact of mass

2384 | Digital Discovery, 2025, 4, 2364-2400

transfer on reaction success.'”>**> Pairing HTE platforms with
recently developed electrochemical flow cells - which are now
becoming commercially available - has expanded the use of
electrochemistry in reaction discovery and optimisation.

Organic electrochemistry flow HTE

The field of electrochemistry has recently seen a resurgence due
to the commercialisation of standardised electrochemical
equipment.’ The field is centred around the use of electricity
as a source of electrons to form new bonds,”** enabling the
activation of small molecules in a sustainable and cost-effective
manner, whilst negating the need for toxic and expensive redox
reagents.’® The combination of flow with electrochemistry has
facilitated improved control over reaction conditions and
parameters such as mass-transfer, ohmic drop and selectivity,*>*
aiding with reproducibility.**® The improved control typically
stems from passing the reaction mixture through the reactor,
where mass transfer is primarily dominated by diffusion
(Fig. 21). The rate of diffusion is increased within micro-reactors
due to small interelectrode gaps, reducing the time taken for
a given species in solution to diffuse to the intended elec-
trode.*® Despite these benefits, flow electrochemistry still has
a way to go before generic processes are commonplace,'* but it
is hoped that HTE can help increase the prevalence of such
processes.'*

Automated platforms within electrochemistry are compara-
tively underdeveloped, with only a limited number of high
throughput platforms reported,’*”*** and even fewer providing
a fully practical solution for HTE applications.’® One of the
main contributors to the current state of the art within the field
is the Kappe group who, in collaboration with Merck, have re-
ported two separate screening platforms.'***** The initial plat-
forms consisted of a low-volume electrochemical microreactor
(Fig. 22), with an internal volume of 17 pL and interelectrode
gap of 0.3 mm, operated at a residence time of 7.3 seconds. The
reactor consumed minimal reaction material, with only 0.7 mg
consumed per reaction, and could conduct 40 experiments in
approximately 2 hours.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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GmbH.

The reactor was combined with a syringe pump, power
supply and fraction collector, with all devices controlled using
a Python script from a singular computer. Reactions were ana-
lysed via HPLC analysis, with a fraction collector used to facil-
itate efficient at-line analysis. The ability to generate large
datasets within short time frames enabled the incorporation of
statistical analysis software. Multiple linear regression models
were employed for yield, productivity, and current efficiency
outputs, predicting results within the design space, with visu-
alisation capabilities in the form of surface plots.

Three electrochemical reactions were chosen as case studies
to model the suitability of the system (Scheme 8); for each, 42
reactions were carried out in a fully autonomous manner.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Reagent consumption per screening experiment was low across
all three case studies - from 0.7-6.4 mg per experiment —
facilitating efficient process design for all three reaction classes
investigated. Scale up was also demonstrated via a Hofer-Moest
reaction (Scheme 8c).***'*” The larger electrochemical flow cell
featured the same interelectrode gap as the screening reactor,
but with an electrode surface area approximately 11.5 times
larger. It was found that comparable yields could be achieved
between the two cell sizes (83 and 85%) when the flow rate and
charge were adjusted accordingly, highlighting the scalability of
the method.

The Kappe group then followed up this work with the
development of a droplet microfluidic platform for high
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Fig. 27 Schematic diagram of the developed automated droplet-based medicinal chemistry platform, where PS indicates a phase sensor and PD
indicates a photodetector. Dashed lines highlight the PC communication, grey lines highlight the optical fibres for the LED and the photode-
tector, and the black lines correspond to the fluoropolymer tubing for the delivery and routing of liquid droplets — reproduced from Hwang

et al.®® with permission from the Royal Society of Chemistry.

throughput electrochemical synthesis, using four separate
modules (Fig. 23): the preparation zone, the electrochemical
reaction zone, the collection zone and the script controller.**®
The reactor consisted of a simple parallel plate reactor with
a 100 pm interelectrode gap and a reactor volume of 64 uL. With
this system an experimental data point could be collected every
10 minutes, with a reaction time of 4 minutes, and only 1 mg of
reagent consumed.

To highlight the capabilities of the platform, a Ni-catalysed
C-N cross-coupling reaction was adapted from previously re-
ported work by the Baran group.'®®'*® 44 compounds were tar-
geted, using 4 aryl bromides and 11 amines (Fig. 24), and were
synthesised continuously by the automated platform in an 8-
hour window. Across the 44 reactions, high amounts (>50%) of
the product were detected in 15, good amounts (30-50%) in 11,
and moderate amounts (10-30%) in a further 11, and only seven
entries showed low or no amounts (<10%) of the desired
product. These results were corroborated when transferred to
a continuous flow methodology at a 0.15-0.3 mmol scale,
returning 10-60 mg of the isolated product, highlighting the
applicability and transferability of the platform.

Mo et al. also reported the development of a microfluidic
HTE electrochemical platform, using computer-controlled
liquid handlers to prepare microfluidic droplets of the desired
reagent composition from designated vials (Fig. 25).'*> These
droplets were then injected into a 15 pL sample loop, before
pressurised nitrogen gas moved the droplets to the flow cell for
either electrochemical reaction or analysis. The resulting
droplets were then analysed via HPLC to determine the reaction
outcome.

An o-amino C-H arylation reaction (Scheme 9a) was selected
to highlight the suitability of the platform, with detailed infor-
mation generated on the relationship between the reaction time

2386 | Digital Discovery, 2025, 4, 2364-2400

and potential on product yield, obtained in as little as 10 hours
with only 300 puL of reagent consumed. Subsequently, a micro-
liter-scale cyclic voltammetry module was also developed and
incorporated into the platform to probe reaction Kkinetics,
allowing further reaction understanding via mechanistic eluci-
dation. The utility of this module was then further highlighted
via TEMPO-catalysed alcohol oxidations (Scheme 9b) in which
the rapid measurement of kinetic constants of various alcohols
was enabled, providing richer reaction understanding.

An electrochemical flow platform that enabled C-O and C-N
arylation for compound library synthesis was reported by Mor-
van et al (Fig. 26)."° Reactions were conducted using
a Vapourtec ion electrochemical reactor connected to an R
series Vapourtec system. Following preliminary investigations
into this synthesis, it was noted that the application of alter-
nating current (AC) proved fruitful in minimising electrode
fouling whilst simultaneously accelerating the reaction, with
good yields and reproducibility observed when AC was
employed.

Optimisation of the reaction was conducted via high-
throughput screening in flow, with an autosampler used to
automate both injections and collections. A DoE investigation
was used to identify the important non-linear interactions
between the chemical and electrochemical parameters, estab-
lishing the optimal reaction conditions: 2.9 eq. of base, 5 eq. of
alcohol, a concentration of 0.08 M, a flowrate of 0.05 mL min *,
a frequency of 0.5 Hz, 4 V, and a reaction temperature of 20 °C,
which returned a conversion of 96%, a selectivity of 77%, and
a 74% LC yield. These optimised conditions were then applied
to the synthesis of two compound libraries, consisting of 100
diverse C-O and C-N arylation products. Reactions were con-
ducted on 150 umol of the material with a total reaction time
per run of approximately 45 minutes; scale up was also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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addressed, with the synthesis of one of the desired products
achieved on a 10 mmol scale (2.06 g) within a 24-hour duration.

The case studies outlined herein highlight the utility of HTE
in flow for fields that are still in their infancy, such as flow
electrochemistry, where preexisting literature and established
methods are scarce. In direct contrast, within medicinal
chemistry, HTE methods are widely reported and employed,
particularly within the pharmaceutical industry; many phar-
maceutical companies now have specialised teams and plat-
forms dedicated to HTE, with an increasing number adopting
flow chemistry as part of these workflows.

Flow HTE in medicinal chemistry

Medicinal chemistry is centred around the design and
synthesis of pharmaceutical agents that have an effect on
either the human body or another living system.'”* The process
of generating these agents is often highly time-consuming,
expensive and challenging,”> and as such medicinal chem-
ists are consistently looking for new technology to simplify
this approach. Over the past few decades, various new tech-
nologies have been introduced that have revolutionised
approaches to laboratory-based medicinal chemistry.'”® One
area that has seen rapid evolution is the method in which
compounds are screened against potential therapeutic targets.
With mounting pressure to deliver compounds at faster rates,
there was a need to reduce the time taken to optimise lead
compounds,'”* leading to HTE coupled with enabling tech-
nologies such as flow chemistry.*® Many of the examples out-
lined thus far as part of this review have broader medicinal
chemistry applications, due to a distinct overlap between the
chemistry most applicable to HTE and medicinal chemistry.
The examples outlined herein present the most apparent and
direct applications of HTE and flow for medicinal chemistry
purposes.

An industry study by Perera et al. at Pfizer reported an
automated nanomole scale screening and microscale synthesis
platform using flow chemistry.'”® Due to the moisture sensitivity
of the chemistry, the platform was constructed in a glove box,
and the study used concentrated stock solutions for each reac-
tion component - this negated the need for multiple solutions

© 2025 The Author(s). Published by the Royal Society of Chemistry

for each solvent investigated,"”® which can be unfeasible in
medicinal chemistry screening as material quantity is typically
a limiting factor.®® The stock solutions were injected in
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Fig. 28 (a) A selection of compounds successfully synthesised via flow
following HTE evaluation and (b) schematic diagram of the Chemtrix
BV glass chip reactor employed — reprinted from Jaman et al'®”
Copyright © 2020 American Chemical Society.
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segments into carrier solvents, at suitable intervals to prevent
cross contamination from the separate segments,"”” to evaluate
the reaction solvent;"”® the diluted segments were then passed
through the reactor with precise control of the flow rate, resi-
dence time, temperature, and pressure. In direct contrast to the
approach broadly adopted in comparable systems, where
diffusion is prevented by slug-flow regimes, each component
was injected in series and allowed to diffuse together.” Analysis
was conducted by UHPLC-MS once the segment had passed
through the reactor, via fractionation; the method also enabled
the generation of suitable quantities of material for biological
evaluation.

A Suzuki-Miyaura cross-coupling reaction between 6-bro-
moquinoline and indazoleboronic acid was selected to validate
the system, due to its prevalence within medicinal chemistry.
Using methanol as the reaction solvent, the segments were
heated to 100 °C, with a residence time of one minute; segments
of reaction mixtures of increasing volume were generated,
ranging from 5-80 pL. The segments were analysed via off-line
LC-MS analysis with the use of four corresponding internal
standards; the ratio of each of the reference standards was
approximately equivalent throughout the segment, indicating
that homogeneous diffusion of the reaction components into
the carrier solvent had occurred across all the scales
investigated.

Reaction screening was then conducted, coupling a range of
electrophiles with various nucleophiles suitable for the Suzuki-
Miyaura cross coupling, selected using previous knowledge
from a collection of sources.”®™®* Screening of the reaction
resulted in a matrix of 11 ligands (plus one blank), seven bases
(plus one blank), and four solvents. The fully automated
screening provided data for 5760 reactions, using 1 uL of each

Donor and acceptor molecules
in THF solution

screening

High-throughput

View Article Online
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component stock solution per data point, facilitating 1500
reactions across a 24-hour period. From the results, data anal-
ysis was then conducted to establish trends in the reactions;
successful reactions were identified, with reactions having
a conversion of =85% deemed a successful reaction. 181 reac-
tion conditions met this criterion for one electrophile, 103 for
two electrophiles, 33 for three electrophiles, and only three sets
of reactions conditions were successful across all four electro-
philes. A representative reaction from the screening results was
then scaled up to milligram quantities, via the injection of 100
consecutive segments, returning a yield of 59% (65 mg) after
purification. The conditions were then further scaled up using
a Vapourtec Ltd R-Series reactor, with a final yield of 42% ach-
ieved, using a simple un-optimised two pump system, high-
lighting the scalability of the system.

Medicinal chemists in academia have also explored the use
of HTE in flow, with Hwang et al reporting an automated
segmented flow screening platform with the capability of
rapidly generating data for a series of small, focused libraries of
lead compounds (Fig. 27).*° The platform used an oscillating
flow reactor, decoupling the flow rate and the residence time,
enabling multi-step and multi-phase reactions. Each reaction
was run in singular microlitre scale droplets, with the tech-
nology enabling precise temperature and residence time
control, showing high reproducibility, low carry over, and
theoretically unlimited residence time with comparable mixing
and mass transfer characteristics. Offline biological testing was
employed to prevent limiting adaptability to differing assay
formats. To highlight the capabilities of the platform, a variety
of N-X forming reactions were performed, due to their preva-
lence and importance within medicinal chemistry.'**"'* Hwang
et al. also performed a multi-phase Suzuki-Miyaura cross
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Fig. 29 Materials acceleration platform for molecular donor—acceptor nanojunction photocatalysts — reproduced with permission under the
Creative Commons Attribution license (CC-BY) Copyright © 2024 Zhang et al.?*®
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(a) Structure of the salt conformers used in the study, (b) schematic diagram of the flow system employed, (c) power X-ray diffraction

spectral comparison of CPOS-7 scaled under similar conditions in batch (black line) and flow (red line), and the powder X-ray diffraction for
CPOS-7 in batch on decreasing the rate of addition, and (d) crystallisation conditions used during the HTS with the three main phases highlighted:
orange = CPOS-7, blue = Hydrate2920, pink = unidentified phase, X = amorphous or oil, and empty = singular or unique patterns — reproduced
with permission under the Creative Commons Attribution license (CC-BY) Copyright © 2023, O'Shaughnessy et al.,?*® Chemistry — A European

Journal published by Wiley VCH GmbH.

coupling reaction and a multi-step synthesis of diclofenac to
further highlight the scope of the platform.

The N-X forming reactions investigated were categorised
into four reaction classes: SyAr, sulfonylation, acylation, and
reductive amination (Scheme 10). 36 reactions were carried out,
leading to the formation of a small combinatorial compound
library, varying the residence time from 1 to 20 minutes and the
temperature from room temperature to 150 ©°C. Good

Initial Library
Small Quantities

&
—_— Structure-Property Analysis
N\ MIC Test Plate and Flow
HTP Screening
Plate N

conversions, with high reproducibility, were achieved across the
four reaction classes; the reactions were screened, isolated, and
quantified at the approximately 100 pg scale, demonstrating the
platform suitability for lead optimisation within medicinal
chemistry.

A workflow for screening SyAr reactions, another prevalent
reaction class within medicinal chemistry,®® was developed by
Jaman et al., focussing on the large scale capabilities of the

Optimized product
Large Quantities

e
———
MIC Test

Upscaled Synthesis
Flow

Fig. 31 Methodology for the HTE screening and upscaled production of the antimicrobial polymers — reprinted with permission from Judze-

witsch et al.?*®* Copyright © 2020 American Chemical Society.
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platform.” The workflow was centred around the use of
desorption electrospray ionisation (DESI) mass spectrometry,
enabling a more rapid analysis of reaction mixtures compared to
alternative analytical techniques. Two HTE methods were
explored as part of the study - droplet/thin film and bulk micro-
titer formats - with analysis of both conducted using DESI-MS.

In the study, eight amines and 12 aryl halides were selected,
with four different base conditions: N,N-diisopropylethylamine
(DIPEA), sodium tert-butoxide, triethylamine, and no base
(control). For the bulk microtiter format, 40 pL aliquots of each
reaction mixture were transferred to a 384-well plate; for the
droplet/thin film approach, 50 nL of each reaction mixture was
transferred onto a polytetrafluoroethylene (PTFE) surface using
a 384-format stainless steel pin tool. The bulk reactions were
then conducted at 150 °C and transferred to the PTFE surface
for analysis upon completion. The droplet reactor identified 153
successful reactions, with the bulk microtiter method identi-
fying 311, from a total of 1536 data points; the disparity between
the two methods was attributed to the heating component of
the bulk method better satisfying the thermal requirement for
typical SyAr reactions.

A Chemtrix BV chip reactor (Fig. 28b) was used for further
investigation of the positive results. Reactions were run at
temperatures of 100 and 150 °C, with residence times between
0.5 and 5 minutes, using N-methyl-2-pyrrolidone as the solvent
and DIPEA as the base. Formation of the desired product in flow
was confirmed by both TLC and ESI-MS. The results from both
the bulk and droplet screening methods were comparable to
those obtained via the microfluidic reactions, and all 3072
reactions were completed in a 3-hour window, highlighting the
viability of the workflow to screen a huge number of reaction
conditions simultaneously. This approach also presents the
opportunity for expanded scope, as up to 16 plates can be pin-
ned onto one PTFE surface,®® potentially facilitating 6144
reactions to be conducted. The utility and applicability of the
workflow were further demonstrated by the groups of Thomp-
son and Cooks, who used this technology and approach in the
screening of aldol*® and reductive amination* reactions, in
addition to using it as a tool to facilitate the synthesis of larger
compounds.*****

The repetitive nature of medicinal chemistry and the typical
chemistry explored during pharmaceutical pipelines lends itself
particularly well to HTE in combination with flow, which is re-
flected in the prevalence of the technique within the field.
However, the suitability of a field to HTE is not always as
immediately apparent as it is in medicinal chemistry, leading to
late-stage adoption of such techniques. This is particularly true
within materials and supramolecular chemistry where such
techniques have only recently been adopted.

Flow HTE in materials and supramolecular chemistry

Flow chemistry has found use across the full spectrum of
materials and supramolecular chemistry, with non-exhaustive
applications in the synthesis of quantum dots,***** nano-
particles,''** metal organic frameworks (MOFs),"*”*® poly-

199200 macrocycles,”**** porphyrins,** molecular knots***

mers,
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and cages.”” One of the great challenges of materials chemistry
is expediting the process of generating functional materials
with desired properties,**® as these properties are often only
present in unique chemistries and structures.**” Like reaction
discovery, discovery of novel materials is often based on scien-
tific intuition and expensive trial-and-error approaches,”®
leading to suboptimal discovery procedures. To combat this,
the use of enabling technologies*® and high-throughput
materials experiments have become more common, enabling
the efficient and cost-effective discovery-to-development of
advanced materials;*'® here, the combination of HTE with
continuous flow proves advantageous due to the ability to
precisely control the reaction environment, resulting in
minimal variability between experiments.***

Several groups have developed HTS platforms for the effi-
cient discovery of new functional materials,*****>>*> but there
are fewer examples of the incorporation of flow into HTE
workflows — perhaps due to the lower uptake of flow technology
in general across materials chemistry. However, examples are
emerging: Zhang et al. outlined a platform for the screening and
synthesis of molecular nanojunction photocatalysts,*® centred
around the automated screening of a combinatorial molecular
library, with subsequent scale up via continuous mixing
(Fig. 29). The library contained 186 products, synthesised by the
combination of molecular donors and acceptors using ultra-
sonic nanoprecipitation processing. These molecules were
tested using a high throughput photocatalysis screening work-
flow, for sacrificial hydrogen evolution, over a three-day period.
Here, unlike many of the examples outlined in the review, the
photocatalytic properties of the synthesised samples were ana-
lysed as opposed to the success of the synthesis itself. The most
active of these molecules were then scaled up using a flow-based
flash nanoprecipitation (FNP) process,*"” which uses a multi-
inlet vortex mixer to rapidly mix THF and water to generate
nanoparticulate materials on a large scale. The activities of
these materials observed in the screening experiments were
mirrored in the scale up, validating the suitability of the system.

,— Autonomous platform for polymer synthesis —_—

=

Monomer @— M., M, D
Control agent —/L
Initiator
Flow Reactor Online SEC
Solvent @——

Fig. 32 Schematic outline of the developed platform for polymer
synthesis — Copyright © 2019 Wiley. Used with permission from
Rubens et al.,??° Precise polymer synthesis by autonomous self-opti-
mizing flow reactors, Angewandte Chemie International Edition, Wiley
VCH Verlag GmbH & co. KGaA, Weinheim.
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High throughput screening has also been reported by
O'Shaughnessy et al. in a study of the solvent scope for the
synthesis of a crystalline porous organic salt, enabling the
discovery of a new porous salt (Fig. 30).® The screening was
conducted using a Chemspeed Technologies AG Swing Power-
dose robotic platform equipped with both solid and liquid
dispensing tools, aiming to identify the optimal crystallisation
conditions using increased concentrations and controlled
addition of the solutions. Crystallisation was observed across 19

solvent removal.
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different crystallisation conditions (Fig. 30d), with the combi-
nation of EtOH and dioxane seemingly most suitable; THF also
gave single crystals, albeit at the point of saturation, which was
ultimately preferred for the scale up of the reaction to aid in

Further optimisation of the crystallisation was conducted
using flow chemistry to enable the use of the desired non-polar
solvents; saturated THF, at room temperature, was carried
forward for the crystallisation of the salt, due to the ease with
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Fig. 33 Conversion of MA samples collected at the end of concentration-sweep experiments with different residence times (1, 3, 5, 8 and 10
minutes) analysed via inline FT-IR and high field NMR at (a) 80 °C, (b) 90 °C, (c) 100 °C, and (d) 110 °C. The initial concentration of MA for all the
samples is 5 M. 3-Dimensional kinetic profiles of RAFT polymerisation of MA and their 3rd degree polynomial fitting at (e) 80 °C, (f) 90 °C, (g) 100 °
C, and (h) 110 °C - copyright © 2023 Wiley. Used with permission from Zhang et al.??* High throughput multidimensional kinetic screening in
continuous flow reactors, Angewandte Chemie International Edition published by Wiley VCH Verlag GmbH.
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Fig. 34 Schematic outline of the continuous flow platform for the multidimensional kinetic screening of polymerisation reactions — copyright ©
2023 Wiley. Used with permission from Zhang et al.?** High throughput multidimensional kinetic screening in continuous flow reactors,
Angewandte Chemie International Edition published by Wiley VCH Verlag GmbH.

which it can be removed compared to EtOH/dioxane. A dual
syringe pump was initially used to deliver the two solutions,
investigating the relationship between the quality of salt
formation and the crystallisation time (residence time), with
total flow rates ranging from 0.1-1.0 mL min . Once optimal
conditions had been established, the process was transferred to
a Vapourtec Ltd E-series flow reactor, using a flow rate of 1.0
mL min~" and a residence time of 35 seconds to obtain 150 mg
of the desired salt - a productivity of 45 mg h™" (Fig. 30b). The
obtained material had significantly higher levels of crystallinity
compared to the large-scale batch procedure (Fig. 30c) and was
comparable to the small-scale optimised batch conditions of
EtOH/dioxane.

In polymer synthesis, Judzewitsch et al. demonstrated the
use of high throughput screening for the discovery of new
antimicrobial polymers.>* Similar to many of the examples of
HTE in materials and supramolecular chemistry, the screening
was conducted on a small-scale plate-based platform, with
subsequent scale up facilitated by flow chemistry (Fig. 31). A
series of cationic, hydrophilic, and hydrophobic monomers
were screened using a 96-well microtiter plate; following 12
hours of irradiation under green light, the subsequent polymers
were analysed via "H NMR. Following identification of the most
promising polymers from this screening, structure-property
relationships were analysed using a comparable batch plate-
based approach, via compositional drift analysis and investi-
gation of the repeat unit incorporation with time. A further
compositional drift study was then conducted in flow using
a 27 mL fluorinated ethylene propylene tubular photoreactor,
operated under a slug flow regime, which was comparable to the
previous plate results. A higher apparent rate of polymerisation
in flow was noted, which was attributed to the improved irra-
diation efficiency and fluid circulation within the reaction slugs.
The antimicrobial activity was also comparable for samples
across the two techniques. This approach was scaled using flow
to a throughput of 27.2 g per day, with the capability to scale up
further via parallelisation.
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Rubens et al
synthesis,
throughput screening and autonomous optimisation of poly-
merisation. The platform consisted of an online size exclusion
chromatography system equipped with an evaporative light
scattering detector, coupled to a flow polymerisation reactor

also reported a platform for polymer

*° using a self-optimising flow reactor for the high-

(Fig. 32). Initial screening was conducted using the system
targeting 20, 30, 40 and 50 degrees of polymerisation (DP),
a metric for the number of monomer units in a polymer chain,
with preset residence times for each DP. A feedback loop was
then established that used an optimisation algorithm, with
a user identified optimisation parameter selected prior to
commencing a run. The system could be optimised for number
average, weight average, or peak molecular weight. The plat-
form showed widespread utility, successfully synthesising
polymers across a range of molecular weights via the use of both
a thermal and photo reactor. The platform could also be
switched to a “process control mode” in which the system could
be operated over an extended run time, with the algorithm
adjusting as the run progressed to maintain the steady state and
consistent output.

Within the same group, Zhang et al. published a high-
throughput platform for conducting kinetic screening of poly-
merisation reactions in flow.*** Inline FT-IR spectroscopy was
employed for analysis, providing high temporal resolution for
reactions whilst avoiding influence from the actual flow rate of
the reactor. The platform was experimentally validated using
a reversible addition-fragmentation chain transfer (RAFT)
polymerisation reaction, with continuous variations of
concentration achieved via alteration of the flow rate. A RAFT
agent of 2-(dodecyl thiocarbonothioylthio)-propionic acid was
used, with the monomer methyl acrylate (MA), and azobisiso-
butyronitrile as the thermal initiator. The monomer concen-
tration gradient was altered from 0.5 M to 5 M throughout the
experiment, whilst the RAFT agent concentration was kept
constant. Three Python-controlled syringe pumps were used to
deliver stock solutions of the reaction constituents, with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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monomer concentration calculated from FT-IR spectra - all
performance metrics indicated a high degree of accuracy
between the programmed and measured concentrations.
Following validation, the polymerisation reaction was
explored across a range of temperatures (80-110 °C) and resi-
dence times (1-10 minutes), automated using Python scripts.
Samples of reaction mixture were collected from the concen-
tration sweep experiment and analysed off-line via high-field
NMR to cross reference the online data. Conversion ranged
from 7-92% across the tested conditions, with longer residence
times and higher temperature corresponding to higher
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conversions. The approach also proved highly reproducible,
with 0.5% variance in monomer conversion observed for
duplicated experiments, and a good agreement between the
offline and online analysis was also observed with a 4% devia-
tion between the two techniques. 3-D surface plots were then
generated from the experimental data, from 2.5 hours of reac-
tion time, with 3600 individual data points (Fig. 33) - it was
noted that a similar volume of data would take up to 288 hours
to collect by a conventional batch method. Polynomial fitting
was also carried out to obtain a functional expression of the
data, enabling subsequent prediction of experimental outcomes
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synthesis of ligands, via tandem copper-catalyzed azide—alkyne cyclo-

addition and imine formation reactions, prior to complexation and (b) connection diagram of the system outlined — reproduced from Porwol
et al.?? with permission under the Creative Commons Attribution license (CC-BY). Copyright © 2020 Porwol et al.,??? published by Wiley VCH

Verlag GmbH & Co KGaA.
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as a function of concentration and reaction time. The accuracy
of the model was illustrated with an absolute error of 4.1%
being observed between the predicted and experimental
conversion.

The scope of the methodology was further expanded to
include the screening of the degrees of polymerisation as
a fourth screening dimension. To achieve this, the RAFT agent
to monomer ratio was altered continuously via the introduction
of a fourth syringe pump, to deliver each stock solution sepa-
rately (Fig. 34). A DP gradient ranging from 50 to 170 was
generated whilst maintaining the monomer concentration at
3 M and temperature at 110 °C. Analysis was conducted as per
the previous experiment resulting in the generation of 3D
surface plots for the monomer conversion, DP and residence
time. A good polynomial fit was obtained with an 7 value of
0.997, allowing comparison of the reaction rate with increasing
DP. The method provided more detailed reaction metrics and
insights than are usually afforded by comparative methods,
which can be leveraged in target-oriented synthesis as the
methodology provides users with the information required to
make informed decisions required to generate targets of
interest. Zhang et al. also highlighted that the methodology can
be applied to a broader selection of reaction classes through the
screening of a ring opening metathesis polymerisation.

Using an algorithmic approach, Porwol et al. reported
a method for the discovery of supramolecular architectures
(Fig. 35).*> An exploration focused algorithm was used in
a closed loop system to study the various combinations of one
aldehyde, one amine, and one azide, in the presence of copper
or cobalt (Fig. 35a). A screening of a range of conditions was
conducted: various volumes, ratios, reaction times, and
temperatures were explored, with reactivity determined via
a combination of pH, and UV-vis and mass spectrometry. The
platform was controlled via Python code and consisted of
a chemical robot with liquid handling capabilities allowing the
system to operate in a fully autonomous manner (Fig. 35b).
From this screening, four novel coordinated structures were
discovered and isolated, with their molecular structures deter-
mined via X-ray diffraction, illustrating the truly wide breadth of
chemistry that can be efficiently explored using HTE and flow
technologies.

The increased adoption of HTE across both supramolecular
and materials chemistry has enabled the discovery of materials
and the investigation of their corresponding properties, within
increasingly shorter time frames. More widespread adoption of
HTE in flow, within the two fields, is likely to further expedite
the discovery and investigation of a broader range of materials
in the coming years.

Conclusion and future perspectives

The benefits of flow in combination with HTE, including
dynamic alteration of continuous variables, simplified scale up,
improved heat and mass transfer, improved process window/
safety and the ability to integrate PAT tools, are apparent from
the case studies outlined in this review. Despite a widespread
adoption of HTE in flow within certain fields, there are others
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that could benefit from increased adoption, particularly across
both materials/supramolecular chemistry and organic meth-
odology development where there is a distinct underutilisation.
The future possibilities and opportunities for such technology
are broad: the ability to pair the efficiency of HTE with the
improved process control of flow chemistry offers opportunities
to increase the efficacy of reaction discovery, optimisation and
scale up. Adopting and adapting ideas and approaches from
other chemical disciplines could enable more efficient and
wide-reaching screening of both synthesis and property inves-
tigations. And as both HTE and flow chemistry are now
considered mature technologies, with an increasing number of
chemists becoming trained to use them, it seems likely that
their use will proliferate, reducing material consumption and
improving throughput, and ultimately accelerating reaction
discovery and optimisation.

Thus far, much of the attention surrounding HTE has been
centred around addressing chemistry- and engineering-focused
challenges, such as handling volatile solvents, scaling up reac-
tions, and improving reproducibility. However, some funda-
mental challenges remain - for example, the improved
integration and efficacy of relevant in-line analytical tech-
niques, telescoping flow HTE workflows into larger multistep
processes, the translation from batch HTE to flow HTE, the use
of heterogeneous mixtures, and the standardisation of equip-
ment and procedures to enable meaningful comparisons
between approaches.

Some of the studies outlined herein have attempted to tackle
the challenge of translation, avoiding significant manual
intervention and re-optimisation, but no universal solution has
been found to date. The adoption of droplet microfluidic HTE
platforms has gone some way to negate the issue, but platform
development is not trivial, with specialist equipment and
expertise often required. The same can be said for the challenge
of heterogeneous chemistries, where the use of solid reagents in
flow can lead to complications. The use of immobilised
reagents within packed bed reactors somewhat addresses this
challenge, although the utility of this approach in HTE plat-
forms is hindered by degradation and loss of activity over time.

Further scope for improvements to HTE platforms also
remain in the form of increased adoption of computational
approaches, such as algorithmic optimisation, scheduling
software and computer-aided planning tools. The rise of digi-
talisation and automation within chemistry, paired with the
increasing prevalence of algorithmic/machine learning
approaches, should enable technological leaps forward in the
coming years. The large data sets generated by HTE activities
are primed to train such models, enabling more accurate
reflections of complex reaction methodologies, in addition to
providing the much-needed negative data rarely found in
publications.

Even as the technology becomes more widespread, a barrier
to entry still exists in the form of access to skills, training, and
equipment. Multidisciplinary teams with a diverse range of
skills are often needed: the expertise of chemists, engineers and
computer scientists/mathematicians may all be required.
Educational tools are also sparse, as although many digital/flow

© 2025 The Author(s). Published by the Royal Society of Chemistry
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focused workshops are currently available for chemists, these
typically lack the inclusion of the complementary skills required
for HTE in flow. Additionally, if such training is available, it is
typically only accessible to postgraduate or postdoctoral
researchers, preventing students from developing all the
required skills early in their education.

The cost associated with accessing the equipment and
instrumentation required is also often prohibitively high.
Various pieces of equipment with high associated costs are
often used in tandem, pricing many academic and industrial
groups/companies out of incorporating such approaches -
although low-cost automation approaches are becoming more
common.”*?* It is hoped that with the continued, more
widespread adoption of both flow chemistry and HTE, the
required equipment will both reduce in cost and become more
widely available, lowering the barrier to entry for the approach
and encouraging more widespread adoption across all chemical
fields.
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