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Continuous flow chemistry has successfully advanced from an academic niche area to a rapidly growing field of its own that
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directly impacts developments and applications in industrial settings. Whilst the numerous advantages of flow over batch
processing are widely recognised and have led to a wider uptake of continuous flow synthesis within the community, we

have reached a point where continuous flow synthesis has to transition from a stand-alone enabling technology to a readily

integrated synthesis concept. Thus it is paramount to embrace a multitude of in-line analysis and purification techniques to

not only allow for efficiently telescoped multi-step sequences but ultimately generate bioactivity data concomittantly on

newly synthesised entities. In this short review we wish to summarise the state of the art in this field and present both

challenges and opportunities that arise from this ambitious endeavour.

Introduction

Since its advent in research laboratories about 15 years ago,
flow chemistry has undertaken a truly remarkable journey from
a curiosity driven concept to a widely adopted synthesis mode
suitable for the 215t century [1]. Much of this success is based
on numerous demonstrations of flow techniques being applied
to realise more sustainable chemical syntheses [2] where
miniaturisation via micro-reactors enabled fast and safe
processes, ‘forbidden’
reactions based on hazardous reagents [3], or highly unstable
intermediates [4] that are safely contained within these devices.
The accessibility of wider process parameters such as high
pressures and temperatures [5] that easily
accommodated in small footprint flow reactors expanded

including many formerly chemical

can be

traditional conditions for many chemical transformations and at
the same time reduced reaction times due to faster kinetics [6].
Conversely, superior residence time control at cryogenic
temperatures has allowed for flash chemistry [7] to evolve as a
subfield in which highly unstable species can be generated and
consumed within seconds [8]. These developments have
furthermore resulted in the design and application of new
reactor types for efficiently handling gases [9] and solids [10]
giving rise to their incorporation in effective multi-step flow
sequences. The ability to link individual reaction steps into
telescoped flow routes [11] necessitated the effective
purification of reaction mixtures in-line to ascertain optimal
performance during subsequent reactions. With a growing
number of powerful in-line purification strategies at hand, the
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ability of monitor reaction progress by incorporation of in-line
spectroscopic techniques [12] has become viable to analyse
product composition and identity in real time. Furthermore,
several studies have been published linking this data with
machine learning algorithms for self-optimising flow reactions
[13,14]. Together with the intrinsic power of automated
machine-driven processes we have now reached a key stage
where flow synthesis of new chemical entities can be linked
with data acquisition in an integrated manner [15]. This short
review will highlight the current standing of this field and
outline challenges to creating key biological data, such as
structure-activity-relationships as

well as strategies and

solutions for overcoming current bottlenecks.

Mastering Multi-Step Sequences in Flow

One of the main disadvantages of conventional batch synthesis
is the stepwise execution of chemical reactions requiring each
time the charging of a reaction vessel with substrate, reagents
and solvent. Similarly, once a reaction is completed a repetitive
procedure of quenching, isolation and purification is necessary
prior to advancing the obtained product through an iterative
sequence of steps into the final target molecule. This process is
therefore very labour- and time-intensive and significant
amounts of waste are produced at each stage during this effort.
Flow chemistry on the other hand enables the chemist to link
individual steps into a telescoped sequence to deliver the
desired product after careful execution of several linked
operations, such as reagent delivery through mixing elements,
heating/cooling of the micro-reactor, reaction quenching and
in-line purification [16]. Crucial to the success of joining such
flow reactions into a telescoped sequence is the optimisation of
each individual transformation. The design and streamlining
effort that is necessary to enable reaction telescoping is,
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therefore, a crucial, albeit often underappreciated component
of flow chemistry. As such it is not only important to realise the
fast and selective transformation of a substrate to the desired
product in flow mode, but equally the choice of solvent(s) and
reagent(s) is vital to allow for compatibility of subsequent steps
including purification steps in between. In-line purification can
for instance be accomplished through aqueous extractions [17],
crystallisations, [18] or the use of solid-supported scavengers
[19] to selectively sequester spent reagents or by-products.
However, each of these options needs to be accompanied by
further considerations ranging from drying columns to remove
traces of water to appropriate dispersion models, when using
heterogeneous species such as resins or solid supported
scavengers. The use of in-line analysis techniques, [12] such as
UV-vis and IR-spectroscopy, have been invaluable in this
context, allowing for accurate dosing of subsequent reagent
streams needed to minimise reagent use and waste generation.
The complexity arising from devising and successfully executing
a series of reactions and purifications in a telescoped manner
furthermore exemplifies why the adaptation of traceless
reagents, as provided through modern photo- [20] and
electrochemical [21] reactors, is a vital and highly desirable
development in current flow chemistry research. Therefore, it
is apparent that mastering the complexity of multi-step flow
synthesis, by incorporating efficient in-line purification and
analysis techniques, is no simple undertaking and requires
careful adaptation of suitable techniques for reaction
optimisation assisted by machine learning [13-15,22]. This will
result in truly powerful processes that create new and high
quality chemical entities and concurrently establish chemical,
physical or biological properties to immediately increase the

value of these new molecules (Figure 1).
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Figure 1: Exemplary value development of a molecule. Figure
reprinted with permission from [23].

Key studies on linking chemical synthesis with
biological studies

A first study that embraced these challenges was published by
the Ley group in early 2013 [24]. In this work a telescoped multi-

step construction of several GABA4 agonists is presented which
linked flow synthesis with the use of frontal affinity
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chromatography [25] to evaluate their biological activity. The
multi-step synthesis commences with an acid-mediated aldol
condensation to give an unsaturated keto ester species (3) that
is subsequently mixed with different aminopyridine inputs (4)
using auto-sampling technology (Scheme 1). A variety of
different immobilised reagents and scavengers were placed in
cartridges to facilitate effective transformations and in-line
purification. This enabled the generation of a series of different
imidazopyridines (5) in pure form within a total of 4 hours
synthesis time per compound. To generate the final target
structures an autosampler was used to take aliquots of the key
intermediate and subject this to either ester hydrolysis, or
Me,AlCl-mediated direct amidation reactions rendering after
subsequent purification, a series of acid or amide bearing
imidazopyridine structures.
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Scheme 1: Simplified synthetic route into

imidazopyridines 5 and 6.

target

To evaluate the newly synthesised entities this proof-of-
concept study exploited frontal affinity chromatography (FAC)
based on immobilised Human Serum Albumin (HSA), the most
abundant protein in blood plasma. This biophysical method
allows measurement of the binding affinity of small molecules
towards a biomolecule upon calibration of the system with a
molecule that has no affinity (void marker), as well as strongly
binding molecules.
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Figure 2: Principle of Frontal Affinity Chromatography (FAC).

Reproduced from reference [24] with permission from The
Royal Society of Chemistry.
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Thus, it was possible to use a flow reactor system to pass
aliquots of all imidazopyridine products through a guard column
containing immobilised HSA to calculate their binding affinities
based on individual retention time. Importantly, this allowed
the ranking of these molecules in order of activity as GABAa
agonists. Furthermore, the inclusion of zolpidem and alpidem,
two known GABAa agonists, amongst the synthesised
compounds allowed direct comparison and demonstrated good
consistency of the data with literature values.

In an analogous fashion the Ley group subsequently
demonstrated the use of in-line frontal affinity chromatography
to aid in the flow synthesis of several modulators of the histone
reader BRD9 [26].

In a subsequent study, a team of researchers from Cyclofluidic
recently reported on a technology platform that combines
microfluidic synthesis and biological assays with machine
learning algorithms to accelerate the hit-to-lead and lead
optimisation phases within drug discovery programmes [27].
This approach was demonstrated for the synthesis of novel Abl
kinase inhibitors that are important drugs in the treatment of
chronic myeloid leukemia. The rapid generation of structure-
activity relationships was central to this endeavour and this
effort, therefore, highlights a one-step flow synthesis of new
lead structures (7 and 8, Figure 3) based on a well-studied
Sonogashira cross-coupling reaction between alkyne and aryl
iodide partners, that were individually synthesised in batch
mode.
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Figure 3: Exemplary structures of benzamide-type (7) and
pyrazole-urea-type (8) Sonogashira products.

The synthesis effort was combined with in-line analysis and
purification tools to directly link with an on-line assay,
furnishing activity data for each compound (Figure 4). After
designing a virtual chemical space for desirable target
compounds, it was possible to quickly generate selected
structures that in turn would allow for the creation of an SAR
heatmap. Using algorithm driven design processes Random
Forest activity prediction was employed, via different strategies
(‘chase potency’ or ‘most active under sampled’), allowing
generation of SAR data based on a subset of compounds
synthesised which revealed the most potent structures. The
success of this technology platform was demonstrated in the

This journal is © The Royal Society of Chemistry 20xx

rapid synthesis of only 22 compounds (with a time of ~90 min
each) that yielded an SAR heatmap that was remarkably similar
to one based on conventionally preparing 270 compounds.
Furthermore, this led to the discovery of an unprecedented
pyrazole-urea replacement motif (8) for the typical benzamide
moiety (7).
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Figure 4: Flow synthesis and on-line assay for Abl kinase
inhibitors. Figure reprinted with permission from [27].
Copyright 2013 American Chemical Society.

Subsequently, an analogous discovery technology platform was
reported under the leadership of Cyclofluidic that integrated
the synthesis and testing of amine-substituted xanthine based
DPP4 inhibitors 9 [28]. The chemistry involved a high-
temperature SyAr reaction between a bromo-xanthine building
block 10 and a mono Boc-protected diamine 11, followed by
acid-mediated Boc-removal (Scheme 2).

.
X T fi ay
| 10

Scheme 2: Assembly of exemplary xanthine adduct 9 as
potential DPP4 inhibitor.
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Within 24 hours 12 compounds were prepared in flow with
yields up to 38%. Despite the low vyields it was possible to
subsequently perform on-line assays furnishing biological data
that was found to be in good agreement with data obtained via
conventional assays. This effort demonstrated that DPP4
inhibitors can be synthesised, purified and assayed within 2
hours thus presenting options to minimise delays in drug
discovery programmes.

In a seminal paper, a team of researchers from Roche reported
in early 2014 on an approach for seamlessly integrating micro-
fluidic synthesis with microchip-based bioassays [29]. Using
commercially available flow reactor technology and liquid
handling equipment the efficient one step synthesis of a series

J. Name., 2013, 00, 1-3 | 3
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of B-secretase (BACE1) inhibitors (12), based on an amide
forming reaction was realised (Figure 5).
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Figure 5: Representative structure of a BACE1 inhibitor (12).

HPLC and LC-MS systems were used to purify crude reaction
mixtures and confirmed the identity of the desired amide
products that were subsequently quantified via an ELSD
detector. To dilute the desired compound up to six orders of
magnitude a neat flow approach was developed, whereby
dilution was achieved via Taylor dispersion [30] within a thin
capillary (Figure 6, top). Upon addition of the assay reagents
(BACE1 enzyme and substrate) to the compound gradient in a
distinct ratio, the assay mixture was passed into a micro-chip in
which a fluorescence dequenching assay was employed to
deliver activity data, which was calibrated against a reference
compound (fluorescein; Figure 6, bottom).
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Figure 6: Flow-assay procedure for BACE1 inhibitors. Figure
reprinted with permission from [29].

Importantly, this integrated approach demonstrated a
remarkable efficiency allowing for a cycle time of 1 h for
synthesis, purification and assaying of each compound. This
resulted in valuable SAR data that was not only highly consistent
with classically established data, but moreover proofed that
activities spanning several orders of magnitude could be
established with a single technology platform (Figure 7).

Furthermore, owing to the minute quantities of substrates
employed and the general versatility of fluorescence-based
assays, this approach can easily be applied to many other SAR
studies where acceleration of cycle times is crucial.

4| J. Name., 2012, 00, 1-3
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Figure 7: Workflow of synthesis and assay platform. Figure
reprinted with permission from [29].

In a final example, a team of researchers at AbbVie have
recently reported on their integrated technology platform that
combines chemical synthesis with purification and testing
modules to expediate generation and evaluation of small
molecule libraries [31]. This effort is an important extension of
prior work of AbbVie that demonstrated integration of flow
synthesis with purification and sample management systems
[32]. In this current study two libraries of binders of polycomb
protein EED were synthesised either through amidation or
Buchwald coupling chemistry (Figure 8).
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/ Eﬁ
amidation Buchwald
reaction
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Figure 8: Representative structures prepared by AbbVie
through amidation or Buchwald coupling chemistry.

The integrated platform comprises of a combination of
commercial equipment and in-house systems to best meet the
demands of such campaigns. As such a SWAVE synthesiser was
used to prepare the target compounds that are subsequently
subjected to MS-triggered preparative HPLC purification and a
charged aerosol detector (CAD) for quantification (Figure 9).
Following this, two aliquots of each purified compound were
transferred to a 96-well plate, one of which was subsequently
used for the bioassay. The second was used for confirming
purity by NMR spectroscopy. The aliquot destined for the
bioassay was evaporated, redissolved in DMSO to a specific
concentration and subsequently subjected to serial dilution and
a TR-FRET-based binding assay.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9: Workflow of AbbVie’s integrated platform. Figure
reprinted with permission from [31]. Copyright 2017 American
Chemical Society.

Based on this integrated approach it was possible to complete
the cycle of synthesising, purifying and testing a 22-member
amide library in a total time of 15 hours. Similarly, the Buchwald
library of 33 amine products was synthesised, purified and
tested within 30 h. Importantly, the assay data obtained via the
integrated approach showed very good consistency with data
obtained through conventional off-line assays, highlighting that
no compromise was required when accelerating the traditional
turn-around time.

Relevance of Automation Technology

As highlighted in the above case studies and several other
recent reports, [33] automation is a central component for
in the
integration of synthesis, purification and screening modules for

linking different enabling technologies resulting
bioactive entities [34]. This positively affected the synthesis
stage, whereby flow reactors were used to enable the synthesis
which was supported by liquid handlers and fraction collectors
for sample management and collection. Purification is a key
stage for the integration of synthesis and assaying platforms
and different approaches have been utilised by different
research teams. At this point it appears that HPLC combined
with ELSD, or CAD detectors is the preferred option when single
step syntheses are envisioned. This can be accounted for by the
widespread availability of this technology in industry together
with significant expertise in method development and
optimisation. On the other hand, more flexibility and expertise
are required when performing multi-step synthesis in
continuous flow mode, since purification and analysis is crucial
at various stages throughout the sequence to ascertain purity
of intermediates and removal of contaminants that would
otherwise severely impact downstream reactions.
Consequently, different techniques such as aqueous washes,
crystallisations and immobilised scavenger columns must be

evaluated and optimised. Automation of these operations is

This journal is © The Royal Society of Chemistry 20xx

challenging as it requires careful tuning of various parameters
and although this has been largely avoided in industry-led case
studies, several academic studies by Ley [35] and others [36]
have demonstrated that this can be done through the
incorporation of visual aids and suitable software control.
Arguably more work is needed to advance these solutions
towards hands-on and readily available methods. Additionally,
robust and simple solutions are required for automating sample
weighing, dissolution and evaporation as this is commonly
performed off-line by a chemist and hence takes up
considerable amounts of time. Inspiration might be available
from high-throughput screening technology that allows rapid
processing of samples in a highly automated, albeit cost-
recent studies outlining the
and SAR
predication-validation protocols are indicating effective ways of
automating these processes through deep learning algorithms

intensive process. Crucially,

successful development of molecule design

[13] and design of experiment approaches [14].

Future Challenges and Opportunities

Based on the pioneering studies from both academia and
industry, key benefits and opportunities can clearly be
identified that will pave the way for further developments in
this important field. A main driver is the speed at which new
molecules can be designed, prepared and tested. In the above
studies this ranges from 1-4 hours depending on the complexity
of both the synthesis and the biological assay. This compares
very favourably with the traditional cycle time which for
pharmaceutical applications is reported to be 7-10 days [29].
Furthermore, the ability to considerably accelerate the crucial
decision-making process will inevitably improve the overall lead
identification and optimisation stages since a wider target area
can be considered initially that upon early and rapid feedback
can be refined as needed. A further benefit of integrating
synthesis and screening technologies is stated in the minute
quantities of lead compound needed for performing in-line
assays. As this is commonly in the range of only a few
milligrams, significant reduction in reagent use and waste
generation can be expected, thus dramatically improving on the
sustainability of the drug discovery process [29]. Technology-
based approaches should furthermore allow for more reliable
and reproducible campaign outcomes and the appropriate use
of customised instrumentation can be expected to lead to lower
maintenance requirements and hence cost savings. Finally, all
these considerations taken together will enable the fast and
effective exploration of new chemical and patentable space
which is expected to enrich drug discovery pipelines in the
coming years.

Despite these promising and appealing features, several
challenges must be addressed at this stage to realise the desired
outcomes from this technology. As the automation applied to

the drug discovery process will be welcomed by many, the high
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degree of control might discourage serendipitous discoveries,
unless we allow for a certain degree of freedom. Additionally,
the design and synthesis of new molecular structures and their
subsequent evaluation via automated SAR-data generation
must be able to handle non-linear relationships between
chemical structures and data obtained [34]. This will be vital to
ascertain a reliable readout of the data generated that must
allow for validation by experienced medicinal chemists at key
stages of this process. Consequently, the reliability and
suitability of biological assays must be regularly evaluated by
automated retesting mechanisms to avoid both false-positive
and false-negative results to misguide the overall campaign [37].
Despite the current availability of numerous flow synthesis
modules that can cater for different needs such as cost, reaction
scale, synthesis complexity and homogeneity of inputs,
improved and customisable units will continue to be required at
low cost to serve the medicinal chemist in such endeavours. This
should also include simple chemistry and purification tools that
are available ‘off-the-shelf’ and can be implemented without
the need to redesign an initial set-up. Such synthesis tools might
include cartridges filled with new catalysts, reagents and
valuable enzymes, enabling the performance of more complex
and readily telescoped synthesis sequences and thus allowing
chemists in industry to extent their synthesis portfolio beyond
standard reactions such as amide formations, C-C cross-
couplings and common C-N bond formations. Pleasingly, a
growing number of applications are already detailing the
resulting benefits of flow processing to improve drug
development campaigns [38]. Most importantly, it will be crucial
to develop and apply such solutions at affordable cost within
years rather than decades to enable a growing realisation and
uptake of these principles and consequently a rapid transition
from today’s proof-of-concept studies into routine processes

pivotal in drug discovery campaigns.

Conclusions

The availability of numerous modular flow reactor systems that
are capable of successfully executing challenging multi-step
synthesis covering milligram to kilogram scales, homogeneous
and heterogeneous chemistry, as well as in-line analysis and
purification operations has expanded the chemist’s toolbox in
an unprecedented fashion. To control such processes several
automation and software aids have been developed and
applied, allowing for the integration of synthesis and process
tools. As exemplified in this short review, several research
groups have taken on the challenge of integrating chemical
synthesis with biological evaluation concepts delivering SAR
data through automated and accelerated means. Although
these proof of concept studies have clearly demonstrated the
feasibility of linking chemical synthesis with biological assays,
several bottlenecks must be overcome to make this the
approach of choice in the future. As such, easily customisable
software is required that allows non-experts to set up flow
processes that are integrated with in-line purification and

6 | J. Name., 2012, 00, 1-3

analysis tools, prior to a multitude of biological assays.
Importantly, the cost of such systems needs to be considered to
ensure wider uptake of this advanced technology. Cross-
disciplinary training of future scientists will be vital to provide
key skills for chemical, engineering and biological challenges.
This is believed to be a pivotal element to unite the existing
stand-alone techniques into readily integrable technology
platforms that will succeed in performing a greater variety of
chemical reaction sequences and biological assays than
currently demonstrated. If we can advance this field accordingly
it will soon be common practice that chemical synthesis will be
accompanied by activity evaluation of new entities in an
integrated manner. Crucially, this will then empower us to reach
the much-anticipated goal of dial-a-molecule
campaigns thus enabling us to deliver tailored molecular
structures on demand.
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