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1. Introduction

The advantages provided by continuous flow technology
result in the technique having the potential to promote
various areas of scientific discovery, specifically synthetic and
analytical chemistry, biological research and development.[1]

Over the past decade, microfluidic-based applications have
soundly matured into relatively low-cost technologies and
small-footprint machinery, which enable sensitive analyses
with a high resolution and short process times.[1, 2] Microfluidic
methods operate on small volumes of fluids in geometrically
controlled environments that can be subdivided into different
functional units, for example, mixers, reactors, and detectors.
Typically, converging streams of fluids flow in parallel without
turbulence, that is, with a laminar flow, and are characterized
by a low Reynolds number (Re).[3] This unique property of
microfluidic systems results in the diffusion-controlled mixing
of compounds at the interface of converging fluid streams.[4]

The short distances in microfluidic channels enable the rapid
and controlled transport of heat and mass. Additionally,
mixing in microreactors may be promoted by complex
channel geometries, thereby leading to twisting, splitting,
and recombining of fluid streams or pulsed flow. The high
surface-to-volume ratio of miniaturized channels and reactors

can account for the often-observed dramatic increase in
throughput and yields in microreactors.[3b, 5] Consequently,
flow techniques have been widely applied to analytical
methods such as mass spectrometry,[6] as well as to protein
crystallization,[7] high-throughput screening,[8] single-cell
analysis,[9] drug delivery,[10] and several other areas.[11] De-
pending on the intended application, the envisaged temper-
ature and pressure range, and the corrosivity of fluids,
microreactors may be fabricated from a variety of materials
including metals, polymers, glass, silicon ceramics, and others.
The microfabrication processes of chip reactors are beyond
the scope of this Minireview and have been detailed else-
where.[12]

Despite the evident potential of flow-assisted organic
syntheses, only recently have miniaturized reactors been
applied extensively to chemistry.[13] For example, de Mello
and co-workers used an integrated synthesis/analysis setup on
Ugi-type multicomponent reactions,[14] and Kreis et al. used
a photochemical microreactor for the synthesis of allylic
trifluoromethanes.[15] In another application, aromatic nucle-
ophilic substitution reactions were performed on a chip and
coupled to simulated moving bed chromatography for com-
pound purification.[16]

Flow systems are particularly valuable for conducting
reactions requiring harsh conditions (e.g. superheating sol-
vents),[17] and for running overlooked chemical reactions, as
these reactions can be conducted under flow conditions in
a more controlled and safer environment compared to
conventional approaches.[18] Hazardous and toxic starting
materials or side products are contained and can be trapped
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and destroyed continuously after leaving the flow reactor,
thus avoiding any dangerous build-up of large amounts of
toxic material. Moreover, microfluidic devices have been
applied effectively to radiolabeling small molecules for
positron emission tomography.[19] Carbohydrate chemistry,[20]

multistep syntheses,[21] and C�C bond-formation methods[22]

have benefitted comprehensively from this technique. Buch-
wald and co-workers expeditiously achieved aromatic tri-
fluoromethylation[23] and the synthesis of chiral b-arylated
ketones[24] in a stainless-steel reactor equipped with syringe
pumps. Various continuous-flow approaches have been suc-
cessfully employed in different fields of chemistry for the
swift entry into innovative chemotypes with the desired
properties.[2] In this Minireview, we focus on recent advances
made in microfluidics-assisted organic synthesis as an en-
abling technology for future drug discovery. We provide
selected key examples of on-chip and coil reactor applications
to access druglike small molecules with the desired biochem-
ical and biological properties.

2. Application to Bioactive Chemical Agents

2.1. Microchip Reactors

The pharmaceutical industry has shown great interest in
using microfluidic-assisted syntheses for improving through-
put in early lead discovery since the onset of this emerging
technology.[25] Short reaction times, the possibility of using
only small amounts of starting materials and solvents, the
overall reduction of costs, and avoidance of material storage
were regarded as crucial advantages in a sector that currently
spends billions of dollars on delivering new drugs to
patients.[26] It is thus imperative to find economic and
sustainable drug-discovery solutions that are focused on rapid
synthesis and test cycles, with a molecular design step in the
feedback loop.[27]

To this end, in 2003, Warrington and colleagues from
GlaxoSmithKline (GSK) reported the use of a microchip
reactor to synthesize a small set of pyrazoles from 1,3-
dicarbonyl compounds and hydrazines. The semi-automated
synthesis of a combinatorial library of pyrazoles using Knorr
chemistry was finely tuned to achieve a residence time in the
microreactor of 210 s, and ensure near quantitative conver-
sion rates.[28] The integration of synthesis, purification, and
biological screening of small molecules was foreseen to
dramatically reduce the cycle time per synthesis-assay run,
as well as enabling “real-time” design and/or optimization of
the next generation of chemical candidates.[29] The group at
GSK presented a tightly unified setup comprising the syn-
thesis of both sulfonamides and a methyl ester, which was
coupled to their respective assay against T-cell tyrosine
phosphatase (1, Figure 1A,B). The NS110 Caliper chip
containing 12 different channels with widths ranging from
29 to 74 mm and lengths up to 40 mm was used for synthesis.
The building-block concentrations, solvent, and flow rates
were optimized to afford the target compounds in good yields.
The methyl ester derivative 1 was synthesized in a one-pot
procedure by sequential SN2 and transesterification reactions

in methanol. Methyl ester 1 and sulfonamides 2–4 showed
approximately 50 % inhibition at a concentration of 60 mm in
a T-cell tyrosine phosphatase assay (Figure 1B).[26a] As
a consequent further development, and after a series of
seminal reports on the use of microfluidic systems for the
synthesis and optimization of lead candidates, the Automated
Lead Optimization Equipment (ALOE) Platform concept
was disclosed. ALOE could significantly reduce time gaps
between synthesis-assay-design cycles (Figure 1D). Impor-
tantly, its software control contains an algorithm for building
predictive bioactivity models and prioritizing the selection of
starting materials for subsequent compound generations.[30]

Several reactions were screened and optimized with this setup
by using T-shaped or Caliper chips.[31] These reactors were
suitable for nucleophilic aromatic substitution, nitrostyrene
reduction, as well as sulfonamide and amide bond formation.
The reactions were unattended and used electro-osmotic flow
as the pumping system to deliver building blocks at flow rates
of less than 3 mLmin�1. This setup resulted in higher yields
and considerably lower reaction times (ca. 12 s per reaction)
than their batch counterparts. Compounds 5–10 were ob-
tained and displayed different target bioactivities, for exam-
ple, antiapoptotic, matrix metalloproteinase-12 inhibitors.[30]
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Cresset Therapeutics focused on a similar principle and also
disclosed an automated platform for the iterative de novo
synthesis of new chemical entities.[32]

At the same time, Schwalbe et al. reported a concise and
scalable process for the synthesis of ciprofloxacin. This

microfluidic system allowed the assembly of a combinatorial
fluoroquinolone library with several diversification points.
Acylation in flow of b-dimethylamino acrylate with trifluor-
obenzoic acid chloride afforded the key intermediate for the
subsequent diversification through a Michael addition and
nucleophilic aromatic substitution.[33]

The on-chip synthesis of bioactive entities has also been
increasingly pursued in academia to rapidly and cost-effi-
ciently obtain new chemical entities. Reutlinger et al. report-
ed the swift optimization of the on-chip reaction and assembly
of a target-class-focused combinatorial library of imidazopyr-
idines.[34] The small molecule library was acquired through
Ugi chemistry, and required only 0.3 s per compound on
a microchip with a total reaction volume of 5 mL (Figure 2).

Off-line coupling to a computational tool for de-orphaning
ligand–target associations allowed identification of an inno-
vative GPCR-modulating chemotype, featuring ligand-effi-
cient (LE) adenosine A1/2B and adrenergic a1A/B receptor
antagonists. For example, compounds 11 and 12 presented
LE> 0.30 for adenosine A2B and adrenergic a1B receptors,
respectively.[34]

Click reactions continue to be a centerpiece of research in
chemical biology.[35] In particular, the Huisgen cycloaddition
between an alkyne and an azide has received much attention,
and has critically contributed to the development of cutting-
edge technology.[36] In 2006, Kolb, Tseng, and co-workers
transferred the advantages of in situ click chemistry to
microfluidics by integrating it in a parallelized and automated
screening platform. Starting from a small diverse set of
building blocks, 32 reaction products were screened against
bovine carbonic anhydrase II with great success. Importantly,
the preparation of the focused library took only 0.5 h with
minute amounts of the stock solutions of building blocks.[37]

Using a subsequent microchip generation, Wang et al. scaled-
up the process to synthesize and screen 1024 reaction
products (Figure 3). The integrated microfluidic device in-
cluded a solid-phase extraction procedure for compound
purification and electrospray ionization mass spectrometry, as
well as multiple reactions to improve the sensitivity and
throughput of the downstream analysis. The method further
reduced the reagent consumption, and reduced the process
times to 17 s per reaction and 15 s per screening assay in
contrast to the 30 min required with the original method.[38]

Figure 1. A) Example of a small molecule synthesized using a micro-
chip reactor. B) Sulfonamides with IC50 values of about 60 mm against
T-cell tyrosine phosphatase. C) Integrated setup based on a microchip-
purification-detection assay.[28] D) Schematic representation of ALOE.
E) Bioactive amides acquired from microfluidics-assisted synthesis.

Figure 2. Microreactor chip (A) used for the synthesis of GPCR-
modulating compounds 11 and 12 (B).
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2.2. Micro- and Mesoscale Coil Reactors

Compared to microchip reactors, the use of micro- and
mesoscale coil reactors has already found broader applic-
ability in drug discovery and development, with the primary
aim to solve productivity issues, especially in the industrial
setting. In fact, coil reactors can be employed in all phases of
drug discovery up to candidate nomination, as reported by
Pfizer.[39] Researchers at Abbott have created a synthesis and
purification platform in flow for some of the most commonly
used reactions in the pharmaceutical chemistry, for example,
formation of amides, triazoles, and ureas as well as reductive
amination, nucleophilic substitution, and sulfonylation. Re-
actions were performed in 10 min with a flow rate of
146 mL min�1, which resulted in a throughput of 48-member
libraries in less than five days.[40] Access to druglike thiazoles
and pyrazoles with a mesoscale flow reactor has also been
reported.[41] Coil reactors may be incorporated as part of an
intricate platform for performing key reactions. As such,
researchers at Amgen have recently reported flow hydro-
genation as an intermediate step to acquire a 120-member
library of 1-aryl-4-aminopiperidines,[42] while Ley and co-
workers described a focused library of druglike pyrrolidines
through an integrated flow and batch method.[43]

Building on accumulated experience from previous ven-
tures, researchers at Cyclofuidic used structure–activity
relationship (SAR) modeling for the discovery of novel Abl
kinase inhibitors. Again, their platform utilizes flow chemistry
for rapid inline synthesis, automated purification, and analysis
coupled with a bioassay (Figure 4A). The integration of
activity prediction using random-forest regression with chem-

ical space sampling algorithms yields an SAR model that
refines itself after every synthetic iteration and biological
assay cycle. In a particular case, by varying the right-hand
heterocycle introduced by Sonogashira coupling, the auto-
mated process identified a novel template and hinge-binding
motif with pIC50> 8 against both wild-type and clinically
relevant mutants of Abl kinase in well-plate-based assay
format after 21 iterative screening cycles (ca. 24 h, for
example, 13–15, Figure 4B).[44] Xanthine-derived dipeptidyl
peptidase 4 (DPP4) antagonists, for example, 16 and 17, were
obtained with this platform. Moreover, the bioactivity data
obtained in an automated setup and manually obtained assay
data were strongly correlated, which further advocates the
suitability of a fully integrated microfluidics platform for early
drug discovery programs.[45] Czechtizky et al. reported the
first functional, purely flow-based assay procedure for
obtaining IC50 values.[45]

Recently, researchers at F. Hoffmann–La Roche reported
a system (Figure 5) that tackles several bottlenecks during
lead generation, such as time-consuming compound manage-
ment and transfer times between synthesis and biological
testing. Amidation reactions conducted on a Vapourtec R4
flow synthesizer, coupled to a Gilson liquid handler, permit-
ted the automated purification through preparative HPLC
and seamless integration with a screening assay against b-
secretase (BACE1).

The complete synthesis-purification-assay cycle took only
60 min per compound, with the biochemical assay taking over
30 min on a glass chip. A split-recombine mixer led to
homogeneous mixing of all the assay components, which were
injected at a constant flow of 0.8 mL min�1 each. Several

Figure 3. A) An integrated microfluidic platform for in situ click chemistry and screening of bovine carbonic anhydrase II (bCAII) inhibitors. The
operation of the circuit was controlled by computer software. B) Image of the actual device, where different channels were loaded with different
dyes (see (A)). Fluidic channels in (A) are depicted in blue. C) Tube for collecting reaction products. Black scale bars are 3 mm. (Image
reproduced from Ref. [38] with kind permission, Copyright RSC 2009).
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compounds were identified as BACE1 inhibitors, among
which 18 and 19 showed IC50 values of 1327 and 12 nm,
respectively. The reported flow-based assay is capable of
measuring both very potent and inactive compounds accu-
rately.[46] Finally, multistep continuous flow synthesis
(0.15 mL min�1) was applied effectively at Lundbeck to obtain
a diverse set of piperazine derivatives as chemokine receptor
CCR8-like ligands.[47]

Several research groups have been at the forefront of
applying coil reactors to synthesize heterocycles for natural
product synthesis and medicinal chemistry applications. A
detailed review on the seminal efforts of Ley and colleagues
can be found elsewhere.[48] Venturoni et al. exemplified the
development of scalable multistep processes for the delivery
of pure products by using in-line purification. A series of
imidazo[1,2-b]pyridazine casein kinase I inhibitors was pre-
pared in four steps. One of the steps in the synthetic route was
performed in a combinatorial fashion. Although not fully
integrated, the system demonstrated that flow methods, in
particular coil reactors, offer a solution for preparing medic-
inally relevant small molecules through multistep reactions.[49]

Further elaboration of this approach led to the development

of a fully automated synthetic procedure by which adaman-
tane benzamide derivatives could be obtained (Figure 6A).
Ozonolysis of the starting material, followed by reaction with
different nitrogen-containing nucleophiles afforded the target
compounds in good yields, without the need for prior isolation
of the azalactone intermediate.[50]

In another case study, imidazo[1,2-a]pyridines were ob-
tained in a semi-automated fashion. These heterocycles may
be regarded as “privileged scaffolds”,[51] and flow technolo-
gies may assist their access in medicinal chemistry pro-
grams.[34] In a first step, the condensation between ethyl
glyoxylate and acetophenone building blocks catalyzed by
sulfonic acid resin (QP-SA) led to the corresponding unsa-
turated ketone intermediates after scavenging the excess
glyoxylate on a supported benzylamine column (QP-BZA).
The unsaturated ketone and an aminopyridine derivative
were then reacted to yield the ketimine intermediate, which
subsequently underwent cyclization to afford the imidazo[1,2-
a]pyridines. Finally, the conversion of the ethyl ester into the
corresponding amides resulted in the desired target com-
pounds, for example, 20 and 21, which were screened in-line
for binding to human serum albumin, by using a frontal

Figure 4. A) Integrated design, synthesis, and screening platform illustrating the fully automated processes implemented for closed-loop drug
discovery. After initiation of the process, the system completed multiple iterations of design, synthesis, and screening without manual
intervention. ELSD= evaporative light-scattering detector. B) Example of Abl1 kinase inhibitors (13–15) and DPP4 antagonists (16, 17) obtained
through an automated feedback design loop. For further details, see Ref. [44].
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affinity chromatography method (Figure 6 B).[52] In a third
example, the machine-assisted flow synthesis of a neurotensin
receptor-1 probe was accomplished, thereby highlighting how
enabling technologies can be used to efficiently solve complex
synthetic chemistry problems and drive drug discovery.[53] At
the Scripps Institute, a 5 � 5 library of druglike 3-amino-
indolizines was constructed in-flow through tandem Sonoga-
shira coupling and cycloisomerization without handling or
isolating any intermediates.[54]

Flow systems have proven their usefulness in the contin-
uous and low-cost production of active pharmaceutical
ingredients (APIs) with high market relevance. Artemisinin
(Figure 7), a natural product used in antimalarial therapy, has
recently been synthesized in-flow,[55] as well as several kinase
inhibitors, for example, imatinib and closely related ana-
logues.[56] Quinolone 22 is a potent 5-HT1B antagonist
previously developed by AstraZeneca that can be obtained
in a six-step flow sequence with an overall yield of 18%.[57]

Compound 23 is a selective d-opioid receptor agonist readily
attained under four flow-based steps.[58] Notoriously, olanza-
pine was also recently synthesized in-flow with a custom-
made high-frequency inductor for heating. The Buchwald–
Hartwig reaction was performed initially to afford a nitro-
arene intermediate, which was further processed by reduction
of a nitro group followed by acid-catalyzed cyclization to the
thieno[1,5]-benzodiazepine intermediate. Olanzapine was
isolated in good yield upon reaction of the intermediate with
piperazine in the presence of a new silica-supported titanium
catalyst.[59]

The first example of an end-to-end integrated continuous
manufacturing plant for medicines was reported recently. It

represents a technological advance for coping adequately
with the high drug demand and shorter production times. In
this approach, Trout and co-workers not only obtained
a pharmaceutical compound through multistep synthesis,
but also formulated it into a tablet that met several quality
criteria, for example, uniform visual appearance, comparable
size and dosage, and rapid dissolution.[60]

3. Conclusions and Outlook

Flow chemistry technologies have a great influence on
how organic synthesis is currently being carried out. Not only
have chemical reactions from conventional medicinal chemis-
try been adapted to continuous flow systems, but new
reactions are also being explored. Additionally, the current
dearth of new chemical entities for chemical biology and
molecular medicine make flow reactors an enabling technol-
ogy to explore previously inaccessible chemical space. For
example, we foresee emerging flow systems playing a key role
in diversity-oriented synthesis or simply as a means of
performing selected reactions in a complex pathway to obtain
novel bioactive molecules. Flow reactors are ideally suited for
fully automating several steps of drug discovery. Integrated
microfluidics platforms with synthesis-purification-analytics
and in-line testing of minute amounts of candidate com-
pounds may alleviate some of the costs of drug discovery and
accelerate early stage profiling and hit-to-lead optimization.
The automated access to preliminary, yet crucial and accurate,
SAR data may guide future drug design. The tight integration
of computational methods for designing de novo the next

Figure 5. A) Fully automated platform for the generation of SAR data. (Image reproduced from Ref. [46] with kind permission, Copyright Wiley
2014). B) Example of compounds generated with the F. Hoffmann–La Roche platform.
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generation of druglike small molecules in a closed feedback
loop platform will undoubtedly assist the discovery of new
APIs. In this regard, machine-learning methods applied in
adaptive learning schemes are bound to play a pivotal role in

the automated design of candidates for synthesis, reaction
scheme, and building block selection. Coupled to a micro-
fluidic setup, this concept will enable unsupervised synthesis-
assay cycles by active learning.[27,61] We are confident that
flow-assisted technologies will be increasingly applied to the
discovery of new chemical entities both in academia and
industrial settings.
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