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Abstract: This perspective seeks to provide an overarching vision of the current state of chemical synthesis meth-
odology using machinery as enabling tools. It highlights current capabilities and limitations in this highly digitally-
connected world and suggests areas where new opportunities may arise in the future by going well beyond our 
present levels of innovation and automation. There is a new need for improved downstream processing tools, 
advanced reactor design, computational predictive algorithms and integration of robotic systems to maximise 
the human resource to facilitate a new era in the assembly of our functional materials.
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1. Introduction
We are often asked about the future of flow chemistry and 

what’s next. Rather than attempt to answer this rather negative 
question and also dangerously try to predict the future, we take the 
view that we are only at the beginning of an exciting new era in the 
assembly of our functional molecules.[1] Being more conscience 
of our environment and aiming to avoid some of our labour inten-
sive and wasteful practices of the past, we are now poised to take 
full advantage of our machine-assisted digital world and consider 
going beyond the 12 Principles of Green Chemistry which have 
been an important charter for synthesis chemists for over 20 years. 
Indeed, we have been advocating this machine-assisted enabling 
technology approach for some years now[2] so as to improve re-
producibility and efficiency of synthesis through holistic systems 
understanding,[3] a consideration increasingly supported by the 
regulators of our science.[4] There is no doubt that flow chemistry 
and associated continuous processing methods have delivered on 
this agenda[5] at least to a point in time whereby we can recognize 
many tangible benefits that accrue through improved management 
of exotherms,[6] handling of hazardous materials[7] including re-
active gases,[8] self-optimizing protocols,[9] together with control 
of high and low temperatures[10] and pressures,[11] for example. 
Through the application of bespoke or commercially available 
equipment considerable modular versatility[12] is available over a 
wide range of reaction scales and chemistries.

Furthermore, as researchers have acquired the necessary 
skill-set to operate these technologies successfully,[13] we are see-
ing wide integration and innovation[1a] at all levels and even the 
founding of new journals in the area. However, it is not the pur-
pose of this invited perspective to review “what has been done,” 
as this has been amply covered in numerous other reviews,[5b,14] 
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The same concept had been previously harnessed by our own 
research group to aid with molecular visualisation, particularly in 
the realm of mechanism representation.[22] Results from compu-
tational studies were translated into 3D models which could be 
seen in an interactive AR environment generated using QR-code 
markers (Fig. 3). One can envisage such an approach finding ex-
tensive use in research dissemination and published manuscripts, 
particularly to represent more complex molecular processes. With 
smartphones and tablets being in near ubiquitous use globally, the 
barrier of entry is greatly reduced.

This ‘mixed reality’ approach will have increasing impor-
tance in workplace safety, especially in laboratory environ-
ments and larger-scale operations in process development and 
manufacturing.[23] Access to live equipment parameters, ma-
terial composition streams and atmospheric parameters such 
as gas compositions will give workers increased insight into 
their operations. Wearable sensors,[24] potentially even im-
plants, and the application of facial recognition systems in the 
laboratory can offer further tailoring of information to specific 
individuals and compliance monitoring, especially when com-
bined with the Internet of Chemical Things.[25] Rapid sharing 
of graphical information and equipment design will become 
commonplace. 

2.2 Eyes-on: Cameras as an Enabling Technology and 
the Open Source Approach

Although an extensive review on the use of enabling camera 
technology in flow chemistry programmes has been published 
previously,[26] we believe its importance cannot be overstated. 
Cameras are finding increasing use in AR and VR to present in-
formation, yet they can also be exploited to aid with direct experi-
mentation.[27]

but “what needs to be done.” Clearly, what follows is a personal 
selection and is in no way exhaustive. It is meant to encourage 
new entrants to the field and stimulate debate since in many ways 
we are talking of disruptive technologies and change in synthe-
sis philosophy often beyond individuals’ current comfort zones. 
For example, trusting their decisions and productivity to robots 
and machinery across remote sites and time domains[12a] or using 
crowd-sourced validation and approvals are often seen as alien 
to many traditional methods.[15] Nevertheless, we are getting bet-
ter at collecting and analysing data[16] that goes way beyond the 
knowledge coming from an individual experiment to encompass 
broader aspects such as the demand on resources or general so-
cietal impact.

The developing use of predictive algorithms,[17] the cloud and 
increasing availability of open source software[18] massively en-
hances our capabilities. Indeed, the modern world around us is 
moving faster than the current conservative praxis of molecule 
making (with some exceptions). We need to embrace change and 
live in harmony with our machines.[19]

This article examines a variety of selected topics that are evolv-
ing rapidly (Fig. 1). Collectively they are shaping how future mo-
lecular assembly platforms may function at least at the research 
laboratory level. Many of the continuous processing methods are 
already well integrated on scale.

The examples are broadly chosen to reflect where opportu-
nities are arising collectively rather than be viewed as isolated 
topics.

2. Embracing Interdisciplinary Technologies

2.1 Head-up Displays, Wearable Devices and Mixed 
Reality

A number of recent developments in visualisation technolo-
gies, such as the Microsoft Hololens (Fig. 2), Facebook’s Oculus 
Rift and mobile development efforts embedded into iOS and 
Android devices, have driven innovation in the area of consumer 
virtual reality (VR) and augmented reality (AR). As is common 
with new consumer technologies, it is to be expected that interac-
tive and immersive environments will not only be limited to more 
leisurely pursuits such as video gaming, but also expand into the 
professional environment in due course.

Indeed, within the scientific arena[20] there have already been 
efforts to adapt AR for educational purposes with a recent report 
describing the use of smartphones to aid with classroom teach-
ing.[21] In this example, the relative positions of printed markers 
were monitored by a smartphone camera to display interactive 
3-dimensional (3D) models.

Fig. 1.Developing machine-based technologies for organic synthesis. 

Fig. 2. The Hololens from Microsoft creates new opportunities for mixed 
reality approaches to synthesis, both planning and execution. Image 
supplied by Microsoft Press Office. 

Fig. 3. Paper markers have been used in conjunction with inexpensive 
consumer web cameras to create interactive environments for the dis-
play of complex computational results.[22] Reproduced with permission, 
© Georg Thieme Verlag KG.
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Algorithm-powered approaches have already been shown to 
aid chemists with the selection of suitable conditions for their 
reactions,[44] cutting the time spent on exploratory reaction trials, 
reducing the impact of our work and accelerating synthesis. We 
expect such an influence to continue as useful applications quell 
scepticism, lest critics be left behind.

There is significant potential for the understanding of reaction 
conditions[45] and their effects on process outcomes, as brought 
about by data collection and analysis aided by machine learn-
ing approaches, to increasingly accelerate reaction optimisation 
tasks. [46] Continuous synthesis techniques are particularly ame-
nable to developments in this area owing to increased control over 
reaction parameters, ease of integration of detectors and rapid re-
action times, as highlighted in a number of reviews.[2a,47] Indeed, 
there have been a number of reports where computer control 
systems were exploited to approach optimisation problems in the 
same manner as a chemist would manually. Our own group has 
been active in this area, with reports detailing efforts where not 
only yield was optimised but also energy consumption, material 
consumption and throughput.[9a,12a] Other approaches have fol-
lowed automated optimisations towards a Pareto front of multiple 
parameters,[48] applications to polymer synthesis,[49] and versatil-
ity in application as driven by apparatus modularity.[50]

Optimisation need not be limited solely to reaction conditions, 
however. Instead, synthesis integration with assay systems (or simi-
lar) can offer unique benefits such as automated binding optimisa-
tion for target structures.[51] Such ‘make-and-screen’[52] operations 
have the potential to accelerate the drug discovery and development 
process, bringing new therapeutic compounds to market sooner.

3. Reactor Design

3.1 Photochemistry
The resurgent interest in photochemistry and the powerful ap-

plications to photoredox processes using LED irradiation have, 
in part, been enabled by the availability of new equipment. This 
has impacted at scale and in the development of high throughput 
experimentation techniques for new reaction discovery.

In terms of continuous photochemistry methods, this has been 
well covered in numerous books,[53] reviews[54] and research arti-
cles.[55] Several photo-reactor systems are now commercially avail-
able, such as the Vapourtec UV-150, Uniqsis PhotoSyn and Rayonet 
reactor. More niche challenges employed bespoke equipment, for 
example to overcome the problem of overirradiation and long reac-
tion times during a photodehydro-Diels-Alder reaction. [56] Rapid 
prototyping of photochemical reactors via 3D printed devices (Fig. 
4) maximises photo-efficiency and better over-all performance.[57]

There is also a trend to use higher-intensity and narrower-
bandwidth light sources to give maximum throughput and lower 
catalyst loadings to shorten the reaction time.[58] A recent example 
utilised a high-intensity laser in combination with a continuous 
stirred tank reactor (CSTR) to scale the process to achieve kilo-
gram per day throughput.[59] Innovation, however, to further in-
crease scale is still ongoing.

Applications of photochemical reactions are not restricted 
to artificial light sources, with a number of reports detailing 

One such example is hyperspectral imaging, which grants in-
sight into reactions that cannot be seen by the naked eye. From 
a safety perspective this enhanced monitoring and oversight can 
be invaluable – especially for reactions that may be prone to exo-
thermic runaway. Thermal imaging can detect rapid changes in 
reaction temperatures in real-time, providing feedback that can 
be harnessed for hazard control.[28]

The rise of importance of precompetitive research has led to 
extensive development of open source technologies, which facili-
tates simple propagation of new ideas between research teams. 
Recent reports have harnessed open-source ideas to aid with mul-
tiphasic reaction execution,[29] downstream processing of crude 
reaction mixtures[30] and combining multiple unit operations to-
gether for more advanced applications of reaction automation.[31]

We believe that inexpensive computer control devices, such 
as the Raspberry Pi and Arduino systems,[32] will fuel adoption of 
these new enabling techniques, further enhancing the open-source 
community by direct feedback from different sectors.[33]

2.3 Machine Learning, Reaction Discovery, Reaction 
Optimisation

Modern developments in computational power have driven 
advances in machine learning[34] and artificial intelligence algo-
rithms, such as deep learning concepts,[35] a trend which shows 
no sign of slowing. From a synthesis perspective, this machine-
assisted approach touches all stages of the pipeline: compound 
discovery, design of synthesis route, optimisation and even mech-
anistic analysis;[36] all of which generate valuable data to feed 
back into the system for future investigations and reinforcements.

There have been extensive reviews published in the area of 
modern advances in drug discovery and compound design,[37] and 
thus rather than detailing this here we direct interested readers to 
some existing literature in the area.[38]

Retrosynthesis has been a topic to receive a particular boost 
from machine learning,[39] with modern applications enabling the 
ranking of different routes by multiple criteria such as cost, en-
vironmental impact and expected reaction performance.[40] One 
can envisage upcoming generations of electronic laboratory note-
books and the open data sharing policies of research funders will 
augment the potential of machine-learning approaches still fur-
ther. Indeed, for computer-driven learning the failed experiment 
can hold as much importance as those which are successful. The 
development of standardised chemical data formats and publica-
tion strategies will play an important role into the future.

The ease of automation of continuous flow techniques pres-
ents promising opportunities for reaction discovery.[41] A recent 
report described the combination of analytical apparatus (a mass 
spectrometer, benchtop NMR unit and infrared spectrometer) 
with reactor systems to seek out unexplored reactivity.[42] A li-
brary of starting materials was supplied to machine-learning 
algorithms which cycled through different combinations until 
unexpected analytical hits were observed, thus leading to discov-
ery of novel reactivity. The rise of new and unusual processing 
techniques, such as acoustic droplet formation, have also led to 
advanced applications such as an automated reaction exploration 
platform.[43]

Fig. 4. The use of a specialised 
3D-printed photoreactor enhanced 
photo-efficiency and reaction 
performance.[57] Reproduced with 
permission, WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim.
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Among the more important developments is the use of immo-
bilised systems since these can aid downstream processing and fa-
cilitate product purification.[75] Many enzyme flow reactors have 
now been commercialised, such as the NanoSprings (Strem) [76] 
and EziG (EnginZyme AB, Sweden) systems.[77]

A particular challenge, however, in flow biocatalysis is their 
integration into multiple step sequences (Fig. 7).[78] Two compre-
hensive reviews[79] address some of these issues and we comment 
further later in this perspective.

3.4 Gas–Liquid Reactions
Innovations during the handling of gases in the research envi-

ronment have also seen significant changes in recent times owing 
to equipment development.

Introduction of gases into liquid streams using microchip 
mixers[80] or mass flow controllers[81] can achieve enhanced mix-
ing. Other methods improving inter-phase contact through the 
use of a nebuliser-based microreactor,[82] a mesh contactor[83] or 
a falling-film microreactor[84] are available. The application of 
gas-permeable materials in flow reactor enables easier merging 

the harnessing of solar light instead.[60] While there is unpre-
dictability with natural light sources which has hindered up-
take,[61] the development of new reactors are overcoming some 
of the issues,[62] but more work in this area is required. One 
example was the development of a luminescent solar concen-
trator photomicroreactor (LSC-PM), which concentrates the 
solar light and focusses the energy to a narrow wavelength 
region (Fig. 5).[63] 

Recent reports have detailed innovative reagent and cata-
lyst delivery systems as applied to photoredox chemistry. For 
example, a nebuliser-based delivery system was exploited by 
Vassilikogiannakis et. al.,[64] others have reported the applica-
tion of the paper spray ionization method for the oxidation of 
alcohols to carboxylic acids,[65] and a packed-bed photoreactor 
system containing immobilised Rose Bengal proved useful for 
photo-oxidation of alkenes using oxygen to avoid downstream 
processing problems.[66]

An enhanced and scalable flow photochemical [2+2] cycload-
dition reaction between maleic anhydride and ethylene has been 
achieved by merging photochemistry with computational meth-
ods. Density functional theory (DFT) was applied to calculate the 
triplet energies of substrates, which were then matched with that 
of the photosensitizers to provide the optimal conditions.[67]

3.2 Electrochemistry
Recent developments in electrochemical reactor design[68] are 

similarly advancing the field of electroorganic synthesis.[69] Using 
new continuous flow electrochemical equipment leads to greater 
reproducibility and reaction efficiency when compared to stan-
dard batch approaches, especially on scaling up.[70]

The barrier to entry in the field is changing as new equipment 
becomes available and biased opinions are moderated by success. 
New reviews exploring the design of flow electrolysis cells for 
laboratory-scale synthesis,[71] in terms of modularity and scalabil-
ity have been published.[72] Some innovative designs include the 
use of nanowires as three-dimensional porous metal electrodes 
(Fig. 6),[73] although applications of this device in synthesis have 
yet to be explored.

3.3 Biocatalysis
Known to deliver products with high chemo-, regio- and ste-

reo-selectivity, biocatalysis is finding increasing applications in 
synthesis.[74]

Fig. 5. a) Working principle of the 
LSC-PM. The dye molecule doped 
in the photoreactor absorbs solar 
light, concentrates and re-emits 
to the microchannel at a suitable 
wavelength for the reaction;  
b) Wavelength conversion scheme 
of the LSC-PM. The fluorescent 
dye LR305 harvest solar light in 
a relatively wide spectrum (red) 
where its emission wavelength 
(green) overlaps with the absorp-
tion range of the photocatalyst 
MB (blue); c) Photocycloaddition 
of 9,10-diphenylanthracene with 
singlet oxygen, catalysed by 
MB.[63] Adapted with permission, 
WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim.

Fig. 6. Example of a porous electrode. a) Synthesis process of the 
branched CuO−ZnO nanostructure. b) SEM image of CuO nanowires. c) 
SEM image of branched CuO−ZnO nanowires. (Scale bar for low-mag-
nification: 10 μm. Scale bar for high-magnification: 2 μm). Reprinted with 
permission from ref. [73a]. Copyright 2018 American Chemical Society.
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of the two phases[8b] via the immersion of liquid phase carried 
with a semipermeable tube in the gas atmosphere.[85] The design 
of tube-in-tube gas–liquid microreactors[8a,86] allows efficient 
delivery of many different gases into a flowing liquid stream 
(Fig. 8). 

3.5 Extreme Conditions
Operating continuous flow processes can alleviate certain safety 

issues when operating under extreme conditions, due to smaller 
working reactor volumes. The benefits are recognised in multiple 
reviews[1c,87] and book chapters.[88] Recent research articles exploit 
these opportunities to execute solvent-free H

2
 reduction,[89] hydro-

gen-borrowing alcohol amination,[90] thermal Boc deprotection,[10e,91] 
Diels-Alder reactions,[92] N-monomethylation transformations[93] 
and air oxidation reactions[94] among many others. 

While many of these examples were conducted on commer-
cially-available flow platforms, bespoke systems have also been 
deployed to good effect. For example a high-temperature and 
high-pressure reactor was utilised during the trifluoromethyl-
ation of carbon-rich substrates.[95] Heating by electrical resis-
tance elements[96] (Fig. 9) as well as microwave irradiation has 
also been used to achieve more extreme reaction conditions.[97]

3.6 High-temperature Reactions
The high-pressure and high-temperature conditions generated 

under pyrolysis make it an alternative to microwave (MW) chem-
istry. Several reactions previously reported under MW conditions 
showed improved yield and shortened reaction times.[98]

One area which has been deployed for synthesis is Flash 
Vacuum Pyrolysis (FVP) in which starting materials are distilled 
through a furnace, exposing mixtures to pyrolytic conditions under 
vacuum. Reagents are sublimated through the system and the prod-
ucts condensed by cold traps. In continuous liquid spray vaporiza-
tion (CLSV) reagents are aerosolised through the system using a 
carrier gas. Here no vacuum is required, and the substrates do not 
have to be volatile. Reaction times are considerably reduced and 
can be achieved within a few milliseconds. New enabling tech-
nologies such as the Thalesnano™ Flash Pyrolysis Platform, have 
led to a steady uptake of these techniques. Applications include 
sigmatropic reactions, cycloadditions, pericyclic reactions.[99]

3.7 Low-temperature Reactions
Metal/halogen exchange, direct metalation, and highly exo-

thermic reactions generally require cryogenic cooling to con-
trol temperatures efficiently. Some examples by our own group 
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include the first designed use of a cryo-flow device for several 
diastereoselective fluorination processes[100] and low temperature 
pre-cooled enabling technologies.[10a,c]

Of particular note is our synthesis of tamoxifen.[101] In this 
example several organometallic reagents were used, necessitating 
precise temperature control of both reactor systems and mixing 
junctions (Fig. 10). Pre-cooling loops were deployed to ensure 
that temperature control was maintained at the point where re-
agent streams met. The ability to accurately and continuously vary 
the temperature range presented major benefits over traditional 
cooling-bath methods.

3.8 Supercritical Fluids
Supercritical water has found wide application in commercial 

effluent and waste treatment, but limited use in classical synthesis 
procedures. This is partly due to the engineering challenges of 
constructing suitable small-scale reactors, but also because of its 
poor selectivity under the typically aggressive oxidation condi-
tions.

Carbon dioxide does not suffer these shortfalls and has been 
subject of more research interest. Several examples of optimised 
continuous processes that utilise supercritical CO

2
 reactions are 

known.[102] These include photo-oxidation using singlet oxy-
gen,[103] continuous methylation of alcohols,[104] the carboxy-
methylation optimization of dimethyl carbonate[105] and many 
more. 

For academic research supercritical set-ups have required 
large foot prints and have been custom designed. This has histori-
cally required the need to be conducted in specialised research 
groups. The introduction of high-temperature and -pressure sys-
tems, such as the ThalesNano Phoenix,[89] is helping to bridge this 
gap and enable high-temperature reactions to be conducted by less 
specialised groups.

3.9 3D printing
Three-dimensional (3D) printing has steadily been gaining 

traction in a number of engineering and scientific disciplines. 
Multiple techniques exist to conduct printing, including fused 
deposition modelling (FDM), selective layer sintering (SLS) and 
sterolithography (SLG). Several recent reviews describes each 
of these in more detail.[106] The ready availability of printers has 
removed many of the barriers associated with the technology. 
There is now a wealth of literature and tutorials online, largely 
developed by the open source community, enabling individuals 
with little or no manufacturing experience to begin using power-
ful tools.

An early application of this rapid prototyping technique to fab-
ricate a number of miniaturised fluidic reactionware using FDM 
printers has been reported.[107] More recently the application of en-
capsulating reagents into 3D reactionware was demonstrated. [108] 
In this example polypropylene (PP) was chosen as the material 
for its chemical compatibility and relative thermal stability up 
to 150 °C. The 3D build process was halted before completion 
to allow the addition of reagents. This research programme was 
expanded further through the development of a 3D reactor con-
sisting of multiple compartments for multi-stage synthesis and 
purification.[109]

Perhaps the most ubiquitous use of additive technology for 
chemical applications has been the developments of microre-
actors, working towards a ‘lab on a chip,’ and the rapid proto-
typing of new reactor designs. The application of Digital Light 
Processing Stereolithography (DLP-SLA) has been reported re-
cently as an attractive and inexpensive 3-D printing technique for 
microfluidics which offers increased printing resolution.[110]

Perfluoropolyether (PFPE) polymers are an interesting alter-
native for the fabrication of chemically-resistant devices. In addi-
tion to their chemical stability, they exhibit high optical transpar-
ency to visible light, have low surface energy and provide tuneable 
elasticity.[111]

Micro-channelled reactors are not the only targets for 3D 
printing. Other essential flow equipment such as syringe pumps 
have been fabricated using this technology.[112] Custom-designed 
polypropylene reactor columns have been used to perform S

N
Ar 

reactions at high temperature in DMF for intramolecular acylal 
cyclisation reactions in the presence of BF

3
:OEt

2
 in DCM.[113] As 

the range of materials widens it can be imagined that a 4th dimen-
sion could be used whereby 3D printed materials can transform 
by themselves using heat, water, sound or vibration in to multiple 
configurations.

Fig. 9. a) Schematic overview of a continuous flow reactor heated by 
electrical potential drop which was used to achieve high reactor tem-
peratures; b) Photograph of the reactor placed in an insulated casing. 
Adapted with permission from [96]. Copyright 2017 American Chemical 
Society.
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However, deeper analysis of many telescoped sequences 
on smaller scales reveal deficiencies in current methods. While 
good levels of experimental control are available, as are accom-
panying analytical methods, there is some way to go in terms of 
downstream processing tools. In-line evaporation[121] or solvent 
switching,[122] especially for more challenging reaction sequenc-
es[123] where solvent incompatibilities arise or precipitation issues 
cause clogging to occur,[124] which are common problems in many 
multi-step procedures.[125]

Often by telescoping processes together compound mixtures 
can arise which, if not addressed until the final product purifica-
tion stage, can prove to be insurmountable when it comes to sepa-
ration. Therefore, in-line continuous separative techniques, such 
as Simulated Moving Bed chromatography[126] or recently multi-
plexed[127] CO

2
 supercritical fluid chromatography can provide a 

solution. Nevertheless, these systems can be expensive to install 
and are therefore often tailored for more specific and demanding 
applications.

Practical alternatives can be found using immobilized resins 
to selectively scavenge by-products or impurities in-line to afford 
clean product streams. Indeed, this technology has been under-
utilized despite its obvious opportunities. Nevertheless, there is 
resurgent interest in the area and useful, new reviews are appear-
ing.[115,128]

Application of the immobilized agents either as cocktail mix-
tures or linear combinations[129] to remove in-line multiple un-
desired impurities is an attractive strategy.[130] Likewise using 
a catch and release approach by capturing the desired product 
from a complex product stream using complimentary recognition 
on an immobilized format and subsequently releasing the clean 
product into the flow stream is a particularly useful technique for 
telescoping[131] steps together during continuous flow synthesis. 
These methods become even more powerful when used in combi-
nation with supported reagents to effect multi-step syntheses[123] 
since the spent reagent is immobilized and does not enter the flow 
stream but is readily recovered and, in many cases, recycled. In 
this way many of the traditional time and labour consuming work-
up methods such as chromatography, water washing, distillation 
and crystallization can be avoided.[132] Improved supported re-
agents[133] particularly for asymmetric transformations or higher 
surface loadings are in great demand.

Despite the success of these techniques many syntheses inevi-
tably end up with a downstream liquid–liquid separation problem, 
which during a multi-step telescoped process can be a barrier to 
success.

Although membrane separation[134] can afford one solution 
to the problem, particularly the very powerful Zaiput device,[135] 
camera monitored[26] or other liquid–liquid separations[136] are 
now commonplace but further development of off-the-shelf mod-
ular units for downstream/in-line processing are still needed.

Telescoping multi-enzyme[74a] or multiple gas reaction 
steps[86a] together can come with their own problems but are seen 
as important future opportunities. Again immobilization[137] or 
membrane methods[138] using tube-in-tube reactors,[85,139] for ex-
ample, can overcome some of the issues although both these fields 
are ripe for further development.

As a showcase of a flow sequence with multiple gas combina-
tions, the Pd-catalysed vinylation of aryl iodides using ethylene 
gas followed with the Rh-catalysed hydroformylation with H

2
 and 

CO to give branched aldehydes is instructive (Fig. 12).[86b]

5. Conclusions
The world around us is highly digitally connected and this is 

accelerating discovery in many areas of science. Enhanced data 
sets are providing new insights and opportunities through vari-
ous algorithm-driven information mining, machine learning tech-
niques and also during high throughput experimentation. Flow 

However, 3D printing techniques suffer from hurdles associ-
ated with chemical compatibility and limitations linked to pres-
sure and temperature. We believe that these technical challenges 
are temporary and will be overcome as more materials become 
available. Recent work described the fabrication of a printed 
stainless-steel reactor for continuous difluoromethylation.[114] 
Computational fluid dynamic (CFD) modelling was used to de-
sign a flow channel, which incorporated separate quench and 
cooling channels. 

Another potential pitfall of 3D printed reactors is their short 
life cycles. In a world focusing on renewable sources and greener 
processes, 3D printing could be regarded as wasteful as compo-
nents cannot be easily disassembled and re-used. Paradoxically, 
the process encourages a consumable culture that potentially un-
dermines many of the gains made through continuous processes.

Additive technology is likely to continue to play a significant 
part in the future – particularly for the design and development of 
novel reactors. Other foreseeable uses included in-house fabrica-
tion of custom and consumable parts such as valves, unions and 
t-pieces as well as the ability to adapt/repair existing lab equip-
ment. The availability of open source software and cloud-hosted 
3D design packages such as Autodesk Fusion 360 will continue 
to lower the entrance barrier to this technology and provide access 
to a wealth of knowledge and resources usually only available 
to engineers. It is also foreseeable that problems will be jointly 
solved through a more multidisciplinary approach as the toolkits 
from other disciplines are used to solve more complex chemical 
and synthetic problems.

4. Reaction Telescoping and Downstream Processing
Interestingly, while the implementation of flow chemistry 

techniques has resulted in considerable innovation and equipment 
development, most of this activity has been focused on upstream 
events often involving single reaction steps.[115] Product work-up 
often follows a traditional pathway with little thought being given 
to novel downstream processing tools. Yet in the vast number of 
organic synthesis programs, at least at the research level, the unit 
operations to afford clean products are at best cumbersome, time 
consuming and wasteful of materials. This becomes a major is-
sue during long reaction sequences where telescoping of steps 
together would be a desired outcome but that the disproportional 
complexity of implementation becomes prohibitive.

Of vital importance is that we also do not forget the immense 
power of modern-day batch chemistry. It is essential, therefore, 
in going forward that full holistic integration of the best methods 
both in batch and flow are evaluated together and not treated as 
isolated competitive entities.[116]

One should recognize that all multi-step synthesis is chal-
lenging, requiring a detailed knowledge of mechanisms, meth-
ods and strategies that are not readily relegated to machines. 
The aim, therefore, is not to deliberately complicate a process 
but to improve it; one has to understand a molecule before you 
can make it.

Reaction telescoping is, therefore, a key strategy to facilitate 
many aspects of a synthesis, which can include reduction in sol-
vent usage, minimizing downstream processing tasks, avoiding 
hazardous and unstable intermediate compound isolation and 
storage leading to overall faster product delivery times.

There are now many examples, which have been well re-
viewed[117] of fully or partially telescoped reaction schemes under 
flow chemistry conditions leading to functional molecules,[5b,118] 
including natural products.[119]

By way of a recent example the multistep synthesis of the HIV 
integrase inhibitor dolutegravir has been reported (Fig. 11).[120] 
This example expanded the limits on continuous flow processing 
potential by telescoping seven steps together, producing the target 
material with 24% overall yield.



Continuous Flow Chemistry – industry and aCademia PersPeCtives CHIMIA 2019, 73, No. 10 799

discovery of new strategically important reactions and the use of 
inventive enabling technologies.

Going forward robots in labs will feature more commonly 
but they cannot replace the full capabilities of human endeav-
our; rather they create time for researchers to think, plan and 
invent new chemistries. Indeed, the amalgamation of human ef-
fort with machine-assisted and other enabling technologies will 

chemistry and continuous processing methods for the assembly 
of our functional materials are ideally placed to benefit from 
these concepts. Innovation is all around us thereby increasing our 
skill-set and driving change to our current conventional capabili-
ties. Future laboratories are evolving quickly to best integrate all 
these new ideas but there is still much to do. Downstream reaction 
processing is a major bottleneck that can only be solved by the 
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augment research capabilities and drive future developments in 
chemistry.

6. Summary of Future Needs
• Improved reaction telescoping methods
• Improved downstream processing tools
• New in-line solvent evaporators
• Automated liquid-liquid separators
• Increased use of microprocessors for reactor control
• More application of ML techniques
• Development of new AI algorithms
• More multi-enzyme cascades
• Improved enzyme immobilisation methods
• More intermediate scale-up tools
• Discovery of new reactions
• New self-optimisation tools
• Continued development of analytics
• Greater integration of flow and batch methods
• Increased use of robots
• Increased use of AR and VR techniques
• Wider use of image capturing and data-mining techniques
• Adoption of holistic systems planning
• Voice-controlled AI
• Use of compartmentalisation technologies
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