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Turning the Tide with Flow Chemistry 
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In the 350 years or so since Robert Boyle published his treatise ‘The Sceptical Chymist’ 
in London in 1661, organic chemistry has developed into a mature discipline that, given 
the necessary time and resources, equips chemists with the ability to synthesise a 
myriad of molecules ranging from innovative life-saving drugs to complex natural 
products. The art of synthesis continues to evolve through the development of an 
increasing variety of both new and specific chemical transformations, and more efficient 
strategic methodologies. However, although the underlying science continues to evolve, 
the way in which chemistry is performed in the laboratory has, in many ways, changed 
surprisingly little. Individual batch processes performed in round-bottomed flasks and 
other traditional glassware remain the established modus operandi within today’s 
chemistry laboratories. Of course, there have been some notable exceptions. The drive 
from within the pharmaceutical industry to increase efficiency and reduce cost to market 
has catalysed the adoption of parallel synthesis and combinatorial chemistry techniques 
in early stage drug discovery. And the advent of direct microwave heating has become 
an established and useful methodology in the synthetic chemists toolbox. 
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An alternative approach, however, utilises continuous processing. ‘Flow chemistry’ has 
the potential to deliver advantages on two levels. Firstly, the need to reduce cost is 
increasingly attracting the attention of the drug discovery community. In particular, the 
adoption of continuous flow processes presents an opportunity to reduce cycle times 
and impact the whole of the drug discovery process from early stage R&D to the 
eventual successful production of active pharmaceutical ingredients (APIs). The concept 
is simple enough. Early stage drug discovery is driven by the need to rapidly synthesise 
small quantities of diverse structures to evaluate in primary biological screens. At this 
stage synthetic elegance and yield are frequently sacrificed for the overriding desire to 
have the molecule in hand. However, once a lead molecule is identified, it will be 
become subject to increasingly robust biological scrutiny to establish safety and efficacy 
in targetting a particular disease state. Inevitably, before reaching the crucial first time in 
man decision point, increasing quantities of material (kg) will be needed. Almost 
invariably, the original synthetic approach will not be suitable ‘as is’ for scale-up in this 
way in terms of cost and/or safety considerations. The upshot is that the synthetic route 
will have to be modified and possibly completely changed; often more than once. 
Unfortunately, all this effort will be to little avail if the compound fails in early phase 
development, and the resulting considerable cost penalty will have to be bourne by the 
company concerned, and therefore ultimately the patient. 
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Table 1.  Calculated variation of boiling with pressure.b 

 
An alternative strategy that offers the benefits of essentially seamless scalability without 
the need for significant route modification is therefore attractive.  
In reality, it is unlikely that every ‘batch’ chemistry will be suitable for flow-through 
implementation – certainly not without modification. And there are a number of different 
ways in which continuous production may be performed. However, a particularly 
appealing approach invokes the use of long, narrow-bore tubing reactors. These can be 
coupled with either static or dynamic mixers to promote turbulent mixing, but 
alternatively, where the tubing internal diameter is less than the order of 1 mm (and the 
Reynolds Number is small), highly reproducible and efficient mixing may be achieved 
simply by diffusion between contacting laminar flow streams. This is a charactaristic 
feature of microfluidic devices. Here, scale-up can be straightforwardly achieved either 
by duplicating the number of devices used, or, by increasing the reactor length.a 

 
Accelerated reactions run under superheated conditi ons:  Where there are no 
undesirable competing side-reactions, reactions run at higher temperatures typically 
proceed more rapidly. Unfortunately, in conventional laboratory glassware operating at 
atmospheric pressure, the maximum temperature is limited by the boiling point of the 
solvent used. 
Conversely, in flow reactors which routinely operate at elevated pressure, the solvent 
boiling point and hence the reaction temperature are limited by the system pressure. For 
example, water may be superheated to around 200ºC at 15 bar, at which point its 
dielectric properties change significantly. Dichloromethane doesn’t start to boil until 
approximately 100ºC at 7 bar. Beneficially, a reduction in reaction time corresponds to 
an increase in throughput for the same reactor volume. 
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Scheme 1. 
 

Even simple reactions can benefit from superheating effects. For example, basic 
hydrolysis of ethyl 4-bromobenzoate 1 (Scheme 1), which smells of aniseed, or 
conversely the acid catalysed esterification of 4-bromobenzoic acid 2 (Figure 1) are both 
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reactions that are significantly accelerated under superheated conditions. In the former 
case, the reaction product 2 is isolated by filtration of the precipate produced by directing 
the flow reactor output into dilute mineral acid. 
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Figure 1.  Esterification under  superheated conditions in a continuous flow-through reactor. 
 

Of course, today’s synthetic chemists routinely utilise microwaves to invoke superheated 
conditions in batch reactors. However, this strategy can prove difficult to scale-up 
because of inhomogeneities in the electromagnetic field. Moreover, although a number 
of research groups have reported success with flow-through microwave techniques, 
microwave heating, though rapid, can be difficult to control as precisely as thermoelectric 
heating. Thus, a high temperature flow-through reactor will likely find an important 
application in the scale-up of microwave chemistries currently performed as small scale 
batch processes.  
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Scheme 2. 
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Mark Bagley’s group in Cardiff,c for example, have shown that the Bohlmann Rahtz 
pyridine synthesis performed in an electrically heated flow-through device works just as 
effectively as when run on a small scale in a batch microwave reactor (Scheme 2). 
 
Reaction profiling and scale-up:  The ability optimise the conditions for perfoming a 
particular reaction in a cost-effective way on a small scale before seamlessly scaling-up 
it up to produce a useful quantity of material constitutes an important part of the process 
chemists daily role. The high reproducibility encountered in flow reactors is well-suited to 
this objective. However, care must be taken to ensure that data is collected when the 
flow reactor is in ‘steady-state’ and not still equilibrating to the desired reaction 
conditions. In practise this can be achieved using a simple stopwatch, or alternatively, 
more sophisticated in-line monitoring techniques can be utilised. 
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Figure 2. 

 
Figure 2 shows the reaction profile of a simple SNAr reaction when performed under 
identical conditions in both a 2.5 mL and a 20 mL tubing reactor (identical ids in each 
case). Although this represents an 8-fold ‘scale-up’, the reaction profile in both instances 
is, within experimental error, identical. Additionally, by ‘scaling out’, that is replicating the 
flow reactor, much greater throughputs could routinely be achieved.  
Scheme 3 shows a related reaction that constitutes the first step in the synthesis of the 
important oxazolidinone antibiotic Zyvox®. Here a commercial flow reactor that takes up 
less than half the space of a standard fumehood was used to produce 34 g of 8 per 
hour.d Moreover the yellow product was conveniently isolated by simply fltering the 
suspension produced when the output from the flow reactor was directed into a large 
bottle filled with water. 
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Scheme 3. Flow-through synthesis of intermediate 8 on a 100 g scale. 
 

Improved safety:  The ability to limit the quantity of a dangerous or unstable reaction 
intermediate that may be present at any one time by invoking continuous processing in a 
flow-through reactor presents an opportunity to safely perform such reactions on a larger 
scale. For example, Steve Ley’s group at Cambridgee and scientists within Pfizerf have 
developed a flow-through procedure for the synthetically useful Curtius rearrangement 
that is both scalable and safe. The potentially explosive acyl azide intermediate is 
continuously formed in a limited quantity and then encouraged to undergo a controlled 
rearrangement to the more stable isocyanate which, in the presence of a suitable 
nucleophile is converted into the final product (Scheme 4). The reaction may be 
performed in a step-wise manner or alternatively as a single continuous process. Further 
improvements were made by incorporating combinations of acidic and basic scavenger 
column into the outflow stream to deliver products directly with high purities. These 
workers have demonstrated that carbamates (13; X=O), for example, may be safely and 
routinely prepared on a 25 g scale in a relatively short period of time. 
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Scheme 4. 

 
Accessibility:  New technologies and techniques inevitably take time to become 
accepted into common practise. In part, this is attributable to the need to properly 
evaluate and identify the benefits that the new tools or procedures may offer. This in turn 
is dependent upon the availability of properly developed commercial products.g 
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Moreover, flow chemistry experiments are set up in a different way to conventional batch 
processes. Residence time, for example, is a key parameter affecting experimental 
outcomes in flow. This in combination with the need to operate the flow instrument itself 
presents an additional impasse to adoption of the technology. Therefore, Uniqsis, have 
focused on accessibility and ease of use. The FlowSyn™ continuous flow reactor is an 
integrated benchtop device which is controlled using an embedded simple graphical user 
interface (Figure 3). This is designed to make the instrument extremely easy to use, 
even for those who use the instrument only occasionally. 

 
FlowSyn™ and other commercial meso-scale 
flow-through reactorsg provide chemists with the 
tools needed to both explore and exploit the 
advantages inherent in flow chemistry. Whilst 
this extends the scope of synthetic chemistry in 
general, such instruments also serve as tools to 
engender a greater acceptance of flow-through 
synthesis techniques. This may ultimately lead 
to the implementation of more sophisticated flow 
devices currently under development, such as 
fully integrated ‘make and screen’ microfluidic 
drug discovery platforms,h or droplet based 
technologiesi that utilise miniscule quantities of 
materials and operate in a highly efficient high 
throughput mode. With a broader utilisation of 
continuous flow-through techniques throughout 
the drug discovery process underway, the tide 
does indeed seem to be turning in a new 
direction. 

                                 Figure 3. 
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