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Bl INTRODUCTION

The pharmaceutical industry is going through continuous
change, and it is only by adapting to change that it can survive
and improve. Enormous pressure to deliver new and successful
drugs to the market is impacting the research process. New
strategies and innovative solutions on all fronts are needed to
improve and speed the journey from early discovery to
production.

In the discovery synthetic chemistry arena there has been a
change in approach and mentality in the past few years: fewer
compounds are being made, and design is more focused, aided
by computational techniques and data analysis tools. As a result,
synthetic chemists are being asked to deliver target compounds
more quickly and at the same time via a synthetic route capable
of delivering rapid resynthesis and supporting subsequent scale-
up. Besides, they are also being asked to expand the accessible
chemical space for designers.

Synthetic chemistry plays a key part in the drug discovery
process. It is a vibrant science with significant research being
carried out around the world, new reactivity patterns being
discovered every day, along with new reactions and applications
of established reactions. In terms of actual lab techniques to
support these efforts, continuous processing is emerging as one
of the techniques that can significantly impact the synthetic
process. Several reviews' ' have been published highlighting
the potential advantages of the technique, namely, high control
of the reaction variables, which can translate into higher
product quality; increased safety; possibility of reactions at high
temperature and pressure (process intensification); possibility
of automation; reduced manual handling; easier reproducibility;
flexibility of the production volume; possibility of in-line purifi-
cation techniques and reaction telescoping; increased contact
surface between phases for biphasic and triphasic systems;
bigger temporary catalyst/substrate ratio in heterogeneously
catalyzed reactions, leading also to process intensification and a
smaller footprint in a manufacturing plant. Despite its numerous
advantages, the large majority of processes in the pharmaceutical
industry are still run in batch. Continuous processing is,
however, slowly gaining ground.

In this Perspective, we give an overview of this technique
from the pharmaceutical industry point of view: how it is
currently impacting in each stage of the drug discovery process,
what factors are holding it from a more widespread impact, and
finally where we see its future. Far from being an exhaustive
review, this manuscript intends to provide the reader with a
better understanding of the flow technique, its potential, and
challenges. We have attempted to capture a large range of
reactions where flow has a potential advantage. However,
photocatalyzed reactions'' ™" and biotransformations'* have
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not been included because of space constraints, despite the
important flow potential in these areas.

B CONTINUOUS PROCESSING AND THE DRUG
DISCOVERY PROCESS AT PFIZER

At Pfizer, once a target has been defined, chemistry starts in the
Medicinal Chemistry department. There, design and synthetic
efforts are combined to deliver drug candidates. Initial hits are
optimized to give compounds that have more druglike
properties in terms of target activity, selectivity, metabolism,
and pharmacokinetics. The number of series (a structurally
similar group of compounds) under investigation is typically
narrowed down to 1—3. When the lead discovery (LD) stage is
achieved, it has been established that a druglike combination of
properties is possible, but a final structure has not yet been
fixed. At this stage, few batches larger than that initially required
for primary testing (5—10 mg) will have been made, of around
500 mg to 1 g for pharmacokinetic (PK) studies and others.
Then the candidate seeking stage (CS) begins. Whereas in the
pre-LD stage the design is more speculative, after LD design is
more focused and a reduced number of compounds are
typically prepared. Libraries of compounds will be relatively
small (less than 100 compounds), and key singletons will be
prepared, close structural analogues to existing leads. When a
particular compound looks interesting after primary testing,
1-2 g of solid material will be immediately required for PK and
initial toxicity studies. Synthetic chemists need to be in a
position to deliver these quantities quickly. Clearly, the better
the synthetic route that is available, the faster this can be
delivered. Large scale routes have to be efficient, safe, and
reliable. Yields obtained in small scale can often translate poorly
on scale, and further optimization is required. If a compound
looks interesting, chemists in Medicinal Chemistry will start to
liaise with the next department in line: R-API (research active
pharmaceutical ingredient). They will allocate some resource to
start looking at the route. Then a first exploratory toxicology
study (ETS) batch (~5—30 g) will be required for in vivo
toxicity studies, which is usually still made within Medicinal
Chemistry. If successful, a candidate will be nominated,
officially signaled by the candidate alert notice (CAN), and
R-API will take over. They will optimize the route for further
scale-up and deliver a larger second ETS batch (~30—500 g)
for second species toxicity studies. If the compound progresses
satisfactorily, it will go to D-API (development active
pharmaceutical ingredient) for the development of the
commercial route. Optimization of the route will take place
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in each of these stages and kilograms of material will be
provided for the clinical studies (Figure 1).

Hit LD CS CAN

Medium scale synthesis.
10's-100's grams.

1-3 series.
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Focused chemistry.

of compounds.

Multiple series.
Diverse chemistry.

Figure 1. Main drug discovery stages up to candidate nomination.

However, this theoretical scenario can be slightly altered
depending on individual project requirements. Time pressures
will result in routes being scaled with suboptimal chemistry and
bigger batches being prepared at risk while awaiting key
experimental data. There is a continuous balance between
speed and optimization. This also means that departments are
forced to work closely to smooth the transitions. It is in these
transitions where flow chemistry can play a key role, and it is
only if the technology is embraced in all the departments that
the benefit can be maximized.

Continuous processing can provide advantages at each stage of
the process, and it should ideally start from Medicinal Chemistry.
If a route is carried out in flow within Medicinal Chemistry,
material up to the first toxicity batch can be delivered with
minimum optimization. Besides, it is more likely that subsequent
departments in development will utilize the existing flow route.
Manufacturing is another business division within the Pfizer
Corporation, and it is the customer for R& D. Since the existing
manufacturing equipment is batch equipment and large capital
investment is required to implement a flow process in
manufacturing, the manufacturing division needs a significant
benefit to be able to offset such cost. This can be a common
barrier for the flow process uptake in manufacturing. We believe
that once that initial barrier is broken, more continuous
manufacturing processes will be developed. In the meantime,
we must not forget the advantages that it can provide in all the
stages of research and development to provide material for animal
studies and up to initial clinical trials with greater speed.

Within early research, however, an important consideration is
how much time should be invested in optimizing the route of a
particular compound. The balance of speed versus optimum
chemistry will be shifted to the former for early stage projects and
toward the latter in more advanced projects. Another important
factor is how general the transformation can be. In other words, a
particular step or set of steps in a synthesis can be key not only
for one singleton but for many project compounds. In that case,
time investment in route development can have a significant
project impact. Sometimes route development is required to open
up new areas of design: new structural motifs that can potentially
be of interest to medicinal chemists but are poorly precedented or
not present at all in the literature. Certain compounds are greatly
desired, but chemistry is very poor and considerable time and
effort are spent to make and test them.

To synthetic chemists the many advantages of flow chemistry
are very attractive, but the two major factors that have to be
considered are high control of the reaction variables, which
can result in an improved reaction profile and safety and the
quick scalability with minimum optimization of the reaction
conditions up to ~10's to 100's of grams on case by case bases.

B CHALLENGES AND POSSIBLE SOLUTIONS

Like all the new technologies,"® continuous processing faces an
initial challenge: people are familiar with batch processes. The
mind set when designing a new reaction has to be slightly
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changed. Instead of reaction time, residence time in the reactor
needs to be considered, which will depend on the flow rate and
the volume of the reactor. Biphasic reactions with a liquid/solid
system are usually not tolerated, and changes to homogenize
the mixture are required, especially for flow reactors with a
small internal diameter. All reagents need to be fed to the reactor
with the minimum number of inputs in order to minimize the
complexity of the system. Time pressures often prevent people
from investigating the possibility of flow, and not everyone is
ready to take the challenge or to invest the time to learn it.
Continuous processing requires certain engineering skills,
including fluid dynamic and kinetic understanding in a discovery
arena and a much deeper understanding in the development
arena. The availability of increasingly sophisticated commercial
systems is making it easier for chemists in research, who usually
have limited engineering skills. However, chemists in Develop-
ment have to work closely with engineers to develop large scale
flow routes. Besides, there is also an initial capital investment
required for the purchase of flow equipment.

According to a report published by Lonza chemists,"® half of
all reactions would benefit from a continuous approach based
upon their reaction kinetics. However, solids are present in
more than 60% of these reactions so that less than 40% could
be actually transferred to flow without modifications. Some-
times, modifications in the process (solvents, reagents, etc.) can
overcome this issue, and with increasing knowledge and
experience, our ability to do so will increase. It could be also
argued that in cases where dissolution is the limiting rate, if the
reactants are in solution, then the reaction could be faster than
if they are partially soluble.

A process where the product precipitates out and can be
separated by filtration is very desirable in batch chemistry
because it aids purification, but it can be a problem in
continuous process unless the product is in solution inside the
reactor and it precipitates only upon cooling or in contact with
a further solution or a solvent. Technical advances that allow
handling of solids in continuous processing are still needed.
Mesoscale dynamically mixed flow reactors that can handle
solids have already come into the market (see “Dynamically
Mixed Flow Reactors”). Some large scale tubular continuous
reactors and continuous stirred-tank reactors (CSTR) can
handle some liquid/solid biphasic systems, but the possibilities
are still limited in the laboratory environment.

Some straightforward and clever solutions have been devised
in particular cases. Recently Kelly et al.'” have reported the
interception of the flow stream with a suitable organic solvent to
fully dissolve the reaction mixture before the back pressure
regulator, which is one of the most common points of blockage
(Figure 2a). A similar concept was previously reported by Hopkin
et al."® where a stream of water was added to fully solubilize the
NaBr byproduct prior to the back pressure regulator (Figure 2b).
Another alternative to effectively dissipate solid aggregates,
which is becoming now more popular, is the use of ultrasonic
baths (Figure 2c)."”™*' In certain cases, solids can be handled
successfully in continuous processing like in the nanoparticle
generation™” or, as demonstrated by Buisson et al,* in a hydro-
genation reaction. Finally, handling of solids through microreactor
channels is also possible by utilizing disperse-phase droplets as
individual reactors, as demonstrated by Poe et al.** It is worth
highlighting the work carried out by Buchwald, Jensen, and co-
workers™ to understand why solids lead to clogging in Pd
catalyzed C—N coupling reactions. They concluded that there are
mainly two mechanisms: bridging, which could be eliminated by
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Figure 2. (a) Introduction of an organic solvent stream before the back pressure regulator. (b) Introduction of a water stream before the back

pressure regulator. (c) Use of ultrasonic baths.

acoustic radiation, and constriction, which could potentially be
managed, at least to a certain extent, by increasing the fluid flow
velocity.

Besides the 50% of reactions that can benefit from a flow
approach,'® there are some that are only enabled by continuous
flow and their scale-up would be otherwise impractical. This is
very difficult to quantify, as chemists tend to avoid such steps and
look for alternative routes, which in some cases can be longer or
less convenient. Continuous processing can thus open up the
available range of reactions and therefore provide more flexibility
in route design. This area will now be discussed in greater detail.

B OVERVIEW OF THE LABORATORY EQUIPMENT
AVAILABLE

Continuous flow reactors can broadly be divided into micro-
scale, mesoscale, and large scale.

Microscale Flow Reactors or Microreactors. The main
characteristic is that the channel diameters are small, usually in
the micrometer range, and are available in a wide number of
materials and shapes. They operate at a laminar flow rate, and
the mixing along the channel happens by diffusion. Mixing
elements with even smaller channel dimensions may be
incorporated where different streams meet.

A microreactor can operate under “plug flow” or “segmented
flow” conditions. We refer to “plug flow” when mixing in the
direction of the fluid flow is minimized and therefore each
“plug” or imaginary cross-section of the channel of a differential
length in the microfluidic channel is perfectly mixed in the
radial direction and reacts independently of the “plug” ahead or
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behind it. In plug flow, steady state can be reached where the
concentration of reactants at each point in the reactor is
constant in time. In “segmented flow”, however, steady state is
not achieved. We refer to “segmented flow” when the reaction
tails at the beginning and at the end of the reaction segment
due to dispersion are a significant part of the reaction length.
Reactors can be further classified into three types:
Microchips. The channel geometries are fixed, etched into
different materials such as glass, silicone, stainless steel, metals,
or polymers. The volumes range from 1 yL to 1 mL and the
channel diameters from 50 to 1000 ym depending on the
system.26
Microscale Coil Reactors. These are commonly made of PTFE
but also exist as PFA, PEEK, stainless steel, Hastelloy, and copper.
Microscale Packed Tubular Reactors. These are typically
metallic or glass tubes packed with some solid supported reagent,
catalyst, or scavenger. Their diameters tend to be larger than those
of chip and coil reactors, and they can range from 1 mm to 2 cm.
By combination of HPLC pumps, peristaltic or syringe
pumps with a reactor, a fully functional flow system can be
created. Alternatively, there are also several integrated
commercial platforms, the versatility of which has increased
significantly in the past couple of years. Most of them now
incorporate software control, fraction collector, and the like.
Examples of fully automated microfluidic platform include
the Labtrix-S1 microreactor system,”’ the Africa from Syrris,”®
Future Chemistry,29 and the Conjure system from Accendo.®®
All these systems are suitable for preparing small amounts of
material or for reaction optimization because of the small
reactor sizes.
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Other common commercial platforms with larger reactor sizes
and therefore able to prepare larger amounts of material include
the Vapourtec,® the Unigsis,” the Asia from Syrris,>* and the
Propel system from Accendo.** This second group of reactors
represent the most commonly used ones among research
laboratories, as they can prepare synthetically useful amounts of
material (up to 100's of grams). Although reaction optimiza-
tion is also routinely carried out, a systematic optimization with
a large set of conditions being screened is more efficient and
uses less material in the microfluidic platforms formerly
mentioned.

Another example is the Alfa Laval ART LabPlate, a stainless
steel plate reactor with a volume of 10 mL, which can still be
considered as a microreactor because of the small internal
diameter.

There are also the more specialized ThalesNano systems,*®
which are designed to carry out reactions at high temperatures
and pressures like the X-Cube Flash, hydrogenations like the
H-Cube and H-Cube Midi, or ozonolysis like the O-Cube.
Another commercial continuous hydrogenation reactor is the
FlowCAT reactor from HEL.*”

Mesoscale Flow Reactors. The channel diameter can
range from 1 to 10 mm, and they are designed to produce
larger amounts of material, around 10 to 100's of kilograms.
Production capabilities will depend on the specific character-
istics of the reactor and the process. Manufacturers tend
to claim very high production capabilities, but those would
only be true for extremely fast reactions and at high con-
centrations.

There are also the systems that comprise several micro-
reactors in order to increase the total volume and therefore the
throughput. They can be classified as mesoreactors despite
having a small internal diameter. One of the earliest examples in
this group was the CYTOS system from Cellular Process
Chemistry Systems GmbH.>®

IMM* provides a whole range of stainless steel micro-
reactors, heat exchangers, and mixers for large scale
applications.

Another imgortant example is the Corning’s Advanced-Flow
glass reactor,4 which is designed for handling liquid/gas/solid
mixtures (slurries with average particle distribution of around
30 ,um).23’41

Large Scale Flow Reactors. Continuous manufacturing
solutions have been applied to other industries like paint,
polymers, food, water treatment, chemical, and petrochemical
with great success, and only now have they started to break
through into the pharmaceutical industry.

Companies such as Alfa Laval provide expertise and
appropriate equipment for large scale continuous reactions and
alternative workup unit operations.*” Other companies such as
Sulzer (Sulzer Chemtech) provide a large range of continuous
reactors and alternative technologies like heat exchangers, static
mixers, and plug flow reactors.*® Another example is Chemineer,
which provides reactors and other eql}épment for large volume
producing industries (>100 MT /year).

B PROCESS INTENSIFICATION

Process intensification (PI), originally developed in the 1970s
for the bulk chemical industry, can be defined as the ability to
obtain equivalent or better results in terms of purity, selectivity,
and yield of the desired product in a reduced period of time
and therefore with an enhanced throughput, by increasing
parameters such as temperature and pressure. This usually
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translates into a reduced cost, which has been the main driver
behind PI. In this area continuous flow has a significant impact,
as reactions at very high temperatures and pressures can be
safely carried out, solvents can be heated above their boiling
point, and residence time in the reactor can be accurately
controlled.

Although process intensification can be very beneficial in the
bulk chemical industry, it has not always been beneficial in the
pharmaceutical industry. The required product specifications
are very strict, and small increases in certain impurities, even if
the overall purity level is the same, will not justify the benefits
obtained by intensifying the process. As molecular complexity
increases, the number of potential byproducts also increases.
However, as the value of the process versus the API (active
pharmaceutical ingredient) increases, mainly because of the
emerging generic market, PI is becoming more relevant. The
effects of PI will thus have to be carefully assessed on a case by
case basis.

Flash chemistry is a closely related concept defined by Prof.
J. Yoshida, which will be discussed later in more detail.**®

V. Hessel goes further and defines the concept of novel
process windows.® According to him, benefits can be
maximized by completely rethinking the process and making
use of less conventional process conditions to take full
advantage of the technological capabilities of flow chemistry.

Microwave reactions have become popular in research
laboratories, as they can intensify processes significantly by
reducing reaction times and even in some cases preventing
catalytic cycles from collapse. However, besides the safety
concerns of having large pressurized batch vessels at very high
temperatures, microwaves have a limited penetration and create
temperature gradients within large vessels, which makes the
scale-up of batch microwave reactions difficult. Continuous flow
is a good way to scale-up batch microwave reactions, either as
microwave assisted continuous organic chemistry (MACOS)W_49
or as thermally heated continuous flow reactors.’>*" In the same
way, small scale microwave batch reactions are sometimes used
to optimize reactions (screening), which will be scaled in a
continuous flow system.

In some cases with metal catalysts the reaction intensification
observed in a microwave can be the result of localized hot spots at
significantly higher temperatures than the reaction bulk temper-
ature measured by the IR probe of the microwave. This is
believed to be the case in the gold-film-catalyzed benzannulation
reaction carried out by Shore et al.*> These workers coated a
microcapillary with a porous gold film on top of a thin silver
mirror, which was heated by microwave irradiation (Figure 3). A
direct comparison of a reaction was carried out at 190 °C in an oil
bath and in a microwave with a significant increase in conversion
with the latter (14% vs 68%). The authors observed a degradation
of the gold film after 2 h of continuous reaction at 100 °C, which
suggests that further improvements are required for long-term
stability of the metallic coating.

This hot spots theory was further investigated by Shore
et al>* in their three-component MACOS facilitated synthesis
of propargylamines where Cu and Au coated capillaries were
employed. They were able to measure temperatures of 950 °C
in the middle of the capillary, which led them to compare this
process to flash vacuum thermolysis (FVT) reaction but
without any vacuum being required.

Having a significantly enlarged reaction space in terms of
temperature and pressure increases the possibilities of finding an
optimum reaction zone. It is possible, for example, to reach the
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Figure 4. Examples of Hoffman rearrangement of aromatic amides with DBU and NBS.>’

regions of near-supercritical or supercritical (sc) conditions.
Beyond the critical point of pressure and temperature, liquids
and gases are indistinguishable fluids, supercritical fluids (scFs),
which exhibit very particular physical properties. For example,
scCO, has been used as a very good and environmentally friendly
nonpolar solvent, scH,O has increased dissolving capacity and
acidity, and scCH;0H can be used as solvent and catalyst in
esterification reactions because of its elevated acidity.>*

A very good example of the use of scCO, is the recent work
by Mello et al.>* in which they were able to tune the selectivity
of the oxidation of sulfides to sulfoxides or sulfones in scCO, by
varying the pressure of the system and the hydration of the
solid supported catalytic oxidant (hydrated [2-percarboxyethyl]-
functionalized silica) (Figure 3).

Process intensification in continuous flow has been demon-
strated for a variety of reactions like Diels—Alder, thermal
rearrangements, Claisen rearrangements, nucleophilic displace-
ments, ete. >4

An example is the Hofmann rearrangement studied by Palmieri
et al.>” These workers used the previously reported conditions of
NBS/DBU; however, their continuous flow method allowed for a
much faster reaction than typically reported in batch reactions.
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They used methanol as a solvent, a temperature of 120 °C, and an
effective residence time of 1 min, whereas the reactions in batch
typically take 25 min or more in refluxing methanol (Figure 4).
For this investigation they used a microfluidic platform>® initially
designed for positron emission tomography (PET) compounds,
therefore using very small amounts of material (50—100 ug/
reaction). The reactions were readily scaled to 1 g of material with
the Uigsis FlowSyn system.

Several other examples of process intensification like
organometallic reactions, metal catalyzed coupling reactions,
and others will be discussed in this review.

B MORE CONTROL: BETTER RESULTS AND MORE
SAFETY

Flow reactors exhibit a high surface/volume ratio, which
provides a very accurate temperature control and the possibility
to be heated and cooled very quickly. This means that any
exotherms generated in the reaction can be dissipated very
quickly. This, in some cases, has been associated with a cleaner
reaction profile, and several examples are provided below.
The high temperature control coupled with reduced reactor
volumes translates into higher safety and control of risk. In the
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event of a reactor breakage or explosion, damage is limited. In
industry, safety testing of all processes is of imperative impor-
tance. In early research, safety testing must be carried out
whenever any high energy functionality is involved. This require-
ment becomes more rigorous, and it is extended to all reactions as
scale increases to characterize the temperature accumulation and
a potential runaway situation. However, in a flow reactor, despite
a higher heat transfer coefficient and larger contact area between
process stream and heat transfer fluid, a runaway situation could
potentially happen more quickly if the cooling system failed. This
is due to the presence of a lower thermo mass to absorb the
energy released. In practice, this translates into avoiding certain
“dangerous” transformations in nonflow chemistry if at all possi-
ble. Continuous flow allows these transformations to be carried
out with a limited and understood risk. Besides, more material can
be produced by flowing for longer or altering slightly the
parameters (e.g, double the flow rate and the reactor volume).
Therefore, there might be no need to alter a route if more
material is required, for example, for animal testing at short
notice. This is very appealing in research, and it has boosted the
use of these previously avoided transformations, as in some cases
this represents a shorter or more efficient route than trying to
avoid the highly reactive functionality transformation.

Some examples of reactions where these advantages are very
important are the following:

Nitrations. Nitrations, classical transformations still in
common use, are usually highly exothermic, with potentially
explosive intermediates and products that are prone to side
reactions. This reaction can benefit substantially from continuous
flow. However, the highly corrosive nature of the reagents
required for many conventional nitration reactions can corrode
traditional pumps, and as a result, specialized equipment needs
to be used. Commercial suppliers have already launched acid
resistant flow systems that can handle H,SO,/HNO; mixtures.
In Pfizer we now carry out nitrations routinely in continuous flow
with the acid resistant Vapourtec R2+/R4 module (Figure 5).%°

X

—
N~ NH,
H,SO,/AcOH

0.5 mL min!

10 mL volume, rt

m 100 PSI bpr
NO,

HNO/ACOH S— | N

—

0.5 mL min! N NH,
CF, 59%
NO, /k : :NOZ
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53% 93%

Figure S. Examples of nitrations carried out at the Sandwich
Laboratories, Pfizer.>®

Kulkarni et al® and others® ~® reported on the advantages of
continuous flow nitration. They were able to improve the selectivity
profile of the product versus the corresponding batch reaction. The
same authors also reported later another nitration process carried
out using syringe pumps.*® Continuous flow allowed them to

perform the reaction at higher temperatures, affording a more
favorable ortho/meta ratio of products. The mixing was key to
avoiding local concentration gradients, especially at higher
temperature where the reaction occurs very quickly and the choice
of micromixer was found to affect the reaction.

Chemists at AstraZeneca carried out a large scale nitration of
3-methyl-1H-pyrazole (7) to 3-methyl-4-nitro-1H-pyrazole (8)
in continuous flow.®” They were able to carry out the reaction
on multigram quantities of material, avoiding by temperature
control the formation of a bis nitrated byproduct believed to be
3-methyl-4,5-dinitropyrazole (9), which had been classified as a
detonating explosive by oxygen balance calculations (Figure 6).

85°C - TECy T

65°C L---oooeeeeo e fee

Reaction coordinate

Figure 6. Multigram nitration of 3-methyl-1-H-pyrazole.””

Fluorinations. Fluorination is another type of reaction that
can benefit enormously from the use of continuous flow. The large
exotherm associated with electrophilic fluorinations using
elemental fluorine as F,/N, mixtures can be better controlled in
microreactor devices. Several purpose-made microreactors have
been constructed.®*7° Chambers, Sandford, and co-workers”*
successfully used a microreactor made of nickel and polytrifluoro-
chloroethylene (PTFCE) for the direct fluorination of organic
compounds. The reaction conditions were adjusted to achieve
“pipe flow”. We refer to “pipe flow” when in a biphasic mixture of
liquid and gas, the gas forms an internal cylindrical pipe that is
surrounded by the liquid within the reactor channels. The cross
section would then show concentric circles corresponding to the
liquid phase (outer) and the gas phase (inner) to maximize
contact between the two phases (Figure 7). With this reactor they
selectively fluorinated 1,3-dicarbonyl compounds.

microreactor wall

- \
Liquid phase

Gas phase

PIPE FLOW
(a)

Figure 7. Pipe flow diagram.”*

The same device was also used by this group to fluorinate
deactivated aromatic systems’> and benzaldehyde derivatives.”
Scientists at Syngenta also designed a purpose-made micro-
fluidic reactor for routine fluorinations in their agrochemical
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research department.”* The handling of F, gas has associated
hazards, and suitable safety measures have to be in place to
avoid exposure. Fluorinations are reactions commonly avoided in
medicinal chemistry departments because of the infrastructure
required to handle F, gas. Instead, alternative fluorinating
reagents such as DAST or Selectfluor are used.

However, DAST also has some safety issues to consider. It is
known to be unstable to heat and to decompose violently.”®
Therefore, it is recommended that DAST is heated with
extreme caution and not above 90 °C.”® In Medicinal
Chemistry at Pfizer, Sandwich, UK, as a general rule, DAST
is not heated above room temperature. Continuous flow
reactors, however, offer a safe environment to heat DAST in a
controlled manner, providing a closed environment and the
possibility of in-line quench of excess reagent.” Besides, plastic
vessels are recommended, as some of the decomposition
products of DAST will readily etch glassware, but PEEK, PFA,
or PTFE reactor coils and HPLC fittings are fully compatible
with this reagent.

The safe and convenient use of DAST in microreactors has
been reported by Gustafsson et al.”” and Baumann et al,,”® who
subsequently reported the use of Selectfluor’® with commercial
continuous flow devices like the Vapourtec R2+/R4 (Figure 8).

In the Pfizer labs at Sandwich, U.K,, fluorination reactions
are commonly carried out in continuous flow. An example is
the successful fluorination of 3-bromopyridine-2-carbaldehyde
(Figure 9).”

Reactions with Organometallics. Organometallic species
like organolithiums are highly reactive. Therefore, they are
usually generated and reacted in situ. Because of their high
reactivity, reactions are conducted at very low temperatures
(typically below —50 °C) and involve slow addition of reagents
to prevent temporary temperature gradients and general temp-
erature increase. This is time-consuming and can lead to
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Figure 9. Difluorination of 3-bromopyridine-2-carbaldehyde.”

variability. These issues become more significant as scale increases,
as does the cost associated with such processes.

Continuous flow is having a big impact in this area. Because
of the high temperature and accurate residence time control, it
is possible to generate highly reactive organolithium species and
react them in situ in a very short time. This allows reactions to
be performed at significantly higher temperatures than they
would be in batch, increasing the reaction rate and preventing
degradation of the organolithium compounds before they can
react. Prof. J. Yoshida refers to this approach as flash chemistry.
He defines this as an area of chemical synthesis in which
extremely fast reactions are conducted in a highly controlled
manner to produce desired compounds with high selectiv-
ity.** This would not be possible in a batch reactor, as the
lifetime of the reactive intermediate at high temperature would
be far lower than the time required to add the substrate without
creating a large exotherm.

Yoshida and co-workers®® have described the reaction of
organolithium compounds in microreactors in the presence of
highly reactive ester functionalities at temperatures from —48 to
0 °C (Figure 10a), some of which d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>