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A general outlook of the changing face of chemical synthesis is provided in this article through recent
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applications of continuous flow processing in both industry and academia. The benefits, major challenges
and limitations associated with the use of this mode of processing are also given due attention as an

attempt to put into perspective the current position of continuous flow processing, either as an alternative
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or potential combinatory technology for batch processing.

rsc.li/chemcomm

1 Introduction

Continuous flow chemistry is defined as an array of chemical
processes performed in continuous flowing streams. This kind
of chemistry is enabled by the use of micro-reactor technology,
which has been and still is the latest buzz technology.
Over the years, the application of this technology in many a
research niche in academia and manufacturing industries has
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tremendously grown due to the advantages it presents.
These are attributed to their small channel dimensions for
example; they enable the use of small volumes of reagents and
in turn enable easy and safe handling of hazardous reagents
in addition to facilitating continuous synthesis, which
eliminates the need to isolate toxic and or hazardous inter-
mediates. Their large surface area to volume ratio, also a result
of the small dimensions, provides efficient mass and heat
transfer rates.

Continuous flow reactors also permit the use of solvents at
elevated conditions, which is only possible because the systems
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can be easily and safely pressurized. Reduced reaction time,
enhanced chemical selectivity and improved yields due to
efficient mixing and accurate control of reaction parameters
are also some of the benefits observed to mention but a
few. The question therefore that hangs in a balance is; is
micro-reactor technology all that it has been cut out to be?
In this review, we present some recent applications of
continuous flow processing categorised into the benefits that
this kind of processing brings forth. Herein, we also highlight
the merits, as well as the challenges, that are still to be
addressed.

2 The merits of continuous flow
processing in chemical synthesis
2.1 Accurate reaction parameter control

Continuous flow systems have enabled reactions whose processing
conditions are difficult to control in batch reactors possible."® For
example, photochemical reactions in batch reactors are faced with
challenges such as the lack of accurate control of the amount of
light needed for a particular reaction. This could lead to decom-
position of reactants and/or enable side reactions leading to overall
low productivity. In addition, the lack of efficient mixing and heat
transfer rates in these reactors further increases the possibility of
these occurrences.

Micro reactors, as an example of continuous flow systems,
due to their small channel dimensions, a structural advantage
that provides them with a large surface area to volume ratio,
enable efficient and accurate illumination on the reaction
substrates in photochemical reactions.” In fact, the period
of reactant exposure to the light source can be controlled by
changing the flow rate of the feed reactants.® Baumann et al.
performed a photo-Favorskii rearrangement in the synthesis
of Ibuprofen, an anti-inflammatory drug using a Vapourtec
E-series flow system in conjunction with its UV-150 photo-
reactor.” The Friedel Craft’s acylation of isobutylbenzene 1
and chloropropionyl chloride 2 was done in the presence of
AICl; (Scheme 1). The intermediate 3 was subjected to condi-
tions (indicated in Scheme 1) to give a ratio of 7:81:12
of intermediate 3, isobutylphenyl propionic acid i.e. ibuprofen
4 and Norrish product 5 respectively. At a 1 mmol scale,
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Scheme 1 Friedel Craft’s acylation of isobutylbenzene.
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Scheme 2 Photocatalytic isomerization of Z-alkenes to E-alkenes.

3.65 mmol h™" of target compound 4 was generated. In this
study, precise reaction conditions for the chemical transforma-
tion were easily found and could be accurately employed in
the synthesis of selected esters. Moreover, the synthesis of
ibuprofen was nicely scaled up.

The large surface area to reactor volume of continuous flow
systems was also exploited by Reiser et al. in the synthesis and
application of polyisobutylene-tagged fac-Ir(ppy); complex as
a recyclable visible-light photocatalyst in the isomerization of
Z to E-alkenes (Scheme 2). Using a thermomorphic solvent
system (TMS) comprising of acetonitrile and heptane, a homo-
genous reaction system was obtained at a reaction temperature
of 90 °C.*° In order to effect a photocatalytic reaction environ-
ment, the mixture was irradiated using a blue LED light at
455 nm. A Z/E ratio of 82:18 was obtained. At room tempera-
ture, a bi-phasic reaction mixture was formed, which enabled
simple catalyst recovery and recycle. Furthermore, the iridium
concentration in the reaction product was less than 2 ppm. For
easy transfer of the developed continuous flow synthesis proce-
dure to other photochemical reactions, the reaction was inves-
tigated at room temperature in micro reactors. There was no
diminished chemical reactivity observed in the process even at
room temperature. Most importantly, there was no significant
change in the Z/E ratio of the products (ranging between 83:17
and 81:19). It should be noted that at room temperature, the
thermomorphic solvent system formed a biphasic mixture. This
did not have significant impact on the reaction since the large
surface area to volume ratio provided by the micro-reactor
reaction space enabled the reaction to happen at the liquid-
liquid interphase, however lower flow rates were required
(10 umol min~") as opposed to that at higher temperatures
(20 pmol min™ ™).

The authors also explored a deiodination reaction incorpor-
ating the recycling of polyisobutylene-tagged fac-Ir(ppy)s; in
micro reactors (Scheme 3). At a reaction temperature of 85 °C,

CO,H
0.1 Vol % Propylene oxide
Lamp power setting: 80%
~365 nm 4
15 mins, 65 °C +
/K/@jj\/
5
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Scheme 3 Deiodination with recycling of polyisobutylene-tagged fac-
Ir(ppy)s in micro reactors.

the first run gave 64% yield of target compound of which 17%
was due to the product that was extracted from the heptane
phase of the last run.

The synthesis of poly(3-hexylthiophene) 13 by Grignard
metathesis polymerization in droplet based flow reactors is
reported by Bannock et al. where Ni(dpp)Br, was used as a
catalyst which was generated in situ in an argon atmosphere.'
The use of the droplet based flow; using perfluorinated
polyether as carrier fluid in polytetrafluoroethylene tubing
eliminated fouling, a common problem observed in polymeri-
zation reactions (Scheme 4). 2-MeTHF was the solvent of
choice, which enabled an increase in reaction temperature
(65 °C) slightly above that commonly used with THF as a
solvent (55 °C). Full conversion was achieved in less than 1
minute, moreover an average molecular weight of 44 kg mol ™"
was obtained from the flow synthesis i.e. low molecular weight
polymers compared to those attained from the batch synthesis.
What is more is that, this is a characteristic of polymers
synthesised from non-chlorinated solvent. The batch synthesis
using 2-MeTHF at 75 °C gave a yield of 85% and a molecular
weight of 134 kg mol .

Andrade et al. illustrated a high throughput continuous flow
process for the synthesis of chiral amines from asymmetrical
amination of ketones using o-transaminase/pyrodoxal 5’ phos-
phate (o-TA/PLP) and E. coli cells loaded on methacrylate beads
as the biocatalyst.’> The amination of 2,5-benzyloxyacetone
15 with isopropylamine 14 in a packed bed reactor at 50 °C
provided a yield of 79% mexiletine 16 in 30 minutes reaction
time (Scheme 5). On continuous operation of the process for
5 days in a reactor volume of 0.5 mL and reaction temperature

CeH CeH
o zPngCl o
7\
Br S Br CiMg
10 11
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of 50 °C, the activity of the enzymatic catalyst decreased by
<10% with the same enantioselectivity (>99% ee) observed.
The system was also operated for 10 days at a decreased
reaction temperature and increased residence time (30 °C and
60 minutes respectively). Similar results were attained as in the
5-day continuous process operation thus confirming that the
short reaction time of 30 minutes and lower reaction tempera-
ture of 50 °C were sufficient enough to give high throughput of
amine 16. An isolation step was also effortlessly included in this
process.

Plantchestainer et al., on the other hand exploited a cell-free
immobilized (S)-selective amine transaminase from Halomonas
elongate for the synthesis of amines in a continuous flow
reaction set up."® This protocol (Fig. 1) enables protein stability
towards high temperatures, pH levels and organic solvents.
This was observed with the enzyme immobilized on metal deri-
vatised epoxy sepa beads; nearly 90% preserved activity after
storage in buffer for 30 days at 4 °C and pH 8. An increased
tolerance to organic solvents and usability was also seen. From the
model reaction between pyruvate and (S)-(—)-.-phenylethylamine
as an amino donor at 37 °C, atmospheric pressure, 5 mg of
enzyme per gram of resin and DMSO as a co-solvent, 99%
conversion was achieved in a residence time of 1 minute. In
batch, 50 mg resin in 0.5 mL reaction volume gave full conver-
sion in 180 minutes. The efficient heat and mass transfer in the
flow set up, accelerated the bioconversion rate compared to the
batch set up.

Bisalkylation of cyclopentadiene 21 with 1,2-dichloroethane
22 to give spiro[2.4]hepta-4,6-diene 23, is a highly exothermic
reaction that can only be performed efficiently by controlled
dossing of the base; concentrated sodium hydroxide i.e. semi-
batch mode of synthesis since temperature control is very impor-
tant (Scheme 6). Kilcher et al. have managed to transfer this
synthesis to a continuous flow system comprising of a T-mixer
and two self-made Raschig ring static mixers. A yield of 95% at
20 °C, 40 °C and 60 °C reaction temperatures of the three mixers
respectively was obtained in 25 minutes.'* 19.8 g of desired
compound was produced in 1.3 hours. The diene 23 was safely

Scheme 4 Synthesis of poly(3-hexylthiophene) by Grignard metathesis polymerization.

CeHyy  Nildpp)Bry CeH3
2 MeTHF i
MgCl MeOH S h
1 min, 65 °C
12 Conversion: 100% 13
NH,

e
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MTBE

0
W-TA/PLP E-coli cells /k/o )J\
» +

30 mins, 50 °C 16 17

Yield: 79%

>99% ee
Scheme 5 Asymmetrical amination of ketones.
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Fig. 1 Synthesis of amines using cell free immobilized (S)-selective amine transaminase.
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Scheme 6 Bisalkylation of cyclopentadiene.
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Scheme 7 Continuous flow synthesis of difluorocyclopropanes.

generated in the flow reactor system, which provided efficient
mixing and temperature control. Compared to the batch reaction,
a yield of 78% was obtained in a total reaction time of 1.5 hours.

Rulliere et al., in their study involving the in-flow generation
of difluorocarbene and its consequent addition to alkenes and
alkynes to form difluorocyclopropanes and difluorocyclo-
propenes, were similarly able to demonstrate how the use of
micro-reactor technology enables the precise control of reaction
parameters." The transformation involves the use of high tem-
perature and pressure of which these two reaction parameters
are seldom controlled efficiently in batch synthesis. The group
was able to perform this synthesis in continuous flow where
24 was transformed into 25 in only 10 minutes (Scheme 7).
Compared to the batch synthesis of 25, this synthesis proved to
be less time consuming, safe and high yielding.

Continuous flow processing has also been applied in
the production of nanoparticles. It has also been reported to
improve the physical properties and characteristics of the nano-
particles, increase throughput, offer narrow size distribution of
particles and most importantly reproducibility.'®* For example,
Thiele et al. demonstrate the advantages of employing a Dean-
flow mixer, a glass microfluidic device with two inlets and one
outlet (depth: 0.1 mm, width: 0.05 mm and length: 6.112 mm)
for the synthesis of gold nano-cubes over the conventional batch
process.>® The microfluidic synthesis was shown to have higher
reproducibility due to the accurate control of incubation times,
which was easily enabled through manipulation of residence

This journal is © The Royal Society of Chemistry 2018

channel lengths and efficient mixing. An optimum incubation
time of 7 seconds, for the first growth solution, is reported to be
sufficient for the production of nano-cubes with well-defined
shaped. The Dean-flow mixer microfluidic system also enabled
a lower consumption of starting material since a specific
amount of first growth solution can be activated when needed,
thus generating less waste of activated unused growth solution
which is a problem in the batch synthesis. Furthermore,
by using the microfluidic synthesis approach, the effect of
the counter ions on the morphology and shape of the nano-
structures was rapidly investigated with ease in less than
30 minutes. The presence and concentration of sodium
bromide in the second growth solution was found to be crucial
in predetermining the shape and morphology of the gold nano-
structures. It was found that between 25 and 50 pM of sodium
bromide, a transition from nano-cubes to nano-rods was
observed.

2.2 Reduced reaction times

Straathof et al. demonstrate how a continuous flow process of
the photocatalytic trifluoromethylation of thiols reduces the
amount of reagent required and shortens the reaction time
compared to the batch process.>* In the presence of inexpensive
CF; source, namely CFI; and photocatalyst; Ru(bpy);Cl,, the
trifluoromethylation of thiophenol 26 to form 27 (Fig. 2) was
performed in 1 minute with 98% yield attained. The same
reaction was also carried out in batch where comparable yield
was attained in 30 minutes. The remarkable cut in reaction time
observed in the flow trifluoromethylation is ascribed to the
efficient mixing in the slug flow pattern formed in the continuous
flow process hence enhancing the reaction rate. Additionally,
it was also found that a slight excess of CFI; (1.1 eq.) compared
to the batch synthesis (4 eq.) was needed. It was also shown how
perfluoroalkyl analogues could easily be prepared within 1 hour
using this method. Excellent yields ranging from 75-91% were
observed.

Similarly in the continuous flow photocatalytic a-trifluoro-
methylation of acetophenone 28 under conditions shown in
Scheme 8, a short reaction time of 20 minutes was sufficient to
provide a high yield of 86% (93% conversion) while in the batch
synthesis, it took a total of 30 minutes to achieve a conversion
of 85% at similar reaction conditions. What is more is that a

Chem. Commun., 2018, 54, 13894-13928 | 13897
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Fig. 2 Continuous flow photocatalytic trifluoromethylation of thiols.
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visible light, 20 mins
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Scheme 8 Continuous flow photocatalytic a-trifluoromethylation of
acetophenone.

1
O CF;CO,K
O S O
—_—
Pyridine, NMP

30 200 °C, 16 mins 31
Yield: 87%

] CF,

Scheme 9 Continuous flow trifluoromethylation using potassium trifluoro-
acetate as CF3 source.

cheaper photo redox catalyst Eosin Y and iPr,EtN as base was
used in the continuous flow synthesis.

Previously, Chen et al. had reported a trifluoromethylation
of aromatic and heteroaromatic compounds using potassium
trifluoroacetate as CF; source in continuous flow systems.>> To
demonstrate; using CF;CO,K as source of CF3, Cul in NMP with
pyridine as a ligand, 4-iodobiphenyl 30 was transformed to
4-trifluoromethylbiphenyl 31 in only 16 minutes at a reaction
temperature of 200 °C (Scheme 9). The developed method,
exhibited very high selectivity towards the desired product.
An investigation of the substrate scope of the flow conditions
showed good tolerance to para, meta and ortho substituted
substrates (yield of isolated product: 81-96%) in addition to
electron deficient, rich and neutral substrates (yield of isolated
products: 63-91%).

Zhang et al. in contrast, reported the use of Langlois reagent
(CF3;SO,Na), a cheap and stable source of CF; for the conti-
nuous flow trifluoromethylation of coumarins (Fig. 3).%°

13898 | Chem. Commun., 2018, 54, 13894-13928
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Fig. 3 Continuous flow trifluoromethylation using Langlois reagent.

CF;SO,Na cF
L A CuCl L X 3
N O 0 TBHP, DMSO N O (6]

§ 60 °C, 40 mins L
33 Yield: 71% 34

Scheme 10 Trifluoromethylation of substituted coumarin.

Shorter reaction times (40 minutes) were observed in flow
compared to the batch trifluoromethylation syntheses. Notably,
a smaller amount of CF3;SO,Na (0.8 mmol to 0.4 mmol of
coumarin) was required in the flow experiments. The flow
conditions were also found to do well with a wide range of
coumarins (Scheme 10). The synthesis of 34 was shown to be
scalable in the continuous flow system; at five-fold increase in
concentration, 1.22 kg was obtained in 240 minutes.

Negishi cross-coupling, using a silica supported Pd-PEPPSI-IPr
precatalyst in flow has been reported to require shorter reaction
times compared to the batch synthesis.”” The cross coupling of
N-heterocycle chlorides such as 2-chloromethyl-4-quinoline 35
with (6-ethoxy-6-oxohexyl)zinc(u)) bromide 36 using Pd-PEPPSI
catalyst supported on silica gel at room temperature provided
product 37 in 9 minutes (Scheme 11). The same reaction in a
batch set-up, under the similar conditions, took 16 hours with
80% yield of product 37. The catalyst’s performance was excel-
lent and provided good yields in the Negishi cross-couplings of
various N-heterocycle chlorides with various functionalized

This journal is © The Royal Society of Chemistry 2018
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Scheme 11 Negishi cross-coupling of N-heterocycle chlorides.

alkyl zinc reagents. Despite the fact that, catalyst leaching was
observed as evidenced from the slow decrease in conversions
(100% to 85%) over a period of 15 hours, the leached material
showed no catalytic activity. In the batch synthesis set-up, the
catalyst could be recycled up to five times with minimum loss in
activity reported.

As in the above example, the use of continuous flow led to
the acceleration of the synthesis of cyclo alkyl substituted
7-azaindoles via photoredox nickel dual catalytic cross coupling
(Scheme 12).%® Benzenesulfonyl protected 5-bromo 7-azaindole
38 was treated with potassium THP trifluoroborate 39 in a
continuous flow system under conditions summarised in
Scheme 12. The cyclo alkyl substituted 7-azaindoles 40 were
generated in 17-71% yield in 40 minutes. The batch reactions
were also recorded to have taken longer in addition to provid-
ing very low yields. Here, the continuous flow synthesis pro-
vided uniform irradiation of reactants at a specific time, which
therefore eliminated any chance of over irradiation that could
lead to by-product formation and reduction of reaction output.
This advantage is attributed to the high surface area to volume
of the micro reactors.

Similarly, Petersen et al. have also demonstrated the super-
iority of the continuous flow synthesis of magnesiated hetero-
cycles and acrylates compared to their batch synthesis.”® The
continuous flow synthesis was decorated with very short reac-
tion times, high yields, selectivities and very good functional
group tolerance. Additionally, very low reaction temperatures

Ir(dFCF;3ppy),bpy.PFe

Br- i R
NiCl-dme/dtbby
Ty - e . g8
NS N N

N \ 2,6-lutidine N N\
SO,Ph 24 W blue LED (450 nm) SO,Ph
38 39 DMA:Dioxane 40
40 min, 30 °C
Yield: 71%

R: 4-THP,cyclohexyl,4-Boc-piperidyl
cyclobutyl, cyclopentyl, cycloheptyl
trans-2-methylcyclopentyl, trans-2-methylcyclohexyl
Scheme 12 Photocatalytic continuous flow synthesis of cyclo alkyl sub-
stituted 7-azaindoles.
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were not needed for the continuous flow synthesis of most of
the compounds presented in their work even though this was
the case in their batch synthesis. For example, tetra substituted
pyridine 43 was easily generated in total reaction time of
1.5 minutes at room temperature from a two-step flow protocol
(Scheme 13). The magnesiation of pyridine derivative 41 using
TMPMgCI-LiCl and iodolysis to form 43 at room temperature
gave 80% yield.

In contrast, the batch protocol of the synthesis required
—40 °C and 2 hours to generate the magnesiated intermediate
41 which was quenched by the iodolysis reaction at a temperature
range of —40 °C to 25 °C forming only 56% of tetra-substituted
pyridine 42. Knochel et al. have also reported similar work where
the metalations of acrylonitriles, acrylates and nitroolefins in
continuous flow with magnesiation performed in short residence
times in the range of 1-20 minutes at near ambient temperature
using TMPMgCIl-LiCl. The zincation reactions were successfully
carried out using TMPZnCI-LiCl at reaction temperatures <90 °C.
Some other syntheses that have also benefited from continuous
flow synthesis protocol in regard to this aspect are found in
ref. 30-33.

2.3 Excellent yields and selectivity

The optimization of reaction parameters in continuous flow
processing is not as tedious and is a very flexible process
compared to batch processing. What is more is that a number
of parameters can be optimized in one go in the shortest time
possible.***> For chemical reactions with multiple products
and selectivity issues,*®?” it is often easier to tweak reaction
conditions in flow than in batch in order to optimize the
production of the desired product.*®**' This is demonstrated
in the oxidative coupling of amines using solid acid catalysts.*?
The efficiency of individual (CeO,) and combinations of
solid acid catalysts (CeO,-MoO; and CeO,-WOj3), supported
(Ce0,-M005/Si0, and CeO,-WO5/Si0,) and unsupported was
investigated using the oxidative coupling of benzylamine 44 as a
model reaction.

In addition, the effects of temperature and flow rate of the
feed were also investigated. As can be seen in this reaction
(Scheme 14), there is the production of benzaldehyde 46 and
benzonitrile 47 as by-products. Selectivity towards the target
compound, N-benzylbenzaldimine 45 is an issue. Suitable reac-
tion conditions that addressed the selectivity issue were estab-
lished in flow. CeO,-Mo0O; catalyst supported on SiO, was found
to be the best catalyst for the reaction. At a reaction temperature
of 493 K, feed flow rate of 1 mL h™ ", and oxygen bubbled at a rate
of 60 mL min~", 97.8% selectivity towards N-benzylbenzaldimine
45 was achieved in 1 hour. This remained almost unchanged

Cl | SN CF3 TMPMgCLLiCl CII\/ECFS I2 Cl | SN CF3
= - I~ i >
I ON THE " N MmgeiLict  1min 25°C o NTN
305,25 °C Yield: 73%
3 . 0,
4l Yield: >75% 2 43

Scheme 13 Continuous flow magnesiation and iodolysis of heterocycles.

This journal is © The Royal Society of Chemistry 2018
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Ce0,-Mo0,4/Si0,

o™

44

Scheme 14 Oxidative coupling of benzylamine.

493 K

after 6 hours (96%). The oxidative coupling of dibenzylamine
under similar reaction conditions also provided good selectivity
towards dibenzylimine, which in fact increased over time (1 hour:
65.6%, 6 hours: 81.3%).

Jong et al. also smartly exploited the ability of flow synthesis
to provide good reaction selectivity through accurate reaction
parameter control® in the synthesis of mono-protected aliphatic
diamines. The synthesis requires careful parameter control
otherwise a mixture of protected products is obtained. Efficient
mixing is essential for the generation of desired products in
good yields. Of the PTFE flow reactor (volume: 2 mL) internal
diameters (0.5, 1 and 1.6 mm) investigated, a reactor internal
diameter of 0.5 mm gave the best result at a reaction tempe-
rature of 0 °C. 1,6-Diaminohexane 47 yielded Boc protected
diamines 48 and 49 in the ratio of 84: 16 respectively in 1 minute
(Scheme 15). Using the synthesis of mono-N-Boc-1,6-diamino-
hexane as their model reaction, the optimum reaction conditions
were used to synthesize various mono-protected aliphatic
diamines (N-Boc, N-Fmoc and N-Ddiv) in a continuous flow
fashion. Excellent yields ranging between 45-91% were obtained.
Mono-protected diamines were efficaciously synthesized in flow
without the use of chemical auxiliaries.

Ushakov et al. reported on a continuous flow process for the
oxidative cyanation of primary and secondary amines using
singlet oxygen. The two-step process comprised of the oxidation
of amine and its subsequent nucleophilic addition to form
o-aminonitriles as shown in Fig. 4 below.**

Boc,0/MeOH NHBoc
NH, 2 NHBoc 4 BocHN" .
HN HN 5
2 /\H; 0°C, 1 min /\H;
Yield: 64%
47 48 49

Scheme 15 Continuous flow synthesis of mono-protected aliphatic diamines.

Pressure sensor
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Excellent yields of a-aminonitriles in the range of 71-99%
were observed in 90 seconds when primary and secondary
amines were used as substrates however, primary amines were
found to first undergo oxidative coupling to form N-substituted
imines prior to the formation of the corresponding nitriles.
A protocol that avoided the oxidative coupling was thus developed.
This was rapidly established in a continuous flow set up. It was
found that at lower photo oxidation temperatures (—50 °C), the
amine is given time to oxidize to completion, moreover the rate of
nucleophilic addition is also slowed down therefore enabling the
formation of primary a-aminonitriles. Furthermore, the use of a
sub-stoichiometric amount of TBAF (4 mole% relative to TMSCN),
was found to increase the yields of the desired compounds
(Scheme 16). This is a typical example showing the flexibility of
continuous flow processing and how it has been utilized for
efficient modification of reaction parameters, which in turn
enabled rapid development of a new reaction process towards a
desired chemical transformation.

Equally, Chen et al. reported a flexible continuous flow
copper catalysed Finkelstein reaction of heteroaromatics to
generate aryl iodides where two additional reactions i.e. amida-
tion and Mg-I exchange/nucleophilic addition reactions were
elegantly telescoped without isolation of the aryl iodides.*® The
Finkelstein reaction provided reaction conversions ranging
between 87% and 95% in a reaction time of 30 minutes using
a combination of toluene:diglyme as solvent. In comparison,
the batch synthesis (130 °C, 5 mol% Cul) gave 34% conversion
in the same reaction time. The optimized Finkelstein reaction
was immune to para, meta, ortho aryl substrates in addition to
electron rich, neutral and deficient bromo arenes. The condi-
tions were also able to withstand sensitive functional groups
such as ketones, nitro, chlorine amide, nitrile, sulfonamide and
ester groups. This is particularly important for both amidation
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Fig. 4 Continuous flow set up for the oxidative cyanation of primary and secondary amines using singlet oxygen.
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Scheme 16 The continuous flow synthesis of a.-aminonitriles.

and Mg-1 exchange reactions since the reactivity of aryl
bromides is much lower than aryl iodides in both reactions.
This protocol provided the reactive aryl iodides that are readily
furnished to various amides in quantitative yields (80-96% in
30 minutes). Similarly, in Mg-I exchange reactions; the aryl
iodides are more reactive and very tolerant to functional groups
than aryl bromides and are thus better suited for this kind of
reaction. High yields (72 and 75%) were attained in a period of
35 minutes. In this set up, these species were readily availed
to take part in subsequent chemical reactions without isolation
(Scheme 17). To summarise, a one-step Finkelstein reaction in
addition to two multi-step reactions were rapidly developed in a
continuous flow set up.

A two-step process for the synthesis of a-ketoamides from
secondary benzylic alcohols using hydrogen peroxide as an
oxidant has been developed in a continuous flow reactor®
wherein short reaction times, improved yields and increased

N(H)Me
15 mol% O’
“N(H)Me
: N Br 10 mol% Cul, Nal
Ry Het >
=

Toluene/diglyme

52 30 min, 180 °C
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functional group tolerance were observed (Fig. 5). After a series
of investigations on the sequential addition of reactants in a
batch reactor, it was found that in order to achieve high yield,
potassium iodide, 1-phenylethanol 55, sulphuric acid, hydrogen
peroxide in DMF had to be stirred at 70 °C for 12 hours after
which 1-oxa-4-azacyclohexane 56 was added. Hydrogen peroxide
was thereafter added using a syringe within a period of 2 hours
to generate desired a-ketoamide compound in 95% yield. The
continuous flow approach devised to mimic the batch protocol
shortened this reaction time to only 3 minutes (Scheme 18).
It also enabled the efficient and timely addition of the hydrogen
peroxide with a syringe pump.

The approach was extended to the synthesis of a-amino
ketones (Fig. 5) where the process performed equally well with
excellent tolerance to functional groups and high reaction
yields in the range of 41-91% observed for acyclic and cyclic
secondary amines with the latter showing higher reactivity than
the former. It is also noteworthy that no product was obtained
from the reaction with primary amines.

Bay et al. have illustrated the safe synthesis of oxazole 62
using molecular oxygen in a structured micro reactor (Fig. 6)."”
The set up also enabled the continuous flow reduction of oxazole
peroxide 61 to oxazole methyl alcohol 62. Besides providing a
safe process for this high pressure and temperature chemical
synthesis involving molecular oxygen, in a reaction time of

Cs,CO; AT
> R + Het
‘ 30 min, 120 °C =

53
] N I
' Het
=
iPrMgCI.LiCl
. 0 Electrophile
5 min, 0 °C @/ P
> R 7 Het
Electrophile Z
30 min 54

Scheme 17 Continuous flow copper catalysed Finkelstein reaction of heteroaromatics.
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Fig. 5 Continuous flow set up for the synthesis of a-amino ketones.
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Scheme 18 Synthesis of a-ketoamides.

240 minutes oxazole 62 was formed in 90% yield. The batch
synthesis is reported to take 48 hours with conversion >95%.
Furthermore, a liquid recycle loop was added onto the conti-
nuous flow set up, something that is not possible in conven-
tional batch processing. The scalability of the established flow
process using a reactor volume of 34.6 mL, at similar reaction
conditions, was also shown to be feasible (Scheme 19).

2.4 Process intensification

Process intensification is described as a strategy used to achieve
tremendous reductions in plant size at a particular plant
volume.*® This chemical engineering concept was first developed
in the 1970’s and has since then been employed to reduce
environmental impact*® of chemical processes as well as improve
yield>>" and conversion in chemical processes,” a potential step
towards green chemistry. Continuous flow systems have also been
exploited as tools to effect process intensification in chemical
synthesis processes.>® >® Recently, Ouchi et al. demonstrated how
a small footprint reactor was used to effect process intensification
in the synthesis of 2-propyl phenol 65 and 2-propyl hexanone 66
under solvent free continuous flow conditions (Scheme 20).*
The Claisen rearrangement of allyl phenyl ether 63 was per-
formed in a Pheonix (ThalesNano) system at 320 °C in a reactor

View Article Online
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210°C
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Scheme 20 Synthesis of 2-propyl phenol and 2-propyl hexanone under
solvent free conditions.

column volume of 1 mL, which gave 94% yield in a residence time
of 1 minute and 60 g h™" of intermediate 64. On further inten-
sification using an 8 mL reaction coil, it was found that the
throughput increased linearly as well (480 ¢ h™"). These results
are important in a sense that they are indicative of the feasibility of
scaling up the process which is usually a bottleneck in most batch
processes. This was equally investigated for the reduction step by
increasing the catalyst loading (10% to 20% Pd/C). The throughput
was found to increase from 80 g h™" to 120 ¢ h™ " but on increasing
reactor coil volume from 3 mL to 12 mL, no significant improve-
ment in the throughput was observed. The two reaction steps were
successfully combined forming compounds 65 and 66 with no
downstream processing in high yields; 94% and 93% respectively.

Brzozowski et al., with the use of a microporous gas perme-
able material; Teflon AF-2400, have demonstrated the process
intensification of a nitro-Mannich type direct a-C(sp®)-H func-
tionalisation of N-aryl-1,2,3,4-tetrahydroisoquinolines catalysed
by iron salts and oxygen as the terminal oxidant in a continuous
flow process (Fig. 7).°

e
D 9
3 s . N
! \* % 'Temperature 0 Liquid
(i) ® ; g : SoRtEoL 2 recycle-loop
: i |
T . 1 | S |
i ® Microreactor 1 Back pressure l ‘ | | Phase separation
“““““““““““““““““““““““““ ’ valve E
Waste
[o <] ommimece
Analysis

Fig. 6 Continuous flow set up for oxazole methyl alcohol synthesis with liquid recycle-loop.

O//< 0,, 18 bar
N
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Y
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Scheme 19 Microreactor synthesis of oxazole.
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Fig. 7 Continuous flow aerobic nitro-Mannich reaction of N-aryl-1,2,3,4-tetrahydroisoquinolines.

The aerobic nitro-Mannich reaction of N-phenyl tetrahydro-
isoquinoline was used a model reaction for the investigation.
The authors report that no side products were observed by TLC
or 'H-NMR. This chemical synthesis was indeed enhanced in
continuous flow as was hypothesized prior to the study. The
optimized conditions, in the presence of 2 eq. Et;N at 90 °C were
used for the continuous flow aerobic nitro-Mannich reaction
involving different substrates i.e. electron withdrawing and rich
substituents. Mildly electron withdrawing substrates gave nitro
Mannich products in good yields (31-77%). A similar observa-
tion was made with the electron rich alkyl or ether substituted
N-aryl groups (yield ranging between 54-73%). ortho-Fluorine
substitution of the N-aryl ring slowed down the reaction and
generated a side product. Strongly electron withdrawing substi-
tuted substrates on the other hand gave no product.

2.5 Enhanced process safety

Epoxidation reactions, though very important in the synthesis
of key intermediates, also leads to the formation of explosive
compounds ie. epoxides and peroxides thus rendering it
problematic to perform in batch reactors. Wei He et al. were
able to synthesize m-chloroperbenzoic acid and immediately
furnished it with cyclohexene to form cyclohexene oxide.®*
Cyclohexene oxide 72 was synthesised in a continuous flow
system from the peroxidation of m-chlorobenzoyl chloride 69 in
the presence of hydrogen peroxide and potassium peroxide to
form m-chloroperbenzoic acid 70 in 74% yield. The effluent was
then acidified and reacted with cyclohexene 71 to form the
desired cyclohexene oxide 72 (Scheme 21). This is yet another
example of an organic synthesis where micro-reactor technology
has enabled the in situ generation of rather important inter-
mediates. 100% conversion was achieved in a total residence

Oy _Cl Os 0o

H,0, (30 wt %)

Cl Ky0,
69 30 s, Room Temperature 70

Yield: 74%

Scheme 21 Synthesis of cyclohexene oxide.
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time 10.5 minutes and most importantly, the m-chloroperbenzoic
acid that was generated in situ, was used without further
purification.

Jolhe et al. has explored the synthesis of performic acid
(PFA) in continuous flow micro-structured reactors.®* Since PFA
is highly unstable, its synthesis in batch reactors leads to very
low yields. This is attributed to the long reaction time required
which eventually leads to the decomposition of the formed PFA.
In addition, control of reaction temperature, in these reactors is
always a problem, uneven heat distribution and hot spots are
common. Continuous flow reactors were used to alleviate some
of the challenges faced in the batch synthesis. In the presence
of Amberlist IR-120H catalyst (471 mg cm ), at a total flow rate
of 50 mL h™" for hydrogen peroxide and formic acid (molar
ratio 1:1), and reaction temperature of 40 °C under ultrasonic
irradiation, the continuous flow synthesis of PFA (approximately
3.5 mol L") was successfully achieved in only 10 minutes.

Boris et al. demonstrates the possibility of generating tri-
methylsilylphenyl perfluorosulfonate benzyne precursors in
continuous flow (Fig. 8).°* The problematic side reactions of
n-Buli initiated retro-Brook step were by-passed. Additionally,
the tedious silica chromatography purification of products was
not required. The continuous flow synthesis also limited operator
exposure to the toxic and sensitive chemicals.

Since the n-BuLi decomposed in THF at room temperature, a
two solvent system consisting of THF and diethyl ether was
used. Substrates were dissolved in diethyl ether while the
n-BuLi was kept in THF. As such, the reaction was successfully
pushed forward. Reaction yields of the homologous Kobayashi
type benzyne precursors in the range of 75-97% were obtained
in 30 minutes. The authors also considered the synthesis of
nonaflate aryne precursors such as 76 in Scheme 22 below on

OH
Ethyl acetate
+ (6}
Cl 10 min, 30 °C
7 Conversion: 100% 72
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Fig. 8 Continuous flow synthesis of homologous Kobayashi type benzene precursors.
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Scheme 22 Continuous flow synthesis of nonaflate precursors.

conjecture that their developed continuous flow process if
slightly modified would fit this chemical transformation. On
investigation, amine bases were found to promote the reaction
and the precursors were synthesized in high yields (82-93%).
The group thereafter used the synthesized nonaflate precursors
for various aryne chemical transformations e.g. synthesis of 78
ultimately validating the need for the efficient synthesis of these
important precursors.

The synthesis of pyrazoles involves the cyclo-condensation
of hydrazines. These intermediates are highly toxic and
unstable yet they are required for this synthesis. Furthermore,
for safe handling of these compounds, the said intermediates
should be in solution i.e. their isolation is not a viable option.

Me

Me TBAT, THF /7

80 °C, 30 mins Me

(0]
UMe

77 Yield: 89% 78

Poh et al. introduce a multi-step continuous flow synthesis of
pyrazoles via a metal free amine-redox process (Fig. 9).°* This is
a useful synthesis route and approach for the synthesis of
pyrazoles compared to previous routes and approaches
reported in literature. Firstly, the storage of the highly unstable
intermediate; hydrazine is not required and as such, process
safety is ensured. Secondly, the continuous flow synthesis enabled
rapid screening of reaction parameters as is demonstrated by
Poh et al. Reaction parameter screening of the synthesis showed
that the final yield of pyrazole 83 was dependent on the
residence time of the reduction step i.e. longer residence times
resulted into decomposition of hydrazide. Temperatures higher
than 140 °C for reaction coil 4 resulted in reduced yield of pyrazole.

o 8
HO o O 82
” i AA
R! R
R HO H IR absorption monitored R2
NH HO | .
R= (heteio)aryl 0.2 mL/min ' 0.2 mL/min
- S ' 0.22 M in MeCN
0.2 mL/min 0.2M.in HZO ,: D
0.2 M in MeCN
HCL, 0.2
mL/min m
0.2 M in H,0
- HO Performance at 28 mL
e 4 steady state 140 °C
BuONO, 0.2mL/min 0°C rt. e 0
0.2Min MeCN or ; R2
NaNO,, 0.2 M in R\fgi .
H,0 83 R,N~ N/ R
[ Diazotization stage ] Reduction stage ‘ ‘ lHydro(iysis/ g ‘
) (cyclo-condensation)

Fig. 9 Multi-step continuous flow synthesis of pyrazoles via a metal free amine-redox process.
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Fig. 10 Continuous flow synthesis of 1,4-di-substituted pyrazoles via cycloaddition of sydnones and terminal alkynes.
The authors thereafter successfully telescoped the four step NaNSY('li“]g:sui )
5 (1. V.
synthesis. Electron withdrawing substituted anilines provided 0:55 M in DMSO
. . pL/min
good yields (45-69%). 1,3-Dicarbonyl substrates also gave rela- 8 Syringe 1
tively good yield (57-69%). (HenAr'-NH, (1 equiv.)
Method A: 0.5 M in DMSO Reactor R2
Comas-Barcelo et al. have also recently reported a copper Method B: 0.3 M in DMSO r.t., sonication
99 pL/min

catalysed synthesis of 1,4-di-substituted pyrazoles via the cyclo-

CH;3SO;H (1.1 equiv.)
33 pL/min

Residence time: 5 min.

addition reaction of sydnones and terminal alkynes (Fig. 10).°®
In a reaction time of 5 minutes at 140 °C reaction temperature,
conversions of 24-100% were achieved for a range of phenyl,
p-methoxymethyl, benzyl substituted pyrazoles. This is much
shorter compared to the batch synthesis. On the other hand,
low yields for alcohol containing pyrazoles were observed
(<40%). This was attributed to the high temperatures required
over a long period, which led to decomposition of the pyrazole.
The activity of the catalyst was also tested and it was found that
after a continuous operation period of 4-5 hours, there was no
decrease in conversion moreover, pure products were attained.
A simplified one feed scale up of the continuous synthesis in
2 mL HPLC columns at similar reaction conditions gave 36 mg
of 87 after 2 hours and 72 mg of 88 in 5 hours. It should be
noted that the previous conditions had not been optimized for
this kind of set up.

The safe synthesis of triazoles via a telescoped 3-step process ie.
diazotization, azidodediazotization and copper catalysed alkyne-
azide cycloaddition sequence in a three reactor process was shown
by Teci et al.®® The highly unstable diazonium salt intermediate
generated from the diazotization of an array of anilines (Fig. 11
above) was immediately treated with sodium azide without isola-
tion to form an azide derivative in the azidodediazotization reaction
which was performed at room temperature. The crude aryl azide
was thereafter flowed and subjected to copper catalysed alkyne-
azide cycloaddition conditions at 60 °C. Two methods with differ-
ent conditions were employed. Using Method A (Fig. 11), chloro,
nitro, trifluoromethyl, alkylthio, ester, sulphonamide substituted
anilines, electron rich substrates as well as hindered anilines were
well tolerated and all gave good yields (73-85%). Some issues with
insolubility of products were encountered which prompted the use
of Method B. This dilution in reagent streams still worked well with
high product yields obtained. A step was taken further to explore
the synthesis of other triazole derivatives from alternative dipolaro-
philes which provided products in very good yields (72-83%).

This journal is © The Royal Society of Chemistry 2018

Reactor R1
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Residence time: 2.7 min.

1-BuONO (1.1 equiv.)
0.55 M in DMSO
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3 Residence time: 20 min.

Syringe 4 )
Cul (2.5 mol%) ~——— T Syringe 6
i-PrNH (0.7 equiv.) DMSO neat
1,10- Phenanthroline (2.5 mol%) N 400 pL/min

in DMSO 50 pL/min N ’/ A

S/y\']il:‘ge 5 Arl(Het)y’

yne
(1.3 equiv.) 91
0.43 M in DMSO
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Fig. 11 A telescoped 3-step process for the synthesis of triazoles via
diazotization, azidodediazotization and copper catalysed alkyne-azide
cycloaddition.

Similarly, Zhang et al. used [3+2] Huisgen cycloaddition in
the synthesis of rufinamide 96, a heterocycle containing a 1,2,3-
triazole system in a continuous flow set up.®” Azide 94 was
generated in situ from benzyl bromine derivative 92 in 1 minute
at room temperature thus eliminating the need for its isolation
(Fig. 12). Additionally, the propiolamide 95, was generated
in situ from methyl propiolate 93 in 5 minutes. The two steps
were combined to partake in the copper tubing catalysed
amidation of azide 94 which was successfully achieved in
6.2 minutes providing a 92% yield of the target compound 96.

Otvos et al. reported similar work where a bimetallic catalyst
(Cu-Fe) and scavenger (Fe) were used in azide-alkyne cyclo-
addition reactions in a continuous flow system.*® The batch
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Fig. 12 Multi-step continuous flow synthesis of rufinamide.

synthesis of this reaction using Cu-Fe catalyst in the absence of
a scavenger with stirring at 30 °C and at 1 bar gave an isolated
yield of 98% in 8 hours. A scavenger was employed to cab the
leaching of catalyst that would lead to impure products. In
addition, it was discovered that high temperatures improved
reaction conversions however, since azides are unstable and
hazardous, a protocol that avoided the use of such reaction
conditions was devised.

As a model reaction, the cycloaddition of benzyl azide 98
to phenylacetalyne 99 at ambient temperature, using Cu/Fe
catalyst to form triazole 100, was achieved in a flow reactor in
1.5 minutes (Scheme 23). The use of acetic acid and diisopro-
pylethylamine as additives proved to be essential in improving
the reaction conversions further. Notably, the copper scavenger
used was found to not only reduce the amount of copper
leaching but also act as a source for the in situ regeneration
of the bimetallic catalyst Cu/Fe. The catalyst’s activity did not
diminish in 150 minutes; however it was found that the
scavenger needed to be replaced after 2.5 hours. A library of
compounds were synthesised in good yields using similar
conditions. Aliphatic and aromatic azides with either electron
withdrawing or donating substituents were tolerated (yield: > 94%)
in addition to linear, branched, cyclic and unsaturated non-
aromatic azides (yield: >93%). Non-aromatic alkynes such as
propargyl acetate, ethyl propiolate and pent-1-yne also per-
formed exceptionally resulting into high yields (75-98%) of
triazoles. In summary, a safe process was established for the
synthesis of an array of triazoles.

Cuw/Fe, 100 bars

N
T

PN, +t oph= "
AcOH, DIEA N
Ambient Temperature )
. PH
1.5 mins
98 99 Yield: 94% 100

Scheme 23 Cu-Fe catalysed synthesis of triazoles via azide—alkyne
cycloaddition.
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Thus far, the above examples showcase the use of metal
catalysts and organic azides to effect the synthesis of 1,4 disub-
stituted 1,2,3 triazoles. Gu et al. on the other hand, introduces a
metal catalyst and organic azide free continuous flow synthesis of
1,2,3 triazoles (Fig. 13).°> A combination of I, (0.005 M) and tert-
butyl hydroperoxide (0.1 M) at reaction temperatures of 50 °C and
100 °C for step 1 and 2 respectively was used for the synthesis.
Yields ranging between 72-85% were obtained in the transforma-
tion of aniline and 4 substituted-anilines to a number of 1,4 di-
substituted 1,2,3 triazoles. Similarly fluoro, bromo, thiophenyl,
furyl and chloro groups could be tolerated. Additionally, sterically
hindered substrates, electron deficient and electron rich substi-
tuents also gave excellent yield.

Hsueh et al. recently developed a telescoped continuous flow
process for the synthesis of functionalized alkenes via the
arizidination route (Fig. 14).”° The arizidines were synthesised
from soluble iminoiodanes 104 and alkenes 105 using tetrakis-
(pyridine)copper(u)triflate as a catalyst. After a period of 10 minutes,
the desired aziridine formed 106. Without any isolation of the
arizidines, nucleophiles 107 were introduced to generate an
array of amine derivatives 108 in excellent yield. In this study, the
worker exposure and handling of the toxic, highly hazardous and
reactive aziridine intermediates were eliminated since their
isolation was not required in this telescoped reaction synthesis.
The telescoped continuous flow synthesis worked well with
variation in alkenes, nucleophile and iminoiodane. To demon-
strate the robustness of this process, the flow synthesis of
imidazolines was explored. The ring expansion was effected with
the use of boron trifluoride as a catalyst. This chemical trans-
formation took only 20 minutes. The presence of electron with-
drawing groups on the alkene seemed not to have any effect on
the product yield, thus confirming the robustness of the process
(vields: 70-77%).

The chemical synthesis of hydantoins in batch reactors has
been reported to be a bit problematic, with very low conversions
and a multitude of safety concerns observed. This synthesis
involves heating an aqueous solution of potassium cyanide,

This journal is © The Royal Society of Chemistry 2018
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Fig. 13 Metal catalyst and organic azide free continuous flow synthesis of 1,2,3-triazoles.
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Fig. 14 Continuous flow process for the synthesis of amine derivatives via the arizidination route.

which is potentially very risky with regard to safety especially on
a large scale. Furthermore, the relatively high temperatures that
are required for the process are inefficiently controlled and
maintained in these reactors. The reaction also involves the
evolution of ammonia and carbon dioxide gases that are
essential for the chemical transformation. Monteiro et al. have
successfully displayed an intensified variant of the Bucherer—
Bergs continuous flow synthesis of a series of hydantoins”
(Fig. 15) carried out in a 16 mL hastelloy coil reactor at a
reaction temperature of 120 °C. Using ethyl acetate as a solvent
and keeping the back pressure regulator at 120 °C helped to
alleviate reactor clogging and allowed for accurate processing
of reaction mixtures. In a reaction time of 32 minutes, excellent
yields were obtained (72-99%). Compared to the batch synthesis,

109 o
R! ) Feed A 16 mL 110
Hastelloy
: } 20 bar JZ)
L : : HN
i T HNH
: ! .
: ; ~120°C R p2 o
KCN | e !
(NH,),COy 120 °C
H,0 Feed B

Fig. 15 Continuous flow synthesis of hydantoins.
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the lack of headspace under the pressurised continuous flow
process prevents the sublimation and or volatilization of the
in situ generated NH; and CO,.

To further demonstrate the benefits of continuous flow
processing in present literature with regard to process safety
in multi-step syntheses;”>”> He et al. synthesized an array
of functionalized phenols by aerobic oxidation of Grignard
reagents in continuous flow reactors (Fig. 16).”* Their protocol
was motivated by the promising results that they attained in
continuous flow reactors where pure oxygen was used as the
oxidant. The continuous flow reactors performed better than
the batch reactors with shorter reaction times and better yields
attained compared to the batch reactors (flow reactors: 53%,
2.7 minutes, 25 °C and batch reactors: 15%, 5 hours, 25 °C). The
reaction was thereafter successfully done with pressurized air
under cryogenic conditions with relatively good yields obtained
when both electron-rich and deficient substrates were used.
The authors took a step further and investigated the in situ
generation and use of organo-magnesium intermediates in the
synthesis of ortho-functionalized phenols. This was achieved by
selective addition of magnesiated nucleophiles t