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\functionalization of APIs.

Abstract: The use of reactive gaseous reagents for the production of active pharmaceutical ingredients (APIs) remains a
scientific challenge due to safety and efficiency limitations. The implementation of continuous-flow reactors has resulted
in rapid development of gas-handling technology because of several advantages such as increased interfacial area,
improved mass- and heat transfer, and seamless scale-up. This technology enables shorter and more atom-economic
synthesis routes for the production of pharmaceutical compounds. Herein, we provide an overview of literature from
2016 onwards in the development of gas-handling continuous-flow technology as well as the use of gases in

~

J

1. Introduction

The production of active pharmaceutical ingredients (APIs)
and advanced intermediates for the preparation of fine
chemicals has traditionally relied on batch processing, due
to a great variety and availability in reactor types.'?
However, one of the limitations of these batch reactors is
the performance of multiphasic reactions in a safe and
efficient manner.! Reactions with gaseous substrates are
typically complicated reactions to perform in conventional
batch equipment due to low interfacial areas, slow diffusion
of the gas into the reaction mixture, and safety issues
concerning the headspace.’® In batch equipment, high
concentrations of gases are often present in the headspace,
where mixing with reaction fumes can result in safety
hazards.’! Reactions with gases are therefore restricted in
terms of equipment, pressure ranges, temperature ranges,
and low stoichiometries of the reactive gaseous
compounds.?>f!

However, the most direct, atom-efficient, and therefore
often the most sustainable synthetic route frequently
requires the use of highly reactive, low-weight, yet toxic
gases.”! Despite these advantages, they are often banned
from laboratories due to safety reasons. Hence, longer
manufacturing routes containing easier-to-handle chemicals
are frequently chosen instead. The scale-up of the reactions
towards API synthesis suffers from this, because these
synthetic routes require more labor and result in more waste
generation.” The development of safe and efficient
technologies to handle reactive and low-molecular weight
gases is therefore in high demand.!"”

Previous research has shown that continuous-flow
chemistry can play a key role in the safe and effective use of
gases in the pharmaceutical industry (Figure 1).>' In the
scope of this review, continuous-flow chemistry is generally
a broad term to describe the continuous performance of a
reaction within narrow channels (10> to 10° um range) of
micro- or mesofluidic reactors, unless stated otherwise.!'”
These small dimensions allow for several inherent benefits.
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First, the total inventory of hazardous material in a
continuous-flow reactor is relatively low leading to an
inherent improved safety, which allows the use of hazardous
gases like oxygen.*"*') Moreover, the improved heat trans-
fer in microreactors decreases the potential for hotspot
formation and headspace issues —often observed in tradi-
tional batch setups— are prevented.” Finally, the increased
interfacial area allows efficient mass transfer within the
reaction mixtures, which boosts reaction kinetics.>*'” This
larger interfacial area also translates to an enhanced
irradiation of the reaction mixture improving the photon
availability for photochemical multiphasic reactions.!**!

Over the last years, pharmaceutical companies have
invested in continuous-flow technology for synthesis as well
as drug discovery to address the need for new, robust,
selective, and scalable processes.*?!! Flow-chemistry meth-
odology has been developed for reactions at extreme
temperatures, hazardous reagents and gases, as well as
photo- and electrochemical reactions due to more efficient
energy transfer.” Recent advances allow for the multistep
preparation of complex molecules (such as APIs) in a
telescoped manner, although this remains a challenge.”*4
Additionally, the scale-up of continuous-flow microreactors
from laboratory to industrial scale is promising through
numbering-up strategies and would range for API develop-
ment from gh™" to kgh™' (Figure 2).15%"

A review on the use of gases in continuous-flow reactors
was published in 2016 by Baxendale and co-workers.” Since
this research field is rapidly developing, this review attempts
to provide an overview of recent publications on new
technologies to handle gases and improved synthetic routes

A) =
reaction time
—_—
reagents product
solvents

talyst: .
e conventional batch setup

B) residence time
e

reagents
solvents — product
catalysts

continuous-flow setup

Figure 1. Difference between A) batch and B) continuous-flow
reactions."!
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Figure 2. Required quantities of APIs in the various phases of process development.
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to produce high value molecules using gaseous reagents in
combination with solid and liquid reagents in flow.

2. Continuous-flow setups for handling gas—liquid

reactions

2.1. Chip- and coil-based reactors

In common laboratory continuous-flow experiments, bipha-
sic gas-liquid reactions are often performed in micro/milli-
reactors that can be either chip- or coil-based reactor units
(Figure 3).") These reactors are the most widely accessible
and have a large variety in applications.” Chip-based
reactor units offer improved heat transfer characteristics
compared to other reactor designs, because of their
extremely high surface/volume ratio and the potential use of

in flow.
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Figure 3. Common reactor types to perform biphasic flow reactions. A)
An example of a chip-based reactor from Little Things Factory. B) A
coil-based reactor.
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Figure 4. Main flow regimes observed in biphasic flow reactions with increasing flow velocity of the gas phase from left to right: A) bubbly flow. B)

Taylor flow. C) Taylor-annular flow. D) annular flow. E) misty flow.”!

materials with high thermal conductivity (e.g., silicon
carbide).”

Coil-based reactor units are the most widely used
alternative to the chip-based ones, as they can be made from
commercially available tubing.**! This tubing is generally
cheap and often consists of inert fluoropolymers or stainless-
steel capillaries. Coil-based reactors are frequently struc-
tured as helically coiled tubes, which has several advantages:
forming a helix from the coil makes the reactor significantly
more compact, reducing the physical space occupied by the
unit. Moreover, the internal-flow heat transfer coefficient is
higher of a helically coiled tube.”! Using these helically
coiled tubes, Noél and co-workers demonstrated a number-
ing-up strategy for biphasic gas-liquid reactions in flow.!
Numbering up is a practical way to scale up a chemical
reaction without increasing the pressure drop in the system.
The authors managed to keep a constant flow distribution
that resulted in a comparable yield output between a single

reactor and eight reactors in parallel.”'*

2.1.1. Introduction to flow regimes

The behavior of gases and liquids is very different in
microchannels compared to tubes with large diameters or
batch reactors. The combination of gas and liquid phase in
microchannels can result in various flow patterns, which are
influenced by the channel properties of the reactor, the flow
rates of the two phases, and the respective viscosities
(Figure 4).1!

Most commonly, Taylor flow is observed, in which
bubbles of gas are separated by slugs of liquid (Fig-
ure 4B)."*! This flow regime occurs when the gas and liquid
phase have similar, low flow velocities (<1.0ms™").} A
significant advantage of using Taylor flow is its improved
mass transfer performance.” This is first of all governed by

the interfacial area, which is in turn determined by the
length of the slug and the thickness of the liquid layer
between the gas bubble and the inner wall. The slug length
is influenced by the flow rates of the two phases. Second of
all, the inner circulation patterns observed in Taylor flow
play a major role in the mass transfer efficiency.”™ The Nogl
group took advantage of these increased mixing properties
in Taylor flow to significantly reduce the reaction time of
cross-coupling reactions in microreactors (Scheme 1A).P
High temperatures (130°C) and pressures (40 bar) were
employed to demonstrate the production of 3,4,3'4'-
tetramethylbiphenyl through aerobic oxidative coupling.
These shortened reaction times were attributed to the

A) Aerobic oxidative cross-coupling in confinuous fiow, Nogél and co-workers

PdIDAC):
Cu(OAc):
2-F-py, TFA. TIOH

<l
Me
5 AcOH, Oy, 40 bar,
Zogul; |00 UREEERERRRReTE
130 °C, 40 min " -
yield 19-34% Shorlened reaction lil'ﬂesl

selectivity 46-79%

B) Cyclohexene axide formation through epoxidation in air, Nagaki and co-workers

e W~y

air, 9 bar
1 equiv. 3 equiv. 100 *C, 1.4 min
73%

' Enhanced productivity |
upto 11.1 g/h ]

= continuous-flow reactor

Scheme 1. A) Aerobic oxidative cross-coupling reaction in continuous
flow.’® B) Epoxidation of cyclohexene in air with isobutyraldehyde to
form cyclohexene oxide.?”
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improved mass transfer between the gas and liquid phase, as
well as the aforementioned recirculating patterns and the
use of pure oxygen to re-oxidize the palladium catalyst.

Using a similar approach, Nagaki and co-workers
presented the use of biphasic flow to increase yields and
decrease reaction times of previously described batch
transformations.””’ They performed the continuous-flow
synthesis of cyclohexene oxide in a reactor consisting of
stainless-steel tubing. In their flow setup, the highest yield
(84 %) was obtained after 1.4 min at 100°C (Scheme 1B).
These were improved results compared to those obtained
through a traditional batch setup, in which the highest yield
(75 %) was achieved after ca. 260 min reaction time at 80°C.
This improvement is the result of various benefits, such as
the ability to use increased pressures and temperatures in
continuous-flow systems as well as the enhanced interfacial
area.

Taylor flow is not the only flow pattern to be observed;
by increasing the flow rate and concentration of one phase
compared to the other, various (transitional) regimes are
formed.**! Understanding these flow regimes is important,
as they have different interfacial areas, different mass
transfer properties, as well as different residence times in
the reactor. These parameters in turn influence the overall
reaction rate and the conversion/yield.” Increasing the flow
rate of the liquid results in bubbly flow, which is charac-
terized by spherical or distorted gas bubbles which are
smaller than or equal to the channel diameter (Fig-
ure 4A).F* In microchannels, the bubbles need to be
extremely small to be much smaller than the inner diameter
of the channel, making it very unlikely that bubbly flow is
observed (Figure 4A and Figure 4E). This is different from
Taylor flow, in which the elongated gas bubbles are longer
than the inner diameter of the channel.** Taylor-annular
flow is observed when the velocity of the gas is increased
compared to Taylor flow, and gas bubbles start to merge
(Figure 4C).F*¥1 When the velocity of the gas is increased
even further, annular flow is observed (Figure 4D).[*! The
gas stream occupies the core of the channel, pushing the
liquid phase against the boundary walls of the
microchannels.® This results in a very thin liquid layer,
leading to a high interfacial contact area and a short
diffusion length, as well as relatively large availability of the
gaseous reagent.**!! However, ideal annular flow is often
very difficult to achieve since droplets can be dislodged from
the liquid film due to the force of the gas phase.”! The
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occurrence of these dispersed droplets can lead to a
deviation from annular flow, and is commonly called misty
flow (Figure 4E).

2.1.2. Handling of hazardous gases

Because of the inherent mass transfer advantages of
continuous-flow reactors, multiple challenging steps can be
sequentially performed, which is called telescoping. For
example, Kappe, Hone, and co-workers demonstrated the
telescoped synthesis of the lipophilic amine tail of abediterol
(Scheme 2).*! The key hydroformylation step safely com-
bines toxic carbon monoxide and explosive hydrogen at
elevated temperature and high pressure. Because of the
continuous-flow synthesis approach, three steps could be
performed without isolating or handling the hazardous
intermediates of the reaction.

This leads to another major advantage of small channels
in continuous-flow reactors, which is that they allow for the
usage of gases which are generally considered too hazardous
or toxic under conventional batch conditions.***! This is due
to the fact that the operating volume of the reactors are
relatively small, ensuring that only a small amount of
material is present at any given time. Moreover, no head-
space issues are observed in microreactors, and through the
use of mass flow controllers the dosage of hazardous gases
can be controlled precisely.** One example of this is the
use of ethylene for the gas-liquid palladium-catalyzed
Catellani reaction in continuous flow by Della Ca’, Noél,
and co-workers (Scheme 3). According to the authors, the
precise control over the stoichiometry of the gaseous
reagents played a major role in steering the selectivity to the
desired sterically hindered ortho-disubstituted styrenes and
vinyl arenes.

Another example is the use of elemental fluorine, which
is a highly toxic, corrosive, and reactive gas. It poses serious
safety concerns as exposure can result in severe injury or
even have a lethal outcome, which is the reason why the
production of fluorinated compounds is often outsourced to
specialized laboratories. Nevertheless, Kappe, Dallinger,
and co-workers have stated that using F, to make fluori-
nated pharmaceutical compounds would be the most direct
route, and therefore atom-economic and cost-efficient.l*”
This is highly desirable, since approximately 50 % of block-
buster drugs and 41 % of small pharmaceuticals approved in

Synthesis of the lipophilic amine tail of an APl enabled by gases in continuous-flow, Kappe, Hone and co-workers

MNaOH

FE (!mﬂ F F {!m! F F 'mg F F NH;
S R A Phx’o% o en 2 SOLY

hydroformylation

O-alkylation
1 equiv. 1 equiv.

- O-Alkylation and hydroformylation telescoped
- Two safe reaction steps including gases

NH; (MeQH),

CO: Fa H, (40 bar, 150°C)

reductive amination

- High temperature + pressure for reductive amination
- Improvement in overall yield (38%) compared fo batch (26%)

Scheme 2. Synthesis of the lipophilic amine tail of an APl in continuous flow consisting of subsequent O-alkylation, hydroformylation, and reductive

amination using gaseous reagents.*’
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The use of gaseous ethylene for the gas—liquid paliadium-catalyzed Cateillani reaction in
continuous flow, Della Ca', Nogl and co-workers
PA(QAC): (2.5 mol%),
XPhos (5 mol%),
NB (0.6 equiv.),
TBAA (1.1 equiv.)
“‘l’r'l'r'n'r'q")
(AL
AN

A

R!
oL . o
! DMF, 115 °C, @
1 equiv 0.6 equiv, 2h R

= XPhos

Scheme 3. Use of hazardous ethylene gas for the gas-liquid Pd-
catalyzed Catellani reaction in continuous flow."*®

2019 by the U.S. Food and Drug Administration contained
fluorine atoms because of their enhanced biological
properties.*¥1 In 2022, the Kappe group described a
detailed continuous-flow system for the delivery of 10 %
fluorine in nitrogen with an overview of suitable reactor
components as well as safety precautions.””! In a later work,
the same group performed the difluoromethylation of a
protected amino acid with trifluoromethane gas in continu-
ous-flow to synthesize eflornithine, an important API
(Scheme 4).! The current synthesis strategy consists of an
elaborate, multistep synthesis resulting in a processing time
of over 23 h and an overall yield of 37-40%. The newly
proposed synthesis route consists of significantly less steps,
which improves both the overall yield to 86 % and the
processing time to 23.5 min.

Ozonolysis is another valuable reaction that is limited by
safety reasons of handling ozone itself as well as its unstable
intermediates. In 2021, Roth and co-workers described the
design of an ozone dosing line for -continuous-flow
processing.”” They demonstrated the successful synthesis of
nopinone from B-pinene, which is a by-product from the
paper and pulp industry (Scheme 5A). The reaction was
safely scaled to >16 gh™ and a detailed risk assessment was

A) Previous industrial synthesis route to eflomithine starting from diethyimalionate
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A) Dzonolysis of fi-pinene fo nopinone, Roth and co-workers

(1) Oa (1 eguiv.)
(2} PPhy
O
e R S |
¥ Productivity =16 g h™' 1
.......... 4
_ 10 bar, 20 *C *
fpinene i1s nopinone

B) Thiol-ene reaction of ¢
Kappe, Dallinger and co-workers

hydrochlonde with viny! chlonde,

(365 nm)

0.1 mol%)

+ -
HS e~ o7+ o

1 equiv 1 equiv
[

]
: Productivity =1.8gh
___________ 1

Scheme 5. A) Two-step ozonolysis of B-pinene to nopinone.®® B) Thiol-
ene reaction of cysteamine hydrochloride with vinyl chloride.""

provided. Then, in 2022, the Kappe group made use of the
intrinsic safety advantages of microreactors to demonstrate
the use of toxic, flammable, and carcinogenic vinyl chloride
in the synthesis of thiomorpholine (Scheme 5B).*! More-
over, the intermediate that is generated in this pathway is
toxic, which emphasizes the need for highly controlled
chemistry.

Although these developments improve the atom- and
time-efficiency of the reaction pathways, they do not
eliminate the need for storage and transport of highly
compressed and liquefied gas cylinders. The intrinsic charac-
teristics of microreactors allow for the generation of hazard-
ous reagents from benign precursors in situ, which has the
advantage of reducing transport, storage, and handling of
these compounds.”) Moreover, they could be generated on
demand in the required volumes, and immediately be
transformed into a non-hazardous product upon generation.
For example, Noél and co-workers demonstrated the in situ
generation of the toxic SO,F, gas for the functionalization of
compounds with a —SO,F group (Scheme 6A).'Y Their

Hs (6 bar), {1} NaQCI, NaOH,
Raney Ni 2h,80°C HzMN

. o o
3h80°C  fmg HE (2) HCI

NHg, 7 bar,

{1) NaH in DMF
(1) Na {2) CHCIFz

(COZEt @) ON N COuEt 2-3bar, 67,30°C Nt:F COzEL

COzE! 81% CO.Et 82% HC Co.e

———3 = batch process

10h, 40 °C Fs
: —_—
7ok EtOzCﬁ‘“ 81% Hznoc)dj'* B84%  FHC
H:N™ *co.H

B) Route proposed by Kappe and co-workers. continuous-flow diffucromethylation using CHF 3

(1) LIHMDS in THF (1.0 M)

cl
\Q\;NMCOZMQ

Ci (2) CHF 4 (1.05 equiv) <
; cl ;
N’ \©\/ 1
=N MCO:ME
FaHC

HCI (35% in water)

COzH
HaN
—m—b 2 FoHC L
2

1
1 Overall yield 88% :
: Overall processing time 23.5 min

Scheme 4. Comparison between A) the current industrial synthetic route towards the API eflornithine starting from diethylmalonate, and B) the

newly proposed synthetic route in continuous-flow using CHF ;.1
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0.2 M CHyCN 0.5 mi min”! 0.75 mL min”
7 min 2 min

B} Pholtocaltalytic oxidation of G{spj}—H bonds using & decatungsiale pholocaltalys!,
Noél and co-workers

* (3685 nm)
Oz TBADT (5 malh) e e e m e e ..

o O as green oxidant
HXH _m_.. )‘I\
Ry Ra R R,

: |
: Inexpensive catalyst :
! 1
'

HzCNHCI (1 M) (2.5:1)

simple reaction conditions
45 min

Scheme 6. A) In situ generation of the toxic SO,F, gas for the
functionalization of compounds with a - SO,F group.F" B) Photo-
catalytic oxidation of both activated and unactivated C(sp*)—H bonds
using a decatungstate photocatalyst and O, gas.”?

modular flow platform was able to generate SO,F, on
demand and safely dose the gaseous reagent, resulting in
reduced reaction times and high reactivities for the synthesis
of a set of 28 fluorosulfates and sulfamoyl fluorides. The
same group also demonstrated the safe use of oxygen gas in
a microflow reactor for the oxidation of both unactivated
and activated C(sp’)—H bonds using an inexpensive deca-
tungstate photocatalyst (Scheme 6B).P?

Recently, a late-stage photooxidation in continuous flow
was demonstrated for the synthesis of 2-epi-hypathulin B, a
highly oxygenated and densely functionalized bicyclic mole-
cule by Christmann and co-workers (Scheme 7A).*) The
authors developed a synthesis route consisting of 16 steps
starting from 2-cyclopentenone. The key synthetic challenge
was to develop the bicyclic core in an efficient way, with the
oxidative cleavage of an enol ether species at the end in the

A) Sy route fo 3-epi

lin B, proposed by Christmann and co-workers

1) NaHMDS, =78 °C
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presence of competing alkene functionalities. This reaction
was enabled by continuous-flow technology, resulting in
larger scales, shorter reaction times, and improved yields.
Luisi, Kappe, and co-workers also developed a multistep
synthetic route containing a direct o-lithiation step and a
hydroxylation through aerobic oxidation step for the con-
tinuous-flow preparation of cyclopentylmandelic acid
(Scheme 7B).l Their process afforded an overall isolated
yield of 50 % after recrystallization, demonstrating the safe
use of molecular oxygen for the synthesis of APIs.

One of the most challenging reactions in organic syn-
thesis is the selective functionalization of C(sp*)—H bonds in
gaseous hydrocarbons.** This reaction would allow for the
conversion of greenhouse gases into chemical feedstocks
and is therefore of great value for both the environment as
well as the chemical industry, since they are among the most
abundant and cheapest feedstocks.” Noél and co-workers
demonstrated the use of a photoexcited decatungstate anion
(*[W1003,]*") as a hydrogen atom transfer (HAT) photo-
catalyst that can abstract hydrogen atoms from C(sp’)-H
fragments and form C-centered radicals.”>*"! To solve the
challenge of handling gaseous alkanes in organic solvents,
they demonstrated the safe use of microflow reactors at high
pressure to force the gaseous alkanes into the liquid phase
(Scheme 8A). A related work by Noé&l and co-workers
demonstrated the use of Taylor flow for the photocatalytic
carbonylation of light/heavy alkanes to synthesize unsym-
metrical ketones (Scheme 8B).”® Gaseous light alkanes and
toxic carbon monoxide gas are handled as a gas—gas-liquid
mixture inside microchannels, to improve mass transfer and
create a safe environment for the direct activation of light
alkanes.

OMe Me
PPhs, Oy
2) Li Nie’
TMEDA (IED) — Hoveyda-Grubbs ||
- Me —_—
PhMe, <80 °C RT 48h
72% CHCla. RT 94%
e mm - ———— B e 5 3-api-hypatulin B
. OMe OMe ! 1 '
- — ' v I . - batch: 26 h, 61%
1 i — 04\ [ selective late stage oxidation : flow: 1 h, 64% :
: ______________ Jr Bt i e e e i
B) Continuous-fiow pre; ion of cyclopenty delic acid, Luisi, Kappe and co-workers

n-hexyllithium (3 equiv.) Qo (0.6 equiv.)

THF, hexane 1 bar
< 20°C. 5 min CLI 20°C, 18 min

1 equiv,

' e |
1 50% overall isolated yield 4
1 mild conditions. 1
1 safe use of O; gas '

OH :
OH
o L ]

cyclopentylmandelic acid

Scheme 7. A) Overall synthesis route for 3-epi-hypatulin B, including a late-stage selective oxidation step emphasized in blue.”” B) Synthesis route

towards cyclopentylmandelic acid through an a-lithiation step and a hydroxylation using molecular oxygen.
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A) HAT photocatalysis for the C-C coupling of gaseous alkanes in continuous flow, Noel! and co-warkers
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B) Photocatalytic carbonylation of light'heavy alkanes for the synthesis of asymmetric ketones, Noel and co-workers

\
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R’Z"R —W—» ::L-R

HAT photocatalysis
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R=H, Me, or Et

10 aquiv.

Alkyl radical

Radical carbonylation =3

Conjugale addition fl

Acyl radical As;mmetnc katane

Scheme 8. A) HAT photocatalysis bypasses the need for unselective and low-yielding conversion into alkyl electrophiles to increase the reactivity for

eventual C—C coupling.”® B) Efficient mass transfer in gas-gas-liquid Taylor flow for the photocatalytic carbonylation of light/heavy alkanes.

2.1.3. Mass transfer intensification

It is not always straightforward to quantify and compare the
interfacial area of the various flow patterns within the
channels of a microreactor, as they depend largely on the
flow velocity of the two phases. Moreover, the size of the
bubbles or slugs observed, as well as the number of bubbles
or slugs per time unit are key parameters. With the
significant experimental database available in literature for
interfacial areas in two-phase flow regimes, recent develop-
ments in modelling using interfacial area transport equations
are bridging this knowledge-gap. Constitutive models using
these equations enable interfacial area predictions from
bubbly- to churn-turbulent flow regimes, with extension to
annular flow currently being investigated.”” Although
assumptions must be made, it would be beneficial to have a
quantitative description of interfacial areas per flow pattern
to support often qualitative statements.

Flow patterns can vary for horizontal and vertical
straight pipes. Moreover, flow patterns can be altered
through the use of internal mixers to increase the mass
transfer.*®)  An established microchannel reactor with
incorporated static mixers is the Corning Lab Reactor which
has been optimized for multiphase mass transfer (Figure 5).
In 2017, Monbaliu, Heinrichs, Dreesen, and co-workers
described the scalable photocatalytic oxidation of methio-
nine using a Corning Lab Reactor.” They used a biphasic
system, consisting of oxygen gas and an aqueous phase. The
reactive singlet oxygen species is generated by interaction of
oxygen with the excited photosensitizer Rose Bengal in
solution. The authors claim that the integrated mixers along
the reactor path improved the mass transfer significantly
and thereby also the reaction rate, compared to previous
work in which a large excess of O, was required. A wide
variety of design choices for internal mixers and the
structure of microchannels are still being explored. For
example, Sun and co-workers investigated the optimal
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Corning Advanced-Flow Reactor

Figure 5. Corning Lab Reactor: microchip with internal static mixers for
improved mass transfer in biphasic reactions.®"

structure of microchannels for methanol steam reforming
reactions./” They concluded that microchannels in the shape
of sinusoidal waves with added dimples showed improved
micro-mixing behavior compared to straight channels or
channels without dimples. They also suggest that optimizing
the shape of microchannels might improve the availability of
gas in biphasic reactions.

2.2. Tubular membrane reactors
Tubular membrane reactors have been developed by the

Ley group to address the inherent limitations of conven-
tional batch reactors and the most widely used reactor is the
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Figure 6. Two configurations in which the tube-in-tube reactor can be set up. A) Conventional mode, with the liquid phase in the inner tube and the
gas phase in the outer tube. B) Reverse mode, with the gas phase in the inner tube and the liquid phase in the outer tube.

tube-in-tube flow reactor.>”" It consists of a smaller gas-
permeable tube inside a larger, impermeable tube (Fig-
ure 6).%] The inner tube is made from the generally
expensive Teflon AF-2400, which has a relatively high
permeability for smaller gas molecules compared to larger,
readily condensable gas molecules.***™ Moreover, the
membrane permeability is higher for reactive gases such as
CO, CO,, and H, compared to inert gases such as N,."”
Other gases for which the membrane is permeable are
ozone, oxygen, ammonia, ethylene, and diazomethane.[
However, nonfluorinated solvents or liquids cannot perme-
ate the membrane due to its chemical resistance, mechanical
strength, and microporous and amorphous structure. This
leads to the unique property that only gaseous reagents can
pass the membrane to either react with the liquid phase, or
to saturate the solvent, and that the outlets are therefore
separated for the two phases. The tube-in-tube reactor can
be used with either the gas stream in the outer tube and the
liquid stream inside, called the conventional configuration
(Figure 6A), or with the opposite arrangement, called the
reverse configuration (Figure 6B)."

As mentioned before, the interfacial area between the
two phases plays a key role in efficient mass transfer, and
therefore in improving reaction speed.”? Tube-in-tube
reactors generally provide exceptionally high interfacial
areas as well as mass transfer coefficients compared to other
types of reactors (Table 1).57*™ The values in this table are
estimated based on a variety of literature describing differ-

Table 1: Order of magnitude of the interfacial areas for different gas-
liquid contactors, where a (m? m~°) is the interfacial area per volume of
the two phases.F’27

Type of contactor a (m’m™)
Tube-in-tube 3000-10000
Packed columns, co-current 10-1700
Packed columns, counter-current 10-350
Tube reactors, horizontal and coiled 50-700
Tube reactors, vertical 100-2000
Stirred tank 100-2000
Static mixers 100-1000
Gas-liquid microchannel contactor 3400-18000
Falling film microreactor 20000
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ent reactor types. However, the experiments and setups are
not standardized, therefore often difficult to reproduce, and
hard to compare. Simulations could play a key role in
differentiating between reactor designs. For instance, one
quantitative model to analyze the mass transfer in various
reactions in tube-and-tube reactors has been developed by
Yang and Jensen.” They compared the mass transfer inside
the conventional and reverse setup at the same flow rate,
demonstrating that the reverse setup provided a higher gas
concentration in the liquid phase at the outlet. The authors
contributed this result to the fact that flowing the solvent in
the outer tube yields a larger cross-sectional area than on
the inner tube side. At equal volumetric flow rate, this
results in longer gas-liquid contact time and therefore
improved mass transfer. Another comparative work was
performed by Gobert, Thomassen, and co-workers on the
mixing efficiency and residence time distribution in tubular
and chip-based milli- and microreactors.™

Apart from the high interfacial area, an additional
advantage of microflow reactors is that the stoichiometry of
reactive gases in the solution can be precisely controlled
using in-line digital imaging.®’” This in-line monitoring
allows for high control, which is especially useful for
reactions that require high selectivity or make use of
extremely hazardous or toxic gases. Ley and co-workers
demonstrated the advantages of in-line portable Fourier
transform infrared (FTIR) devices as well as nuclear
magnetic resonance devices for the accurate dosing of
reagents in tube-and-tube reactors for nucleophilic
trifluoromethylation in flow.”? Using the in-line FTIR
instrument, it was first verified that the inner Teflon AF-
2400 membrane was permeable to CF;H. The in-line bench-
top nuclear magnetic resonance (NMR) machine recorded
“F NMR spectra to determine the concentration of the gas
dissolved in solution. Moreover, the in-line FTIR was used
to screen the optimum reagent concentration for the
productivity of the reaction. The process Ley and co-
workers described was fully contained and possible disper-
sion of trifluoromethane was highly controlled and mini-
mized.

A second work that made use of the highly controlled
stoichiometry of hazardous gases in tube-in-tube reactions
was performed by Wu, Zhang, and co-workers.! They
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demonstrated the use of aqueous ammonia for the continu-
ous amination of aryl and heteroaryl halides from the
hypothesis that NH; can diffuse through the AF-2400 tubing
at elevated temperatures from readily available and safe
aqueous ammonia (Scheme 9A). They state that the tube-in-
tube reactor is preferred for such reactions above a biphasic
flow regime in microchannels since excess water is detrimen-
tal to most organic transformations. The water in the
aqueous ammonia mixture is unable to pass the inner
membrane at low temperatures and therefore the reaction
mixture does not encounter large quantities of water. This
improved the yields of various aminations of aryl/heteroaryl
halides in a safe and scalable manner.

Using the tube-in-tube technology, Baxendale, and co-
workers demonstrated the use of oxygen gas as oxidant in a
reversible tube-in-tube reactor for catalytic Chan-Lam C-N
coupling reactions for the continuous synthesis of several
functionalized aromatic and aliphatic amines
(Scheme 9B)."”! The authors stated that the atom economy
of this route was improved over systems utilizing TEMPO
(2,2,6,6-tetramethylpiperidinyloxyl) and tert-butyl peroxy-
benzoate, and that this setup is safe and scalable. Moreover,
the optimization of the reaction conditions demonstrated
that the use of sub-stoichiometric amounts of the copper
catalyst was more efficient than the stoichiometric amount
used in earlier flow studies. Further work by Koolman,
Kantor, and co-workers made use of the improved safety of
tube-in-tube reactors for the continuous generation and

A) Use of aqueous ammonia for continuous amination of aryl and hetercary! halides,
Wu, Zhang and co-workers

NO, oy
Noo € o i, NopNHz o Hol
e B0 min, 150 °C S
04 M 25% in Ha0 : yield =89%

B) Use of oxygen gas for catalytic Chan-Lam C-N coupling, Baxendale and co-workers

T W

(1) Cu{OAc); (0.25 equiv.),

pyridina (1 equiv_), | yieid 26-92% .
NEt; {2 equiv.), CHClz Eate ]
2)0, :
B(OH), RL R
L3 | +  HNRIR? = |
?' 40 °C, 10 bar ~
Rl 2h 7
R
1.6 aquiv. 1.0 equiv.
C) Pd- i ians for the is of boronic esters,
Koolman, Kanfor and co-workers
j==—=—=—=- .
CHNz in THF, ! yield 43-72% :
1 mol%% Pd{OAc); lemme ===
rt, 1.2 min

R @/\/
-

Scheme 9. A) The use of aqueous ammonia in a tube-in-tube reactor
system for the continuous amination of aryl and heteroaryl halides,
Scheme adapted from Wu, Zhang, and co-workers.® B) Catalytic
Chan—Lam coupling by using oxygen gas in continuous flow, scheme
adapted from Baxendale and co-workers.” C) Pd-catalyzed cyclo-
propanation reactions in tube-in-tube reactors for the synthesis of
boronic esters, scheme adapted from Koolman, Kantor, and co-
workers.®%
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release of diazomethane, which is a highly volatile, explo-
sive, irritating, and severely toxic compound.® They de-
signed an automated flow system to perform palladium-
catalyzed cyclopropanation reactions for the synthesis of a
small library of cyclopropyl boronic esters, which are of
interest as they are readily applicable in cross-coupling
reactions, but have limited commercial availability
(Scheme 9C).®1 This automated library synthesis setup
could be advantageous for medicinal chemistry, as a variety
of closely related structures could provide insight into
structure—activity relationships.

It is not always straightforward whether a tube-in-tube
system would be beneficial instead of a standard Taylor flow
system. In 2022, Feringa and co-workers demonstrated the
advantages of using a tube-in-tube reactor over Taylor flow
for the continuous-flow photooxidation of furfural
(Scheme 10A).®1 They described the reduced usage of
solvent and photosensitizer loading using this setup, as well
as improved scalability (29 g/day in quantitative conversion
with full selectivity). However, different reactions can
benefit from different reactor systems. For example, Felpin
and co-workers demonstrated the added value of a Taylor
flow compared to a tube-in-tube system through the aerobic
dimerization of desmethoxycarpacine (Scheme 10B).[*
After various optimization steps of the setups, it was shown
that Taylor flow resulted in higher yields (62 % versus 48 %)
and shorter reaction times (5 min versus 20 min).* More-
over, the gas loading in tube-in-tube setups is generally low,
radial mixing can be insufficient, and the heating character-
istics are sub-optimal compared to other continuous-flow
reactor types.

A) Continuous-fiow synthesis of hydroxy butenolide from photooxidation of furfural,
Faringa and co-workers

*' (635 nm)

Oy, 1 bar
o] D
(8] T methylene blue HO_J
. -
N 0.5 molY
furfural hydroxy butenclide
400 mM

1

1 Tube-n-tube:  reduced solvent use

1 reduced photosensitizer loading
1 improved productivity (29 g/day)
1

1
: Tayler flow: 62%, 5 min '
1 Tube-in-tube: 48%, 20 min :
1

0.75 mol% { }

;L)(ylene (10 equiv.), Oz Me

e )

CoH4Cly

desmethoxycarpacine
1 equiv.

carpanone

Scheme 10. A) Photooxidation of furfural to hydroxybutenolide.®" B)
Aerobic dimerization of desmethoxycarpacine to carpanone.
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2.3. Falling film microreactors

The falling film microreactor (FFMR) is a reactor design
based upon the principle that a thin liquid layer allows for a
high interfacial contact area and a decreased diffusion length
(Figure 7).”! Tt consists of a reaction plate with micro-
channels (0.3-1.2 mm) embedded in it, above which is a slit
that distributes the liquid phase.® This phase flows through
microchannels under gravity to form a thin layer (< 100 pm),
whereas the gas phase can flow co-currently or
countercurrently.>® This design allows for specific gas—
liquid interfacial areas of up to 20000 m*m>, which is
relatively high compared to other gas-liquid contactors
(Table 1).”! Although it is conventional that the liquid
phase flows parallel to gravity, it is possible to set up FFMRs
with inclined reaction plates.” Lokhat and co-workers have
demonstrated that the angle of orientation of the reaction
plate has a direct influence on the rate of mass transfer, with
lower mass transfer coefficients on the liquid phase side at
lower plate angles.” Moreover, they observed that the
effect of gas flow rate on the liquid-side mass transfer
coefficient is negligible at 90° plate angle, but that a
significant difference is found between 75° and 60°. This was
similarly described by Steinfeldt and Kockmann.™ The
authors attributed this effect to the influence of the gas flow
rate on the hydrodynamics of the liquid phase, inducing a
rippling effect and thereby increasing the interfacial area.
Another parameter that influences the mass transfer in
FFMRs is the thickness of the liquid falling film, because
this defines the surface-to-volume ratio and the distance of
mass- and heat transfer.™ To predict this parameter for
various FFMR systems, Tang and co-workers proposed the
use of stereo digital microscopy, as this method is cheap,
simple, and non-intrusive with adequate accuracy. More-
over, they observed that the film thickness increases with
increasing flow rate and increasing viscosity. The thickness
of the film has consequences in terms of the residence time
distribution: at the walls the effective velocity of the liquid is

liquid in ———»

gas out

gasin

falling film microreactor

Figure 7. Overview of a falling film microreactor.’l
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zero due to the no-slip condition, whereas the velocity is
highest on the outer border.*

An additional benefit of the usage of thin films is the
homogeneous irradiation conditions of the reaction mixture,
which allows for various photochemical transformations in
continuous flow.’! In 2018, Oelgemoller and co-workers
demonstrated the utility of microfluidic devices for the
optimization of chemical processes that include the synthesis
of oxygenated products through usage of a commercial
FFMR for the photooxygenation of a-terpinene to ascar-
idole (Scheme 11A).*1 The large scale photochemical
production of this intermediate is hindered by its thermal
instability as well as the decreased photochemical efficiency
with increased reagent concentration as determined by the
Bouguer-Lambert-Beer law. In the FFMR, productivities of
2.5-32molL~" h™! were achieved, which is approximately
double the amount achieved in a batch Schlenk flask (0.9-
1.2molL™" h'). The selectivity of the reaction was not
affected by reactor design and remained relatively high with
75-80% in both setups. However, in the FFMR the
production of large quantities of hazardous oxygenated
products was avoided due to the continuous-flow design,
improving the safety of this production route. Rehm and co-
workers also made use of the improved irradiation proper-
ties observed in FFMRs for the continuous-flow photo-
chemically catalyzed synthesis of juglone (Scheme 11B).[*!
The efficient contacting of a gas and liquid phase was
combined with high-power light-emitting diode (LED)
arrays to produce singlet oxygen in situ for the oxygenation
of 1,5-dihydroxynaphthalene to juglone. Although their
obtained conversion (97 %) and selectivity (99 %) were very
high, no comparison was made to batch procedures.
However, their work described a detailed investigation of
the process parameters of photochemical reactions per-
formed in FFMRs: e.g., the irradiation wavelength, LED
power, oxygen partial pressure, substrate concentration, and
architectural impact of the reactor setup. Moreover, they
quantify the quantum efficiency, productivity, and space

A) Phatooxy of a-terpi

to ascaridole, Oelgemdiier and co-workers

L}
Rose Bengal (5 mol™),
Qg (10 mL min'}

' |
@ 1 productivity 2.5-3.2 mol L b '
: selectivity 75-80% '
isopropanol T o i o i 4
FFMR
10 mi
B) Phatoc for juglfone sy using various LEDs, Rehm and co-workers

'}

TCPP (5 mol%), O

OH '|'1'|'|'|'1'|'l)
Jit AL
sebn. sdee
Ha0
OH OH O
10 mi juglone

: conversion 97% :
1 salectivity 98% |

} productivity 0.09 mmol n'l:

Scheme 11. A) Photooxygenation in a FFMR for the synthesis of
ascaridole.®”! B) Photooxygenation in a FFMR for the synthesis of
juglone ¥
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time yield so that the FFMR can be compared with other
reactor types.

FFMRs are also often investigated for usage in waste-
water treatment processes as they allow for a larger volume
of liquid phase to be treated per time unit. Aziz demon-
strated a comparative study of advanced oxidation processes
for the removal of pollutants through the systematic use of
one setup, for which the FFMR was selected.® It was
hypothesized that this reactor could enhance the mass
transfer of reactive species from the gas phase to the liquid
phase due to the large surface-to-volume ratio. The author
states that this would enhance the degradation of chloro-
acetic acids in aqueous solutions, which are hardly degrad-
able and carcinogenic. A combination of ozone together
with photocatalysis and other advanced oxidation processes
proved to be most efficient. Another study on the use of
FFMRs for the treatment of wastewater was performed by
Mao, Che, and co-workers in 2021 on the synthesis of a-
FeOOH from wastewater.’ The authors used a FFMR with
a concentrated oxygen flow to improve the mass transfer
between the gas and liquid phase. Because of this, the
production efficiency increased 16 times compared to the
traditional air method, and the iron recovery rate was
>90 %.

In 2021, Mohammed and co-worker described the major
challenges and future outlook for FFMRs with emphasis on
mass transfer enhancement as well as operational parame-
ters used.” They state that mass transfer is limited from the
liquid phase, and that there are still large discrepancies
between empirical experiments and the results of hydro-
dynamic models. Another challenge in this field is the
generation of significant volume to enable processing on
industrial scale, as conversion is dependent on the flow rate
of the liquid phase. The authors stated that the best-case
scenario of attainable liquid flow rate without conversion
loss would be 3.3 mL min~' in conventional laboratory-sized

A)

liquid flow

liquid thin film

vortex fluidic device
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reactors. Although there are scaled-up versions of the
FFMR (FFMR-large and cylinder) and numbering-up strat-
egies exist, drawbacks in terms of reaction monitoring and
process control persist.’!]

2.4. Rotating continuous-flow reactors

Other reactor designs and flow patterns remain attractive
for process intensification purposes. For example, a reactor
design called the vortex fluidic device (VFD) was presented
to improve mass transfer even further (Figure 8A)."” In this
reactor, reaction mixtures are rotated at high speeds (0-
9000 rpm), so the liquid forms a thin film along the inner
walls of the glass tube. According to Raston and co-workers,
this setup would yield multiple benefits for biphasic reaction
mixtures.”>* First, the thin film would improve the inter-
facial surface area. Second, the rapid rotation of the inclined
tube would lead to more intense mixing to improve mass
transfer. Third, a unique environment is created due to
shear stress and vibrations to control chemical reactivity.
Finally, the incline of 45° results in unique flow
characteristics.”” To illustrate these benefits, the Raston
group demonstrated the aerobic oxidation of N-acetyl-L-
cysteine in water, in which the mass transfer of oxygen gas
into the liquid is rate-limiting (Scheme 12A).? In a batch
setup with O, in the headspace, 5% conversion was
observed after 1 h. The VFD showed improved results at
7000 rpm using an O, stream: 55 % conversion was observed
after 5 min. The scale-up of VFDs is not straightforward,
but it has been suggested that parallel numbering-up might
be effective to reach larger volumes, and scaled, high-
throughput VFDs have been demonstrated.”*! A limitation
of the VFD might be the operation of reaction mixtures
containing highly viscous liquids, which might clog the outlet
system.”) A rotating reactor making use of the same thin

B) inlet reactant

!

air drawn in —p <4— airdrawn in

],__.—b outlet

outlet coolant 4— ___

rotating cylinder

inlet coolant—»

continuous vortex reactor

Figure 8. A) A vortex-driven thin film reactor.”” B) A continuous vortex reactor."™
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! in water in a VFD, Raston, Chalier and co-workers

NaOH, pH 11, Oz, D0

ANH [ D—@— L

7000 pm H

| T o e 1
9 5 Ll 1 conversion >89% 1

v 2.5 min residence time !
............. 1
B) Formation of arfemisinin from dihydroartemisinic acid in a continuous vorfex reactor,
Poliakoff, George and co-workers

CH. TPP (0.5 mol%), Oz,
= TFA {0.5 equiv.)

| yield 50% .
: conversion 100% Il
artemisinin . productivity 0.75 mmal h™ "

toluene,
4000 rpm

Scheme 12. A) Aerobic oxidation of N-acetyl-L-cysteine in water in a
VFD.P B) Formation of artemisinin from dihydroartemisinic acid using
singlet oxygen in a continuous vortex reactor."”

film of liquid but based on conventional rotary evaporator
equipment has been developed for photochemical
transformations.”*>*”)

Another rotating biphasic reactor benefitting from
Taylor—Couette flow was developed by George, Poliakoff,
and co-workers for several continuous photooxidation
reactions using singlet oxygen, such as the formation of
artemisinin from dihydroartemisinic acid (Scheme 12B).1"!
This continuous vortex reactor (Figure 8B) rotates slowly
compared to the VFD, resulting in micromixing patterns
between the gas and liquid phase instead of the thin film
formation.'™ This reactor draws in air from the laboratory,
which allows for an elegant alternative to pressurizing with
oxygen gas. It was shown that the concentration of oxygen
available to react was dependent on the rotation speed of
the cylinder, indicating that the optimization of this param-
eter is key for increasing reaction efficiencies. The authors
state that biphasic reactions using hazardous gases can be
performed with improved safety in a similar manner to this
work, as the concentration of (toxic) gas can be diluted with
the available air. Later work by the same group demon-
strated the scalability of these reactors for both ultraviolet
(UV) and visible photochemistry.!"” A scaled-up version of
the continuous vortex reactor was proposed, which turned at
lower rotation speeds in order to keep the level of mixing
similar compared to the earlier version. This parameter in
turn resulted in an adaptation of the original design: air now
had to be fed in using pressurized cylinders in order to
saturate the mixture with oxygen. It can therefore be
concluded that a tradeoff exists between the scale of the
reactor and the need for pressurized cylinders. Various types
of continuous vortex reactors have been used for both
photochemical and electrochemical transformations.[’*%1%
The concept of a rotating cylinder is also used for rotor—
stator spinning disk reactors, which will be discussed at a
later stage.
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3. Gas—solid-liquid reactions in continuous flow

There has been increased interest over the past years in new
technologies that combine the use of heterogeneous catalysis
with continuous-flow chemistry, as several important indus-
trial processes contain gas-solid-liquid phases (e.g., hydro-
genations, Fischer-Tropsch, and oxidations).'"” Moreover,
heterogeneous catalysts often allow for ease of separation
and as a consequence of this, easier reuse of the catalyst.!'™
However, heterogeneously catalyzed reactions are often
limited by mass transfer, which can be greatly improved in
continuous-flow chemistry."!* Reactors for handling sol-
ids are nonetheless often significantly more complex and
specialized than the ones discussed previously, as solids in
microchannels can lead to fouling or clogging.['*”

In general, three approaches exist to handle gas—solid—
liquid reactions: the use of catalyst coatings, packed-bed
reactors, and emulsions and suspensions. An overview of the
advantages and disadvantages of these approaches is found
in Table 2.'”! These approaches will be discussed in detail in
the following sections.

Table 2: Summary of advantages and disadvantages of various flow
reactor systems.'”)

Advantages
Catalyst coatings

¢ Flexibility in reactor design
¢ High catalyst surface area
o Catalytic static mixers

can be employed to

enhance mass transfer

Disadvantages

e Often limited in commercial
availability

¢ Reactor material and catalyst
are not always compatible

with immobilization

e Commercial catalytic

static mixers are expensive

o Challenging or impossible
to replace or regenerate
deactivated catalyst

Packed-bed reactors

o Multiple modes of generation
o Compatible with any

solid catalyst and solvent

« Easy removal

of deactivated

catalyst

o Easy recycling of catalyst

o Commercially available

o Columns are expensive
and fragile

e Limited reactor
dimensions

¢ Suboptimal irradiation for
photochemistry due to low
surface-to-volume ratio

e High pressure drop

Emulsions, suspensions, and
slurries

o Easily assembled
from cheap

tubing reactors

o Efficient mass transfer
o Efficient irradiation

e Prone to blockages

e Requires very small
catalyst particles

(usually <100 nm)

¢ Some catalysts

and solvents

will be incompatible

o Recycling catalyst is more
difficult, requires

filtration
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3.1. Catalyst coatings

One relatively straightforward manner to incorporate solid,
heterogeneous catalysts into continuous-flow reactor micro-
channels is through the application of a thin layer of catalyst
coating (1-10 um) on the inner wall (Figure 9).*Y Both gas
and liquid reactants are then simultaneously introduced into
the microchannel, to form a two-phase flow pattern.'*
These flow patterns are well-defined, which enables the
investigation of reaction kinetics and mass transfer.'®!"
The gas-liquid flow patterns in a catalyst-coated micro-
reactor are similar to the ones described for microchannels
without solids, and the most commonly described ones are
Taylor (Figure 9A) and annular flow (Figure 9B).*"! Annu-
lar flow is preferred, because the diffusion length through
the liquid to the catalyst is short and the thin liquid film
allows for a high surface area for the gas to dissolve.!1%!
This allows for fast heat transfer into the catalyst layer to
decrease the formation of hot spots, and fast mass transfer
of the liquid phase to the solid catalyst wall.*!

The use of wall-coated microchannels is therefore
relatively straightforward and easy in its operation. Other
multiphasic continuous-flow systems have a much more
complex interdependency of the involved parameters, which
makes it very difficult to predict and model the performance
of the reactor."'! Moreover, a large variety of established
procedures for the preparation of catalyst coatings has been
published.*"!"”l The properties of the catalyst layer inside
the microchannels largely influence the performance of the
reactor, which has resulted in extensive studies on catalyst
supports.['!

A) solid catalyst liquid phase

gas phase

wall-coated microreactor, Taylor flow

wall-coated microreactor, annular flow

Figure 9. Overview of the two main reactor types for gas-liquid-solid
systems in continuous-flow. A) Gas-liquid Taylor flow in a wall-coated
microreactor. B) Gas-liquid annular flow in a wall-coated
microreactor."!
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Another advantage is that using these established
procedures, well-investigated heterogeneous catalysts can be
applied in microreactors. Although this has resulted in
various active catalytic flow systems, using well-known noble
metal catalysts on solid supports is not without
challenges.'™®! For example, Pd nanoparticles on polydop-
amine supports have shown to be unstable due to their high
surface energy, and they easily aggregate to form large
particles.'" The durability of catalyst layers in micro-
reactors is therefore generally still insufficient.""*! Tn 2019,
Zhu and co-workers investigated the use of core-shell
structured catalysts to prevent the leaching, poisoning, and
migration of the active catalyst cores.'”! However, mass
transport of reactants and products to and from the active
core would be impaired, resulting in low activity. To circum-
vent this problem, they investigated the use of porous
polydopamine shells for the Pd-catalyzed hydrogenation of
nitrobenzene (Scheme 13A).11%

As discussed previously, structured microchannels can
improve the mass- and heat transfer in continuous-flow
systems without increasing the pressure drop, and optimiza-
tion of microchannel shapes has been investigated.>"¥! For
example, Rehm, Kiwi-Minsker, and co-workers demon-
strated this approach using a FFMR containing plates coated
with a catalytic layer consisting of ALO; or ZnO with
deposited Pd nanoparticles for the selective hydrogenation
of 2-butyne-1,4-diol (Scheme 13B).!"" Translation of this
reaction from batch to continuous-flow mode resulted in a
15-fold increase in performance of the reactor. Recently,
Zeng and co-workers investigated a trapezoidal ridge-
structured microchannel to improve mixing effects for
methanol steam reforming and hydrogen production.!"™ The
authors found that compared to an ordinary rectangular
microchannel, a ridge-structured microchannel can form a
vortex flow, which causes large gas flow disturbances,
resulting in improved heat and mass transfer performance
(Figure 10). They also observed that with optimized param-
eters, trapezoidal ridge structured microchannels will have
less increasing pressure drop compared to ordinary rectan-
gular microchannels. In another work from 2022, Sun and
Sun investigated the effects of four types of structured
microchannels (direct, with dimples, sinusoidal, and sinus-
oidal with dimples) on the performance of steam

A) Hydrogenation of nitrobenzene to anifline, as performed by Zhu and co-workers

Pd/polydopamine cat., Hy
NO, ~H NH;

B) Hydrogenation of 2-butyne-1,4-dicl in the FFMR, as performed by Rehm,
Kiwi-Minsker and co-workers

Pd cat. (1.1 wi%), Hy (6 bar)

Scheme 13. Various hydrogenations performed in continuous flow. A)
Hydrogenation of nitrobenzene.'"”! B) Selective hydrogenation of 2-
butyne-1,4-diol."”
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\

= '_:]—D outlet

ridge shapes

vortex flow

structured microchannels

Figure 10. Structured microchannels containing ridge shapes cause large flow disturbances such as vortex flow resulting in improved heat and

mass transfer.[''®

reforming.®™ The sinusoidal microchannels with dimples
were considered the optimal structure of the four types for
increased mass- and heat transfer.

3.1.1. Catalytic static mixers

New technologies have been developed in combination with
microreactors to further improve mass transfer. Hornung
and co-workers developed catalytic static mixers (CSMs),
which are specially designed inserts coated with a catalytic
layer (Figure 11A).M" To demonstrate this concept, they
evaluated their CSMs for a series of metal-catalyzed gas—

A)

stainless-steel tube

catalyst coating on
porous support

catalytic static mixed

B)

¢

o
-

|

rectangular catalytic static mixer

Figure 11. A) Catalytic static mixer inside a stainless-steel tube
reactor.'® B) Rectangular catalytic static mixer.]
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liquid hydrogenations using vinyl acetate, oleic acid, and
cinnamaldehyde (Scheme 14A). The authors asserted that
CSMs offer distinct advantages, the utilization of established
and easily accessible tubular reactors combined with metal
3D printing technology can generate high value tailored
static mixers made of stainless steel able to withstand high
temperatures and diverse reaction media.

A subsequent study by the same group showed a scope
of hydrogenation reactions of alkenes, alkynes, carbonyls,
nitro- and diazo-compounds, nitriles, imines, and halides.!""”
Another advantage of CSMs is that minimal pressure drop is
observed in these systems, which implies that scaling up the
reactor can be done by increasing the number of CSMs in
series or parallel.’™"! Kappe, Williams, and co-workers used
this benefit to study the hydrogenation of an API inter-
mediate in systems consisting of 4, 8, or 16 CSMs
(Scheme 14B).["”"! They discovered that an increase in the
number of CSMs resulted in an increase in the space—time
yield, which resulted in a throughput of 174 gh™' for the
largest system. According to the authors, scaling up did not
promote additional impurity formation, which is a major
advantage as the hydrogenation of interest usually forms
several troublesome impurities as azo and azoxy intermedi-
ates. Another work making use of these scalability benefits
was performed by Hornung, Xie, and co-workers on the
hydrogenation of flavorings and fragrances using several
CSMs inside an intensified tubular reactor.? They ob-
served a space-time yield of 2.66 kgL 'h™' with a high
purity (98 %) and full conversion at 24 bar and 130°C using
a novel technique of Pd, Pt, Ru, and Ni supported on
alumina and deposited on stainless steel CSMs. Both Pd-
ALO; and Pt-AlLL,O; CSMs showed high activities and
selectivities for C=C and C=0 bond reduction. Recently, a
novel type of CSM was developed by Kappe, Cantillo, and
co-workers for the continuous-flow hydrogenation of
nitroaromatics.'™ The circular cross-section of the CSM was
changed to rectangular cross-section channels coated with a
layer of Pd/AL,O; as active catalyst (Figure 11B).

3.1.2. Membrane coating

Another method of utilizing catalytic coatings is in combina-
tion with previously discussed tube-in-tube reactors or other
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Scheme 14. A) Hydrogenation of cinnamaldehyde to hydrocinnamyl
alcohol using CSMs."® B) Hydrogenation of APl intermediate in
continuous flow using CSMs.l'?"

membrane reactors. These are particularly interesting
because their structure allows for simultaneous generation
and separation of products, as well as large contact area
between the different phases.!'”! For multiphasic reactions, a
gas and liquid stream can contact each other through a
semipermeable membrane with a catalyst deposited on its
surface. To improve diffusion in such catalytic membrane
reactors, Zhu and co-workers demonstrated a compact
catalytic hollow fiber membrane reactor for the hydro-
genation of nitrobenzene (as previously shown in
Scheme 13A).'! A Pd nanocatalyst layer was grafted onto
the hollow fiber membrane through layer-by-layer self-
assembly. The reactor performed well in a 30 h long-term
test, although the authors stated that the catalytic ability
could be improved. More recently, another system was
investigated by Gavriilidis and co-workers that made use of
the well-investigated Teflon AF-2400 membrane with ad-
sorbed ex situ synthesized palladium nanoparticles for the
hydrogenation of nitrobenzene." The layer-by-layer as-
sembly of polyelectrolyte multilayers was also used to
prevent aggregation of adsorbed nanoparticles, and a variety
of differently shaped nanoparticles (spherical, cubical,
truncated octahedral, and dendritic) were investigated in
terms of conversion and stability. Similarly, for the use of
tube-in-tube reactors for gas-liquid systems, an advantage of
these setups is an improved control over the gas permeation
during the reaction using the Teflon AF-2400 membrane.

3.2. Packed-bed reactors

Although wall-coated microreactors offer numerous advan-
tages in terms of established coating procedures, a disad-
vantage is that these coating methods can be laborious and
energy intensive.'” Moreover, in terms of irreversible
catalyst deactivation or reactor malfunctioning, catalyst
replacement is challenging. In terms of catalyst replacement,
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a more convenient way is to keep catalyst particles in place
by filters or small inert particles such as glass beads to form
a packed-bed reactor (PBR) configuration (Fig-
ure 12A).#11%! Moreover, the effective catalyst concentra-
tion can be significantly higher in PBRs than in batch
setups.”! Depending on the velocities of the phases, liquid-
dominated slug flow (Figure 12B) and gas-continuous flow
(Figure 12C) can be observed in PBRs. In 2021, Gavriilidis
and co-workers investigated the hydrodynamics and mass
transfer properties of these two regimes.'>

The use of an inert PBR for enhanced mass transfer in
gas-liquid reactions was demonstrated by Fava and co-
workers."” This allowed for shorter synthesis routes for
pharmaceutically relevant molecules due to the improved
safety of oxidation reactions using oxygen gas in continuous
flow (Scheme 15). Through their process the production of
their key API, namely AZD4635, was safely scaled to 70 g.
The original five-step route was exchanged for a three-step
synthesis without iridium or palladium, which reduces the
use of critical and toxic metals.

According to Kobayashi and co-workers, in 2018 this
setup was the most widely used for heterogeneously
catalyzed reactions in continuous flow.'"”! This is partly
because it allows for the direct use of commercially off-the-
shelf or conventionally bulk-synthesized catalysts, which
need to be significantly reduced in size compared to macro-
scale PBR catalysts (<50um) to avoid flow
maldistribution.*"'%! Because of this, micro-PBRs are fre-
quently used as platform for rapid screening of catalysts,
reaction conditions, and reaction kinetics.'"! A procedure to
characterize and assess the suitability of new heterogeneous
catalysts in PBRs for continuous hydrogenations on a
pharmaceutical scale has been published by Edwards and
co-workers in 2020.'” Stahl, Root, and co-workers demon-
strated the use of micro-PBRs for admixture screening of
multicomponent heterogeneous catalysts for the aerobic
oxidative esterification of primary alcohol substrates

A) gas—liquid flow

solid
particles

packed-bed microreactor

B) C)

elongated
bubbles

liquid film

continuous .
liquid continuous

gas

liquid-dominated slug flow gas-continuous flow

Figure 12. A) Packed-bed microreactor with solid catalyst particles in
orange. The two major gas-liquid flow patterns observed over the
catalyst bed are B) liquid-dominated slug flow and C) gas-continuous
flow.*!
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Scheme 15. Newly proposed synthetic route towards APl AZD4635.1'%l

(Scheme 16A)."! Their approach allowed for the rapid
evaluation of over 400 admixture combinations resulting in
the discovery of two very effective catalyst compositions.
Both of them resulted in >90 % yield, and one of them
achieved nearly 60 000 turnovers in a micro-PBR with no
apparent loss in catalytic activity.

Long-term catalyst stability is a challenge due to poison-
ing and leaching processes, and several studies investigated
the effect of reactor parameters on catalyst deactivation in
continuous packed-bed systems, as they allow for relatively
fast screening.“""*!! For example, Gavriilidis and co-workers
studied the influence of various parameters in a micro-PBR
on the deactivation of a Au—Pd/TiO, catalyst used for the
oxidation of cinnamyl alcohol.'® Deactivation was in-
creased in severity at higher temperatures and higher
oxygen gas concentrations, but also differed between
substrates.

Similar to other continuous-flow microreactors, micro-
PBRs generally have enhanced mass transfer compared to
batch processes. Recently, Zhang, Ding, Chen, and co-
workers made use of this advantage to increase the catalytic
performance of Pd on activated carbon for the hydro-
dechlorination of chlorinated organic pollutants.*® This
reaction is considered to be a safe and effective method for
the treatment of pollutants, but suffers from inferior mass
transfer performance of batch reactors and often results in
catalyst deactivation due to HCI poisoning. Using a micro-
PBR, the authors achieved a conversion and selectivity of
100 %, and no apparent deactivation of the catalyst was
observed during a 100 h time-on-stream test. Favorable

A) Asrobic ion of pimary hois, Stahl, Root and co-workers
PBT-1 (380 mg),
KzCO5 (8.3 mol%)
0z (8 squn) CPaT < Pay e
Q 1 PAT-2 = PdBig 35 Teg 29/C 1
MDH “’\*’ﬂLO’ ! 1 High productivity PBT-1 :
0.25 M MeOH, 60 °C, 8 h ! High stability PBT-2 1

96% yield
B) Aerobic cxidation of cinnamaldehyde to cinnamic acid, Lee and co-workers
Ptisilica

'|'1‘r'1‘|'1‘|'l)
".“.“.“.
@Wo Q\/YO
Os, toluene OH
i1
084 M, 0.2 mL min 5h 80°C

| vield 74% [
¢ selectivity 80% :

Scheme 16. A) Aerobic oxidative esterification of primary alcohol
substrates in continuous flow, shown for 1-octanol.l'”® B) Aerobic
oxidation of cinnamaldehyde to cinnamic acid using oxygen gas."
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catalyst stability and mass transfer in micro-PBRs compared
to traditional batch systems were also observed by Lee and
co-workers in the selective aerobic oxidation of cinnamalde-
hyde to cinnamic acid using Pt/silica heterogeneous catalysts
(Scheme 16B).* Using a micro-PBR, a 37 % increase in
net cinnamic acid production was observed after 7 h reaction
time compared to batch.

3.2.1. Hydrogenation reactions

One type of reaction that is well-studied in PBRs is
hydrogenation, as this reaction often requires high pressures
to improve mass transfer of H, into the reaction solvent.!'’13
Also, hydrogenations are exothermic reactions and fine
temperature control is key to prevent the formation of
hotspots. To investigate the improved mass transfer in a
micro-PBR, Yue and co-workers studied the hydrogenation
of levulinic acid to y-valerolactone catalyzed by Ru/C
(Scheme 17A).'"! They achieved complete conversion and
obtained an 84 % yield of the corresponding lactone at
130°C and 12 bar H,. Under most of the tested operating
conditions in the micro-PBR, the reaction proved to be
limited by the mass transfer of H, through the liquid to the
solid phase to the external catalyst surface. The authors
suggested that this might be due to relatively large catalyst
particles (diameter 0.3-0.45 mm) and due to the relatively
low flow rates used. Another recent study by Asano,
Miyamura and Kobayashi investigated the mass transfer of

A) Hydrogenation of levulinic acid over Ru/'C in continuous flow, Yue and co-workers.
Hg, 12 bar

| yield 54% 1

NO, H F F
L0 M
“ @ e
F I Ra-Co cat = I
F H F mcsasccasan
-H0 produc:rwfy 144 g'h '
eg0o.Cc @@ (essssecacem==

Scheme 17. A) Hydrogenation of levulinic acid over a Ru/C catalyst in
continuous flow."™ B) Selective hydrogenation of an APl intermediate
using a Raney Co catalyst."*®
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the gas-solid-liquid hydrogenation of toluene in a PBR,
using an immobilized Rh—Pt catalyst.'* Especially the
direct gas—solid contact was found to significantly accelerate
the reaction rate.

Raney cobalt and nickel (Ra—Co and Ra—Ni, respec-
tively) are alternatives to the precious metal catalysts in
hydrogenation reactions and are less expensive, but can be
hazardous to handle. Roggan and co-workers studied the
safe use of Ra—Co in a micro-PBR for the selective hydro-
genation of a key intermediate for an API on kg per day
scale (Scheme 17B).[*! They found that Ra—Co was a highly
selective catalyst at a relatively low temperature of 60°C.
Under optimized conditions the product was obtained as a
solid that matched the general industrial quality expect-
ations in terms of residual substrate concentrations and side
products. To promote implementation of continuous-flow
packed-bed reactors for hydrogenation reactions, Lindhardt
and co-workers have demonstrated a high mobility reactor
unit that can easily be implemented in any Research &
Development laboratory.'””) The authors stated that the
reactor is robust and weighs <10 kg. Moreover, usage and
setup are fast and simple, allowing for a widely applicable
system.

One study in the context of API synthesis was performed
by Leitner, Francio, Poliakoff, and co-workers on the scale-
up of a key asymmetric hydrogenation step using a
heterogeneous catalyst in a PBR (Scheme 18).1*% A key step
in the formation of the API is the generation of a chiral
amine intermediate. Two separate synthesis routes were
developed for this step: a transamination of a ketone, and
the asymmetric hydrogenation of an enamide. Both batch
synthesis routes suffered from challenging product isolation
through derivatization of the amine by Boc-protection,
which enabled its extraction into an organic phase. The
transamination route was preferred, as the hydrogenation
required high amounts of catalyst loading under batch
conditions. The authors transposed the asymmetric hydro-
genation step from batch to flow using a commercially
available chiral catalyst (Rh/(S,S)-EthylDuphos), which

Two synthesis routes to a chiral intermediate, hydrogenation in confinuous-flow proposed
by Leitner, Francio, Poliakoff and co-workers

Me O
I transaminase route
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V Vibrig Fluvialis I Cl y
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COH
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N

Y 1 Y
=N hydregenation route F
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18 h

' purity >98% 1

| ey,
Scheme 18. Two separate synthesis routes for the generation of a chiral
intermediate: the transamination of a ketone, and the asymmetric
hydrogenation of an enamide. From this intermediate, the hydro-
genation was developed further in continuous flow."
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would allow for lower catalyst loadings and reduce the
environmental footprint of the process.™ Their work
resulted in excellent catalyst stability at 1 kg scale, resulting
in virtually metal-free isolated product (Rh content
<1 ppm), with improved purity (>98 %) and enantioselec-
tivity (>99 %) within 18 h.

Hydrogenations have also been performed in a tele-
scoped manner. In 2019, Jamison and Russell demonstrated
a convergent continuous-flow sequence involving seven
chemical transformations to synthesize the antibacterial
drug linezolid (Scheme 19A)."*! The total residence time is
27 min, which is significantly shorter than the reported
reaction times for batch procedures (>60 h). The total E-
factor of this process is 25, which is relatively low compared
to conventional pharmaceutical procedures (25-100). An-
other work demonstrating the possibilities of performing
hydrogenation reactions in a telescoped manner was
performed by Andresini, Colella, and co-workers.'*”! The
authors demonstrated the chemoselective hydrogenation of
2-azetines using ethyl acetate and cyclopentyl methyl ether
as green solvents in continuous flow (Scheme 19B). More-
over, they were able to combine this step with the
continuous-flow preparation of the substrates in one proto-
col.

These hydrogenation reactions can also be telescoped
for the synthesis of API intermediates while monitoring the
reaction with in-line process analytical technology (PAT).
This allows for real-time process control for enhanced safety
and product quality.'* A prime example of this is a
nitration reaction, which can even be performed in a
telescoped manner in continuous flow, as demonstrated by
Kappe, Williams, and co-workers for the multistep synthesis
of the API mesalazine (Scheme 19C).!"*!! This route does not
only contain a nitration step, but also high temperature
hydrolysis and hydrogenation reactions.

Another transformation that benefits from enhanced
mass transfer between solids and gases is the formation of
C—N bonds through reductive amination.!"*! This important
transformation for API synthesis is often performed through
substitution reactions with alkyl halides, but this reaction
suffers from overreactions and generates a large amount of
inorganic salts as waste material. Kobayashi and co-workers
studied direct reductive amination of carbonyl compounds
using gaseous hydrogen as a more efficient and greener
alternative, as only water is generated as byproduct
(Scheme 20).l’! The use of a heterogeneous catalyst in a
continuous-flow microreactor was demonstrated to solve
several challenges associated with this reaction, such as side
reactions, low yields, incompatibility with compounds con-
taining C—C double or triple bonds and other reducible
functional groups such as nitro- and cyano-groups.

3.2.2. Pressure and flow distribution

Compared to wall-coated microreactors, the use of micro-
PBRs usually results in a larger pressure drop. This is due to
several factors, such as the use of very fine catalyst particles,
less controlled wetting of the catalyst, and more complex
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Scheme 19. A) Overview of the telescoped synthetic route towards the API linezolid consisting of seven steps in sequence.*? B) Chemoselective
hydrogenation of 2-azetines towards azetidines in continuous flow using green solvents."” C) Three-step synthetic route towards the API

mesalazine in continuous flow monitored by in-line analysis tools.""
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Scheme 20. C—N bond formation through A) substitution reactions
with alkyl halides, and B) reductive amination of carbonyl compounds
with hydrogen gas. C) Continuous-flow setup for the reductive
amination of carbonyl compounds with hydrogen gas."*!

fluid dynamics due to the dominant surface forces over
gravitational forces. To optimize the reaction performance,
it is important to generate a large interfacial contact area
without resulting in a large pressure drop.*" In 2021, Zhu
and co-workers examined and compared the pressure drop,
heat transfer, and conversion of an alkene hydrogenation
reaction in a micro-PBR and a microchannel with a catalytic
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static mixer.'*!! For both setups 5 wt % Pd/Al,O, was used
as catalyst in order to compare the performance of the
reactors. The authors demonstrated that catalytic static
mixer technology provides several advantages over the
frequently used PBRs in terms of lower pressure drop,
improved heat transfer, equal or higher turnover frequency
and conversion. Zhang, Yan, and co-workers described
another strategy to overcome the high pressure drop in
micro-PBRs through the direct use of nanosized porous
materials."™*! They suggested the combination of silica
spheres (few pm in size) and nanosized materials as the
stationary phase, such as a UiO-66-silica composite.

Another challenge of PBRs is the fact that fluid
dynamics are relatively uncontrolled compared to other
types of microreactors and that unwanted wall flow and
channeling inside the column might be observed.'* These
effects were also described in a comparative study per-
formed by Cherkasov and co-workers on the gas-liquid
hydrogenation in powder PBRs compared to catalyst-coated
reactors.'* They described the reactor performance of the
PBR as unreproducible because the main fluidic path
changed continuously due to the mobility of the catalyst
powder. Moreover, the residence time distribution was
narrower in the wall-coated microreactors, resulting in
improved alkene selectivity, whereas over-hydrogenation to
alkanes was observed in the PBRs. Lastly, the reaction rate
in the catalyst-coated tube reactor was over 5 times higher
than in the PBR. The heat transfer was improved compared
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to batch processes as it is on a microscale, but not optimal
compared to the wall-coated microchannel.!"!

3.2.3. Structured catalyst supports

To improve the surface area of the catalyst coating inside
wall-coated microreactors, porous materials can be em-
ployed (e.g., zeolites, metal foam, cloths, fiber, and TiO,).!*"
An additional advantage of these structured reactors is that
they generally have a lower pressure drop than conventional
packed-bed reactors. They are therefore promising reactors
for gas-solid-liquid reactions in continuous flow.!"*®) More-
over, they allow for behavior close to plug flow inside the
reaction channels. Extensive literature reports are available
on the hydrodynamics of these reactors.'*' Although
they have various advantages, structured reactors can suffer
from fluid maldistribution and undesired flow regimes.['*15!!

Monolith reactors are one type of these structured
reactors and consist of an interconnected porous solid
network that can be formed from organic and/or inorganic
polymers.'® In 2016, Enke, Tallarek, and co-worker pub-
lished an extensive review on the use of silica monoliths in
microreactors for gas-liquid transformations."” These silica
monoliths have proven to be efficient supports for various
types of adsorbents and catalysts.">!

Metal-based monolith supports are also well-established
for efficient catalysis. For example, Zhu and co-workers
demonstrated the advantages of the improved -catalytic
surface area in a monolith reactor containing Pd on a
polydopamine modified nickel foam for the hydrogenation
of nitrobenzene (reaction previously shown in
Scheme 13A).""" The conversion of nitrobenzene in the
monolith reactor was kept stable at ca. 91 % for over 10 h,
whereas the conversion in a similar wall-coated microreactor
was kept at 82 % for 3 h, after which it decreased. Another
work by Lv, Sun, and co-workers demonstrated the potential
of a Cu—Zn/Al foam monolith for the hydrogenation of CO,
to methanol.'®¥ Catalyst-coated metal foams were also
employed by Rehm, Kiwi-Minsker, Roggan, and co-workers
for the selective hydrogenation of nitrostilbene to form the
primary amine without reducing the C=C double bond
(Scheme 21).I1 Two types of catalysts were evaluated using
the scale-up strategy.

Although it is sometimes complicated to ensure suffi-
cient light penetration in a monolith reactor, it is also

ch lective hydrogenation of nit
Roggan and co-workers.

PHZn0, Ha,
N-doped carbon nanotubes

in continuous fiow, Rehm, Kiwi-Minsier,

1 conversion =89% !
1 selectivity =99% :
1

Scheme 21. Chemoselective hydrogenation of nitrostilbene to form the

primary amine without affecting the C=C double bond in continuous
flow.[')
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possible to perform photocatalytic reactions in structured
microreactors.* For example, Wang and co-workers have
performed the photocatalytic degradation of methylene blue
using a Ag/AgCl photocatalyst on a polydopamine-modified
melamine sponge support to demonstrate its potential for
water purification.™” Methylene blue was degraded in
10 min under visible light irradiation at 250 Lm *h~'. More-
over, the authors demonstrated the recovery of the catalyst,
making the monolithic reactor reusable and extending the
lifetime of the system. Another work by Leblebici and co-
workers demonstrates a setup with a translucent monolith
for multiphase photocatalytic reactions.*® As a benchmark
reaction, they performed the photooxidation of 9,10-diphe-
nylanthracene with singlet oxygen in batch as well as
continuous flow (Scheme 22). Their monolith reactor re-
sulted in higher conversions at shorter residence times
compared to the batch procedure. Moreover, they demon-
strated that this reactor with a translucent monolith could be
scaled-up to improve the space-time yield. Gupton and co-
workers also investigated high-throughput photooxidations
using singlet oxygen in a non-structured immobilized Rose
Bengal PBR system instead of using a translucent
monolith.">

Monoliths are not the only porous catalyst support used
inside microchannels. For example, it is also possible to
synthesize porous metal fibers that have a three-dimensional
structure with interconnected pores. This structure can
result in a high porosity and a large specific surface area.!'™”!
Various types of porous catalyst supports in microchannels
were demonstrated for methanol steam reforming
reactions.['*16%

3.3. Emulsions and suspensions

As stated earlier, handling solids is generally considered to
be one of the weaknesses of continuous-flow reactors and
batch equipment is often recommended for solid-generating
processes. Various strategies have been developed to
perform solid-forming reactions in continuous-flow.['8416
Although much work has been published on minimizing
clogging and fouling, no straightforward solution exists for
all equipment or processes.'**'®l Various clogging mecha-
nisms have been observed in microchannels, such as sieving,
bridging, and aggregation of particles (Figure 13). These

Fhotooxidation of 9,10-diphenylanthracene to 9,10-diphenyl anthracene endoperoxide.
Leblebici and co-workers

A 25 0m)

O Oy, Rose Bengal (73 mol%) @
N
“I IrI' I-rl
@eg QU
air, MeOH

: good space-time yield (0.55 mmol L' min™), :

y enabled by translucent monolith 1

Scheme 22. Photooxidation of 9,10-diphenylanthracene with singlet
oxygen using Rose Bengal as photosensitizer.[*®l
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Figure 13. Different clogging mechanisms observed in microchannels: A) sieving, B) bridging, and C) aggregation of particles.'

depend on the relative size of the solid particles compared
to the constrictions in the microchannels, as well as the
concentration of the suspension, and the interactions
between the particles themselves and the particles and the
wall.['¢7

3.3.1. Passive mixing

A common strategy for performing heterogeneously cata-
lyzed reactions in continuous flow is through continuous
transport of suspended solid catalysts.'®® Compared to the
wall-coated catalyst and the PBR systems, the use of
suspended solid nanoparticles in microreactors opens up a
new field in heterogeneous catalysis and process intensifica-
tion. The advantages of heterogeneous and homogeneous
catalysis are combined in these systems, such as high activity
and selectivity, facile phase separation and reusing or
recycling of catalyst, as well as compartmentalization of
reactants and products.'®! Recently, multiple reviews on
these systems have been published. In 2022, Pera-Titus and
co-workers discussed liquid-liquid and gas-liquid dispersions
stabilized by colloidal catalytic particles in continuous-flow
systems."® In the same year, Yue and Zong summarized the
existing knowledge on the effects of suspended solid
particles on the microflow characteristics, such as mass
transfer properties.'®! Moreover, various modelling and
experimental studies have been published which investigated
the effect on Taylor flow parameters through the introduc-
tion of solids in the system.!*17!

Several systems have been reported, including colloids
(with suspension of nanoparticles), Pickering emulsions

solid catalyst particles

A)

continuous

liquid phase

(with nm-pm size solid particles stabilized on two immis-
cible liquid-liquid interfaces), and slurries (um-sized par-
ticles). Solid particles can be suspended in the continuous
(Figure 14A) or dispersed liquid phase (Figure 14B).1%!
Emulsions can be configured with emulsion droplets dis-
persed in the continuous phase (Figure 14C) or within the
dispersed phase (Figure 14D). The dispersed phase can
either be gaseous or liquid, but for the scope of this review,
only gases are considered. The use of slurries, colloidal
solutions, and emulsions allows for flexible production of
catalysts and enables high catalyst recovery.'® Moreover, it
has been reported that more reactive sites are available on
the catalyst surface in these systems compared to immobi-
lized photocatalyst systems.">®

Systems incorporating suspended solid particles have
often demonstrated a good or better heat and/or mass
transfer rate than wall-coated catalysts and PBRs.'"*! More-
over, irradiation of the reaction mixture is often improved
and more homogeneous, enabling various photochemical
reactions requiring a heterogeneous catalyst. Tang, Zhang,
and co-workers investigated this improvement for photo-
chemical reactions using gas-liquid-solid Taylor flow for the
production of azoxybenzene and azobenzene in a micro-
reactor (Scheme 23A).'" Graphitic carbon nitride was
employed as photocatalyst. The productivity of the system
of 26.1 mmolh'L~! was 5.6 times higher per volume than
the batch reactor under the same conditions for the synthesis
of azo-compounds. By increasing the inert gas fraction in
the system, the total flow rate was increased. This resulted
in an increase of the intensity of the recirculation in the
slugs, which in turn led to an enhanced local mass transfer.
This improvement in efficiency of photochemical reactions

secondary immiscible
dispersed liquid phase

(P P MO M)

Figure 14. Different types of suspensions and emulsions used in continuous-flow microreactors."® A) Solid catalyst particles suspended in the
continuous phase. B) Solid catalyst particles suspended in another (immiscible) dispersed phase. C) Solid catalyst particles in flowing Pickering
emulsion with emulsion droplets dispersed in the continuous phase. D) Solid catalyst particles in flowing Pickering emulsion with emulsion

droplets dispersed in the dispersed phase.
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A) Synthesis of azoxybenzene and azobenzene in a microreactor, Tang, Zhang and co-workers
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B) Photooxidafion of alkyl benzenes using a sodium anthraquinone sulfate calalyst,
Smyth, Manyar, and co- workers
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Scheme 23. A) Synthesis of azoxybenzene and azobenzene in a
microreactor."’" B) Fine bubbles of compressed air enhance gas-liquid
mass transfer for photooxidation of alkyl benzenes."”!

using suspensions was also demonstrated by Smyth, Manyar,
and co-workers who studied the selective photooxidation of
alkyl benzenes in a custom-built reactor equipped with a
fine bubble generator (Scheme 23B)."””! The fine bubbles of
compressed air enhanced the gas-liquid mass transfer
resulting in high conversion of 90 % at short residence times
of 5 min.

Solid particles can also be generated during a reaction
for which a suspension or emulsion system might be
beneficial. An example of this was presented in 2020 by
Heretsch, Sarkar, Christmann, and co-workers for the
halogen-lithium exchange of ferrocenyl halides and subse-
quent trapping with tosyl azide to form a variety of
functionalized ferrocenyl azides (Scheme 24).1"" They man-
aged the challenging precipitation of lithium para-toluene-
sulfinate through a triphasic flow regime that prevented
blockage of the reactor. The authors stated that this method
is general and scalable for the functionalization of ferrocene
derivatives in continuous flow and is accelerated to minutes
while having an excellent safety and scalability profile.

Synthesis of fi

Christmann and co-workers
(1) n-Buli (1.2 equiv.)
(2) Tshas (1.5 equiv.)
(3) Ar

R, (i i -~ SR \

HHH! s 1 precipitation of lthium '
g0 1 para-toluenesulfinate '

vl azides in continuous flow, Heretsch, Sarkar,

Fe

R% RWC cat, 2 'Mthnul clogging the reactor |
= (1) 500 ms, 0°C RN  heesims SRk 1
X=8r | {2)19s,0°C

0.2 M, 2 mL min” (3) 15 min, 60 °C

54-82% yield

Scheme 24. A triphasic system employed for the synthesis of ferrocenyl
azides in continuous flow."”
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3.3.2. Active mixing

One promising technology for the handling of slurries and
other solid suspensions is the rotor—stator spinning disk
reactor (RS-SDR) (Figure 15). This reactor type uses
centrifugal forces in a high shear environment and can
significantly improve mass and heat transfer to intensify
various chemical reactions through the rotation of a disk in
a narrow gap between rotor and stator.'”'’®! The handling
of solids in spinning disk reactors has been shown to be
possible.'” Moreover, RS-SDRs were demonstrated to
allow for the scale-up of gas-liquid reactions."™ In a recent
publication, Noél, Van der Schaaf, and co-workers demon-
strated the use of this reactor to handle solid-containing
heterogeneous photochemical systems using TiO,-mediated
aerobic photodegradation of methylene blue.'”” No signs of
reactor clogging were observed, moreover the irradiation of
the reaction mixture was improved as well as the mass-
transfer. Van der Schaaf and co-workers studied the results
of micro-mixing in the RS-SDR in the presence of an inert
gas.[wx]

An important continuous-flow reactor type able to
handle gas—solid-liquid reactions is the continuous stirred-
tank reactor (CSTR), which consists of a tank equipped with
a stirring system, a feed and withdrawal pipe (Figure 16).0'"
Reactants are continuously fed and the reaction mixture
with the products is continuously withdrawn. Although
small-scale CSTRs exist, they are often used on a large
scale.'® They are widely used in the chemical, biological,
and petrochemical industries."® The mass transfer charac-
teristics and the mixing in the reactor are key parameters to
determine the performance of a CSTR and are therefore
investigated for several gas-liquid systems."™*'®! For exam-
ple, Atiyeh and co-workers studied the overall volumetric
mass transfer coefficient for oxygen gas in a sparged and
non-sparged CSTR and found that the mass transfer
coefficient increased with an increase in air flow rate as well
as increased agitation speed.'® They also found that the
mass transfer coefficient decreased with an increase in
headspace pressure, which the authors attributed to the
lower volumetric gas flow rates at high pressure. Increasing

/—- liguid phase /—' gas phase
/

s -
50,05 0%0

]

5 : G} G}
S e 0 S S o 0T 0 08

—» outlet

gas

photochemical rotor—stator spinning disk reactor

Figure 15. Overview of a photochemical rotor-stator spinning disk
technology to handle slurries."””!
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Figure 16. Schematic overview of a continuous stirred-tank reactor."®”

the rotational speed seems therefore to be a promising
method to prevent the development of unmixed regions.
This relation was also studied by Mohammed, Khiadani and
Anmiraftabi for the performance of a dual helical ribbon
impeller."®! However, they discovered that increasing the
rotational speed above a certain threshold fails to reduce the
mixing time but significantly increases power consumption,
which led to the conclusion that the rotational speed has an
optimum which should be found individually per system.
Abdullah and co-worker studied the effect of a different
impeller on mixing through comparing the mass transfer
coefficients in gas-liquid systems in a CSTR with different
types of impellers."*

An advantage of CSTRs is that they can provide long
residence times compared to other continuous-flow reactors.
Although the residence time distribution in CSTRs is often
broad, this can be improved by connecting multiple CSTRs
in series to form a cascade."™ These cascades are able to
effectively handle solids and slurries and are also explored
for photochemical approaches.'®®1 Blacker, Kapur, Mars-
den, and co-workers proposed a platform based on the
CSTR cascade principle for handling gas—solid-liquid reac-
tions and demonstrated its use for a photocatalytic decar-
boxylative oxidation (Scheme 25)."" While keeping the

A photoredo. d ylative
Bilacker, Kapur, Maarsden and co-warkers

of a carboxylic acid,

* (365 nm)

MazC0; (2 equiv.)
[Ir{dF{CF 3)ppy (dtbbpy )IPFs (1 mol%)
air

20 mM [ fadrteie i et bt o nlin B iniladic b atatiodinia it bl olslnaritad
1 comparable yield to optimized protocol (T8% versus 86%)
: 5-fold increase in productivity (D.14 mmel h! versus 0.026 mmal b}

Scheme 25. A photocatalytic decarboxylative oxidation of a carboxylic
acid.l"
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obtained yield comparable to the optimized batch protocol,
they were able to achieve a 5-fold increase in productivity.

As mentioned previously, CSTRs are applicable for the
handling of solids. Mo and Jensen have designed a miniature
CSTR cascade for the handling of solid-generating reactions
without clogging."”™ Two different reactions were per-
formed: the formation of N,N'-dicyclohexylethylenediimine
from cyclohexylamine and glyoxal (Scheme 26A), and the
sulfonylation of 2-octanol with methanesulfonyl chloride
(Scheme 26B). Under challenging conditions such as high
solid loadings and needle-shaped crystals, an 8 h run was
performed without clogging.

It is also possible to combine CSTRs with other types of
reactors. In 2019, Kappe, Dallinger, and co-workers demon-
strated the combination of a tube-in-tube reactor and a
CSTR, forming a so-called tube-in-CSTR system.['” This
setup followed from the earlier tube-in-flask setup, which
allowed for higher throughput than the tube-in-tube setup
for the production of diazoketones, but was a semi-batch
setup and therefore could not be safely scaled up with
regards to the size of the flask. In this tube-in-flask reactor,
the membrane was coiled inside a glass flask to allow the
CH,N, gas to diffuse into and be consumed by the substrate
solution in the flask. The tube-in-CSTR was therefore
developed as a fully continuous version and as proof-of-
concept for the three-step synthesis of an a-chloroketone
from N-protected L-phenylalanine and anhydrous CH,N,
(Scheme 27). This setup was combined with in-line FTIR to
monitor the reaction.

Clogging and mixing issues have also been reduced
through implementation of ultrasound in continuous-flow
systems."”*! Ultrasound is often used on macroscale to
improve mixing, but suffers from non-uniformly generated
acoustic fields."” This challenge is solved on the scale of
microreactors, as the range of ultrasonic effects are within
the scale of the microchannel. When ultrasound and micro-
fluidics are combined correctly, their cumulative perform-
ance is often better than the sum of the performances of the

A) Formation of an imine from glyoxal and cyclohexylamine, Mo and Jensen

Fra HH; ﬂm!) N
g N U QN NO
EtOH
1 equiv. 2 equiv. (solid)

1
! high (4.4 wt %) solid loading
: >88% conversion in 15 min |

B) Sulfonation of 2-octancl with methanesuifonyl chlaride, Mo and Jensen

4-dimethylaminopyridine
EtsN

00 + EtNHCI
CH,Cl, HiC”™ ko) (salid)

1

1 handling of needle-shaped by-product crystals l'
: 8 h clogging-free run at solid loading of 4.1 wt %
________________________ I

Scheme 26. Two solid-forming reactions performed in a miniature
CSTR cascade: A) the formation of N,N'-dicyclohexylethylenediimine
from cyclohexylamine and glyoxal, and B) the sulfonylation of 2-octanol
with methanesulfonyl chloride."
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Scheme 27. Synthesis of a-haloketones from N-protected amino acids and anhydrous CH,N,.l"™

individual technologies, as they can solve each other’s
challenges.'”*!® It is possible to make use of high and low
frequency ultrasound, which have different physical effects.
The transition regime between high and low frequency
ultrasound is generally considered to be between 200 kHz
and 1 MHz.["?!

Chen and co-workers described the residence time
distribution and mixing phenomena in ultrasonic
microreactors.'” Under ultrasonic irradiation, they found
that cavitation bubbles were formed in the microreactor,
whose motion depends on the bubble size as well as the
ultrasound power. According to the authors the cavitation
bubbles can act as micromixers, since strong vortices are
formed as a result of these bubbles. Interestingly, they
describe that the cavitation activity of the bubbles decreases
when the channel size is reduced. More work has been
published on the mixing effects from ultrasound in
microreactors.'”! A more extensive discussion on these
effects can be found in a review published in 2020 by Kuhn
and co-workers.'"”” Ultrasound has also been employed for
the enhancement of photocatalytic reactions. For example,
Noél and co-workers developed an ultrasonic milli-reactor
to handle gas-liquid-solid photocatalytic reactions, consist-
ing of a Langevin-type transducer, a sonotrode, and an
irradiating cylinder."™ The efficacy of the reactor was
demonstrated by the photocatalytic aerobic oxidation of
benzyl alcohol by TiO, particles under UV irradiation
(Scheme 28).

Ultrasonic oscillations can improve mass transfer for
multiphasic systems by introducing cavitation and/or surface
waves on the gas bubbles, which increases the interfacial
surface area.™ In 2021, Kuhn and co-workers studied the
effect of lower frequency ultrasound (usually around
200 kHz) irradiation on gas-liquid Taylor flow in
microchannels."” They found that at lower frequencies,
acoustic resonance within liquid slugs could result in
confined micro-sprays consisting of large amount of small

Photocatalytic asrobic oxidation of benzyi alcohol by TiO; particles, Noél and co-workers

* {385 nm)
TiOz (10gL")

e
‘- JUL(L)
L

1 Solid-handling in flow
: Intensified gas-liquid mass transport

Scheme 28. Handling of TiO, particles for the photocatalytic aerobic
oxidation of benzyl alcohol."
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liquid droplets. Low-frequency ultrasound could therefore
intensify mixing and interfacial mass transfer. Moreover, it
can break up agglomerates and detach deposited particles
on the inner wall of microchannels to prevent clogging.!"*”
High-frequency ultrasound does not result in cavitation
effects, but the wavelength in most fluids matches the
channel size, making it possible to form a standing wave.
This could result in acoustic radiation force, which is useful
to displace particles to pressure nodes, and acoustic stream-
ing, which is able to enhance mixing."* It is also possible to
combine ultrasound with gas agitation to improve mixing in
liquid-liquid systems.™ In 2017, Sancheti and Gogate
published an extensive overview of reaction types that can
be enhanced using ultrasonic reactors.”™ They state that the
use of ultrasonic reactors offers a large potential for
sustainable and green chemistry, and suggest that future
research focuses on the scale-up of these reactors.

4. Summary and outlook

Continuous-flow technology has enabled transformations
that include gaseous reagents, which were deemed either
too hazardous or too inefficient under batch conditions. The
small scale of microreactors has several intrinsic advantages,
such as increased mass and heat transfer, as well as the
ability to handle elevated temperatures and pressures to
increase solubility of the gases into the solvents. Several
reactor setups for the handling of gas-liquid and gas-liquid-
solid reactions have been discussed, with each their own
advantages and challenges. To optimize the process, it is
important to select the right continuous-flow reactor for
each specific reaction. Although recent literature discusses
improved efficiencies for gas-liquid-solid transformations,
the limits of development have not yet been reached.
Several knowledge gaps still exist, such as comparative
studies on the interfacial area in various flow patterns, as
well as comparative studies on the interfacial area in various
reactors. Large improvements can still be made in terms of
heterogeneous catalyst stability in continuous-flow systems
to prevent deactivation and leaching. Also, the use of
Pickering emulsions to handle triphasic reactions is still a
relatively new research area and could be further explored
to improve mass transfer for very fast reactions. We believe
that the combination of gases with continuous-flow technol-
ogies represents a strong tool to push the chemical industry
towards safer and greener processes.
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Using highly reactive gases is appealing
for efficient organic synthesis but leads
to inherent safety and processing limi-
tations. Embracing continuous-flow
technologies helps mitigating those
while improving the performance of the
systems. Tailored catalyst incorporation
opens doors to novel reaction pathways
and process intensification. Optimized
mass transfer in multiphasic mixtures is
key to its success, especially when solids
are present.
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