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Flow Chemistry

l n the past few years, continuous-flow reactors with channel dimen-
sions in the micro- or millimeter region have found widespread ap-
plication in organic synthesis. The characteristic properties of these
reactors are their exceptionally fast heat and mass transfer. In micro-
structured devices of this type, virtually instantaneous mixing can be
achieved for all but the fastest reactions. Similarly, the accumulation of
heat, formation of hot spots, and dangers of thermal runaways can be
prevented. As a result of the small reactor volumes, the overall safety of
the process is significantly improved, even when harsh reaction
conditions are used. Thus, microreactor technology offers a unique
way to perform ultrafast, exothermic reactions, and allows the execu-
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tion of reactions which proceed via highly unstable or even explosive
intermediates. This Review discusses recent literature examples of
continuous-flow organic synthesis where hazardous reactions or
extreme process windows have been employed, with a focus on ap-
plications of relevance to the preparation of pharmaceuticals.

1. Introduction

Continuous-flow processes form the basis of the petro-
chemical and bulk chemicals industry, where strong competi-
tion, stringent environmental and safety regulations, and low
profit margins drive the need for high-performing, cost-
effective, safe, and atom-efficient chemical operations. In
contrast to the chemical industry which produces commodity
products, however, the fine-chemical industry primarily relies
on its existing infrastructure of multipurpose batch or semi-
batch reactors. Fine chemicals, such as drug substances and
active pharmaceutical ingredients (APIs), are generally con-
siderably more complex than commodity chemicals and
usually require numerous, highly diverse reaction steps for
their synthesis (typically 6 to 10 synthetic steps) as well as
multiple rounds of quenching, separation, and purification.
These requirements, together with the comparatively low
production volumes and often short life time of many of these
materials, make versatile and reconfigurable multipurpose
batch reactors the technology of choice for their preparation.
However, the advantages of continuous-flow processing are
also increasingly appreciated by the pharmaceutical industry
and, thus, a growing number of scientists—from research
chemists in academia to process chemists and chemical
engineers in pharmaceutical companies—are now starting to
employ continuous-flow technologies on a more routine
basis.'"”" An intriguing recent example of industrial impor-
tance is the development of a continuous end-to-end manu-
facturing plant for the preparation of Aliskiren by the
Novartis-MIT Center for Continuous Manufacturing.®! All
intermediate synthetic steps, separations, crystallizations,
drying, and formulation to the final pharmaceutical product
were performed in one integrated, fully continuous process.!*!

Drug development typically starts with milligrams or
a few grams of material for primary testing, but the
production then quickly scales to tens of grams for early
in vivo toxicity studies to hundreds of grams for further
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toxicology studies. If the compound progresses, kilograms of
material are required for clinical trials, and several hundreds
of tons per year are produced of a successful pharmaceutical
product. Such scale-up over many orders of magnitude is
clearly not trivial, and the better and more scalable the initial
synthetic route, the faster these quantities can be delivered.
Scaling is generally considerably easier for a continuous
process than for a batch process, and flow routes developed
and optimized in the laboratory often can be scaled to
production quantities with minimal reoptimization and/or
without major changes in the synthetic path.’”) Numbering-up
of flow devices or scaling-up of the reactor volume increases
the throughput, while the performance of the reactor can be
largely conserved by keeping certain characteristics of the
system constant (“smart dimensioning”).’) Alternatively,
simply running a reactor for extended periods of time to
generate the desired quantities of pharmaceutical intermedi-
ates or final products is often an acceptable strategy. In
addition to easier, better defined scale-up routes, continuous-
flow production offers distinct advantages in virtually all
phases of drug development—from drug discovery up to the
manufacturing process."**! Small-diameter flow reactors (e.g.
microreactors) offer unique transport capabilities for matter
and energy because of their high surface area to volume ratios
and inherently small reactor volumes.”! Thus, heat can be
applied and removed efficiently, allowing exquisite control of
the reaction temperature.’! The stability of small-diameter
capillary reactors to high pressure enables access to safe
operation at high temperatures."*!"! The increased reaction
rate at high temperatures, in turn, increases productivity and
reduces the footprint of the equipment, thus leading to a more
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cost-effective overall process (i.e. process intensifica-
tion).'%? In addition, automation and in-line monitoring
improves the quality and uniformity of the products.'?!
Importantly, the exceptional heat-exchange efficiency of
microreactors suppresses the formation of hot spots, temper-
ature gradients, or accumulation of heat, and a concomitant
decrease in reaction selectivity, even for fast and highly
exothermic reactions.>*¥ Furthermore, the excellent heat- and
mass-transfer characteristics of microreactors, together with
the fact that the reaction is resolved along the length of the
reaction channel, enables precise control of the residence
time of intermediates or products, sometimes down to the
microsecond level, by a thermal or chemical quench of the
solution (Figure 1)."Y Syntheses that were previously “for-
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amounts of potentially toxic, reactive, or explosive inter-
mediates."”! Since the actual reaction volumes in a micro-
reactor/flow device are very small, safety concerns associated
with hazardous reagents are further minimized. Moreover,
the fraction of gas volume in a pressurized liquid-filled system
is significantly reduced. This is crucial to avoid evaporation of
low-boiling reagents or formation of explosive gas mixtures.
The miniaturization, furthermore, has an immediate effect on
radical chain reactions and the propagation of explosions is
suppressed."” The application of flow/microreactors can thus
drastically expand the safe operation range of current
processes into what would conventionally be defined as
a runaway or explosive regime.!'*!”]

Ultimately, the main objective in the design of every
chemical process is to eliminate
safety concerns by avoiding hazard-
ous reaction conditions and by
minimizing the use or generation
of hazardous substances while, at
the same time, preserving or max-
imizing the efficiency."™ In many
cases, however, the use of reaction
conditions or reagents convention-

Quench
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coil chip
reactor reactor

packed-bed
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Figure 1. a) General concept of flow chemistry using microreactors. Reagents can be combined at
precisely specified points along the reactor (residence time), heated, cooled, and quenched. The
pressure resistance and high heat exchange efficiency allows high-temperature operation in super-
heated solvents. b) Graphical representation of continuous-flow reactors used in this Review.

bidden” for safety reasons, or even reactions simply not
possible in batch, are thus manageable with relatively low
risk."¥ Unstable or otherwise hazardous synthetic intermedi-
ates can be generated insitu inside a closed, pressurized
system and converted directly into a more advanced, non-
hazardous intermediate or product by combining multiple
reagent streams.*! Similarly, the reaction temperature can be
changed rapidly along the reactor channel. This allows
uninterrupted, continuous multistep reactions to be per-
formed and eliminates the need to handle or store excessive
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ally considered to be too hazardous
can help considerably to reduce the
reaction time and/or the number of
reaction steps. In fact, the most
time- and atom-efficient routes fre-
quently demand the use of highly
reactive, often low-molecular-
weight, compounds or of otherwise
problematic reaction conditions
(e.g. very low or very high temper-
atures and pressures). For many
decades, this chemistry was effectively excluded from the
synthetic arsenal of organic chemists (in particular, on a larger
scale), and costly and long alternative routes were chosen
instead. With the advent of new technologies, the perfor-
mance and safety envelope of chemistry expands and conven-
tional definitions of “hazardous” or “harsh” reaction con-
ditions are challenged.!"”’ In this Review we highlight recent
literature examples of reactions that use extremely hazardous
materials and/or process conditions in a continuous-flow
mode, in particular when they relate to the manufacturing of
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active pharmaceutical ingredients (APIs) or other important
synthetic intermediates and transformations.

2. Hazardous Chemistry and Processes

In this Review we consider recently published flow
processes which would be difficult or nearly impossible to
perform safely and reliably in traditional batch equipment
(Figure 2). These are generally reactions which require very
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Figure 2. Hazardous chemistry and processes.
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careful control of process conditions to achieve robust
chemical yields and selectivity. This clearly includes very
fast, exothermic reactions, which might be limited by heat
and/or mass transfer, and reactions involving highly unstable
or explosive reactants or intermediates. Furthermore, it
encompasses reactions performed at significantly elevated
temperatures and/or pressures. Even though high-temper-
ature operation in autoclave-type reactors has become
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a standard technique in chemical laboratories for milliliter-
scale screening and optimization reactions, the transfer of
these conditions to production scale in batch reactors might
be lengthy and difficult.

The specific reasons why a particular reaction or process is
hazardous and how microreactors can contribute to the
overall safety of the process has been outlined in general
terms in Section 1 and is further discussed in the individual
sections below.

3. Extreme Process Windows
3.1. High-Temperature /High-Pressure Operation

It was not until the end of the 20th Century that
autoclaves have become a regularly used apparatus in organic
chemistry laboratories. In fact, it was not before the intro-
duction of dedicated microwave reactors that high-temper-
ature/high-pressure (high-T/p) operation (300°C, 30 bar) has
turned into a standard tool in synthetic organic chemistry.!"”
Perhaps the main advantage of these microwave reactors,
from an organic chemist perspective, is the ease with which
reactions at temperatures above the boiling point of the
solvent can be performed on a laboratory scale (<30 mL).
However, temperatures above 200°C are generally outside
the operation limits of most standard batch reactors in
pharmaceutical manufacturing facilities and large-volume
pressure reactors are very massive as well as costly. Flow
reactors, on the other hand, can easily mimic the high-T/p
capabilities of a batch microwave apparatus on scales up to
the production scale.” The high-pressure resistance, together
with the exceptional mass- and heat-transfer capacity of these
devices often allows reactions to be performed with through-
puts that are conventionally not possible. In recent years,
Hessel and co-workers introduced the notion of “novel
process windows”, a concept to exploit the characteristics of
microstructured reactors to intensify and increase the perfor-
mance of chemical processes.'”l At the core of this approach is
the realization that many chemical reactions can be intrinsi-
cally fast if the right conditions are applied and transport
limitations are eliminated. An instructive example that
highlights these principles is the generation of 2-methylben-
zimidazole (2) by condensation of o-phenylenediamine (1)
with acetic acid (Scheme 1).P!1 A detailed kinetic analysis has
shown that this condensation requires about 9 weeks to reach
completion at room temperature. The reaction time can be
reduced to 5h near the reflux temperature of acetic acid
(ca. 100°C). The time required to achieve full conversion can
be further reduced to 3 min at 200°C in a sealed vessel

NH2
NH2 @ :
1inAcOH (1M)  270°C.30s 2 (94%

130 bar

Scheme 1. Condensation of o-phenylenediamine with acetic acid under
high-T/p continuous-flow conditions.?"
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microwave system, still leading to a clean benzimidazole
product 2.1 Pushing the reaction to the limits of the high-
temperature microwave reactor (270°C, 29 bar) results in the
condensation being so fast that it is difficult to appropriately
evaluate the required reaction time, as a full conversion is
already attained during the heat-up phase.’!! The reaction
was subsequently successfully translated to a continuous
process in a compact, bench-top flow reactor to provide
benzimidazole 2 with a throughput of 51 gh™ (94%) in
a 4 mL residence loop (Scheme 1). Scale-up of the benz-
imidazole synthesis to an industrial scale was subsequently
realized in a continuous-flow microwave reactor.””’ The
reaction mixture was carried in a transparent microwave
tube reactor (60 mL) which was heated in the microwave
cavity of a 6 kW microwave reactor to 267 °C. The condensa-
tion was completed within a residence time of 34 s to give the
product in 90% yield (5Lh™").”? Organ and co-workers
accomplished the same transformation in a microwave-
heated silicon carbide (SiC) tube reactor.” SiC is a strongly
microwave absorbing, chemically exceedingly inert ceramic
material which can be heated to extreme temperatures
because of its high melting point (2700°C) and low thermal
expansion coefficient. At a reaction temperature of 313°C
and a back-pressure of 50 bar, the reaction was completed
after a residence time of less than 6 5.’

In many laboratories, batch microwave reactors specifi-
cally designed for chemistry applications have essentially
become the primary means for reaction optimization and
laboratory (mL) scale synthesis."”! The
high-T/p procedures developed and
optimized in these instruments form F
an ideal basis for translation to contin- @)
uous-flow  processing/manufacturing
(microwave-to-flow paradigm).”"!

In fact, there is a rather wide range
of valuable and robust synthetic trans-
formations that readily accept harsh
reaction conditions. Ultrahigh-temper-
ature continuous-flow procedures have
been realized for many such transfor-
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dipolarophile 4. The reaction could be conducted with neat
reagents when the capillary microreactor was maintained at
a temperature above the melting point of the product. The
processed stream was then diluted with MeCN or MeOH
prior to passing it through a back-pressure regulator and the
crystalline product was obtained in the collection tank upon
cooling.™ Azides are notoriously heat-sensitive and decom-
pose rapidly at elevated temperatures with concomitant
evolution of nitrogen gas. Nevertheless, with the residence
time controlled to 10 min, the catalyst-free reaction could be
performed at a reaction temperature of 210°C, thereby giving
the triazol product 5 in excellent yields (86%).””) The
intensified process increased the productivity three orders
of magnitude compared to a previously published batch
procedure.™ An alternative, copper-catalyzed process was
recently described by the Jamison research group,”® and is
discussed in detail in Section 4.5.4.

Snead and Jamison recently described the continuous-
flow synthesis/purification of diphenhydramine hydrochlo-
ride (Scheme 2b).”"! The compound is the active pharma-
ceutical ingredient in over-the-counter antihistamines such as
Benadryl, Zzzquil, Tylenol PM, and Unisom. The global
demand is more than 100 t per year. For the flow process, neat
molten chlorodiphenylmethane (6) and neat N,N-dimethyla-
minoethanol (7) were pumped in a 1:1 stoichiometric ratio
into a thick-walled perfluoroalkoxy alkane (PFA) tube
reactor at 175°C, with the desired API formed as the
molten hydrochloride salt.?”! Hot aqueous NaOH was

210°C, 69 bar
O—-—

N N
Q”\%

10 min 86%)

MeOH or MeCN

hexanes

mations, including Newman-Kwart
rearrangements, Claisen and related
: g 6, neat m—» aq. waste
pericyclic rearrangements, heterocycle soparator
synthesis, radical polymerization, and lll . P
R K K [21,24] HO/\/ ~ 175 °C, 1'7 bar |
a variety of cycloadditon reactions. 16 min N
. 7, neat o N
In general, a delicate balance of reac- NaGOH
tion acceleration and decomposition of inaHZO
reagents or product have to be consid-
ered. A case in point is the formation of CF, diphenhydramine 8 (93%)
the triazole precursor 5 in the synthesis F.
of Rufinamide (Scheme 2a).”! Hessel
and co-workers accomplished this reac- ’}‘
tion by a 13-dipolar Huisgen cyclo- 0 R
addition of 2,6-difluorobenzyl azide (3) 9a R=H >,C —-Boc
with (E)-methyl 3-methoxyacrylate (4 9b R=Me .
(E) y yacrylate (4) NH,OAc 140 °C

as the dipolarophile.” Perfect regiose-
lectivity towards the desired 1,4-cyclo-
adduct is afforded due to the presence
of the methoxy leaving group in the ditions.
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R 10aR= H (52%)

69 bar 10b R= Me (80%)

Scheme 2. Synthesis of APIs or advanced intermediates under high-T/p continuous-flow con-
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combined with the reaction stream to neutralize the ammo-
nium salt and, after releasing the pressurized system, hexane
was added to extract the neutralized amine 8.*" The two
phases were then separated in-line in a liquid-liquid mem-
brane separator and the product was finally precipitated from
the organic phase in 90 % overall yield with hydrochloric acid.
The flow system with an internal volume of 750 pLL produced
2.4 g of the API per hour.”"!

A high-temperature continuous-flow synthesis of 4-sub-
stituted imidazoles 10a and 10b was described by chemists
from Eli Lilly (Scheme 2¢).”*! Cyclization of a model keto-
amide with ammonium acetate on a small scale proceeded
satisfactorily in a sealed tube. However, upon scale-up in
traditional glassware, the reaction rate decreased markedly
and multiple charges of ammonium acetate were required due
to loss of ammonia from the reaction mixture at elevated
temperatures.”® Furthermore, large amounts of oligomers
were formed during the cyclization of ketoamide 9a when the
reaction was performed at low temperatures (<70°C).
Accordingly, the purity of the product dropped at larger
scales in batch reactors, since the heat-up times lengthened. In
contrast to the batch experiments, the reaction could be
reproduced very well at 140°C in stainless-steel plug-flow
reactors (PFR) with internal volumes ranging from 4.5 mL up
to 7.1 L. A quantity of 55 kg of ketoamide 9a was processed in
the 7.1 L reactor over 141 h under good manufacturing
practice (GMP) conditions (theoretical residence time:
90 min). For the final flow reaction, the N-methyl derivative
9b and ammonium acetate in methanol as solvent were
combined in a T-shaped mixer and heated in a 221 mL PFR at
140°C (residence time: 11 min) to give the corresponding
imidazole 10b in 80% yield of the isolated product.® A
thermal cleavage of the Boc protecting group of the imidazole
was subsequently carried out in a 221 mL PFR in MeOH/THF
under supercritical conditions at 270°C and 70 bar. With
a measured residence time of 9.4 min, the crude deprotected
imidazole 10b was obtained in virtually quantitative yields.*!

Chemists from MIT pointed out the importance of
a reduced headspace by comparing the high-temperature
aminolysis of epoxides in batch microwave and continuous-
flow microreactor systems.””*"! The reaction with low-boiling
amines performed consistently better in the pressurized
microreactor, because of the elimination of available head-
space in the microreactor and the concomitant decrease in the
amount of amine in the vapor phase. Since the amine was
more volatile than the solvent, its vaporization decreased its
concentration in solution, thus reducing the reaction effi-
ciency. The flow aminolysis was then applied for the
preparation of Metoprolol, a selective 1-adrenoreceptor
blocking agent (Scheme 3a).””) Complete conversion was
obtained at 240 °C with a residence time of only 15 s by using
a 34 bar back-pressure regulator. Under these conditions,
a single 120 pL microreactor is capable of delivering 7.0 gh ™!
of Metoprolol.””) The same process was also successful for the
preparation of a precursor in the synthesis of Indacaterol.””!
This reaction was further studied using the aminolysis of
styrene oxide 13 with 2-aminoindane 14 as a model for the
synthesis of Indacaterol (Scheme 3b).*”! The activation
energy for the formation of the desired product 15 is higher

Angew. Chem. Int. Ed. 2015, 54, 6688 — 6728
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Scheme 3. High-T/p aminolysis reactions. Image adapted from
Ref. [29] with permission. Copyright 2010, American Chemical Society.

than for the formation of the regioisomer and for secondary
aminolysis, which suggests that performing this reaction at the
highest possible temperature should improve the selectivity as
well as accelerate the reaction. The reaction was studied
extensively in a 120 uL. microreactor, with a total amount of
less than 5 g of styrene oxide and 2-aminoindane 14 consumed
for optimization. Using the optimized conditions, the process
was then scaled-up 100-fold in a stainless-steel tube reactor
(12.5 mL). 163 mL of the reaction mixture was processed at
a reaction temperature of 220°C within 30 min, thereby
generating 9 g of the desired product with 100 % conversion
and 78 % yield as determined by HPLC.F"!

A rather drastic example of a high-T/p reaction is the
uncatalyzed conversion of carboxylic acids into nitriles with
acetonitrile as solvent/reagent (Scheme 4).P! The acid-nitrile

(@ﬁﬁﬁj R-CN
(72-97%)

350 °C, 65 bar
25 min

. H
R COO
in MeCN

Scheme 4. Continuous-flow high-T/p acid-nitrile exchange reaction.

exchange reaction requires temperatures in excess of 300°C
to achieve the desired transformation at preparatively useful
rates and is, therefore, of little practical use. However, the
reaction performed well in a stainless-steel capillary reactor,
with residence times of 25min in supercritical MeCN
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(scMeCN) at 350°C and 65 bar.P!l Despite the extreme
reaction conditions, the reaction was remarkably clean and
tolerated several functional groups (Scheme 4).

Fluids near or above their critical point generally have
unique physical and chemical properties.’”! For example, the
density, viscosity, and diffusivity of supercritical solvents as
well as the solubility of chemicals can be easily tuned by
varying the pressure and temperature. Since the operation
window of continuous-flow reactors is often in a temperature
range up to 350°C and a pressure range up to 250 bar,
a supercritical state for many organic solvents can be
attained."! Carbon dioxide reaches its supercritical state
(scCO,) under relatively mild conditions (7.=31.1°C,
73.9 bar) and scCO, is, therefore, among the most frequently
used supercritical fluids. The application of scCO, in contin-
uous flow is now reasonably established for reactions such as
hydrogenations, hydroformylations, and condensations.?>*
Leitner and co-workers recently demonstrated the enantio-
selective continuous-flow hydrogenation of dimethylitaco-
nate 16 over a Schrock-Osborn-type rhodium complex with
supercritical carbon dioxide as the mobile phase (Scheme
5a).®*l The hydrogenation catalyst was supported in an ionic

a)
o o scCO, o
o I Aoty oy Ao
O 16 packed Rh o 17
chiral catalyst
/
b) \lN HN"-HCI
e
O‘ Hy 2 _ HCl
PdICaCO;
175 bar
Cl Cl
Cl rac-18 Cl

rac-19
(cis:trans 97:3)

Scheme 5. Continuous-flow hydrogenations in fixed-bed reactors using
scCO, as the mobile phase.

liquid phase in a fixed-bed reactor (5 mL volume). Turnover
numbers of >100000 and a space-time yield (STY) of
750 gL 'h™! were achieved at a reaction temperature of
40°C (120 bar).*!

Similarly, the hydrogenation of racemic sertraline imine
18 in a fixed-bed flow reactor using scCO, as solvent was
studied by the Poliakoff group in collaboration with research-
ers at AstraZeneca (Scheme 5b).B¥ (4S)-Sertraline imine 18
is an intermediate in the synthesis of cis-(15,4S5)-sertraline
hydrochloride 19. Sertraline hydrochloride is the active
ingredient in Zoloft, a drug used as a treatment of depression
and other anxiety-related disorders. The best results were
obtained with a Pd/CaCOj catalyst at a reaction temperature
of 40°C (175bar). Under optimized conditions for the
hydrogenation, dechlorination and dehydrogenation side
reactions were suppressed nearly completely, with a chemo-
selectivity of > 99 % achieved. Racemic sertraline was formed

www.angewandte.org
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with excellent diastereoselectivity in a cis/trans ratio of
97:3.34

Equipment made out of pressure- and corrosion-resistant
tubing that can be operated at temperatures well above 300°C
and pressures up to 280 bar has also become available,
thereby allowing the generation of water in its near- and
supercritical state."!

3.2. Operation at Very High Pressure

In the examples outlined above, pressure is important for
maintaining a solvent in the liquid state or increasing the
concentration of a gas in a liquid phase (see also the following
sections). The rate constant or the equilibrium constant of
a reaction usually depends only weakly on pressure in the
pressures range normally encountered in synthesis laborato-
ries. Above about 1 kbar, however, pressure becomes an
important reaction parameter also for pure liquid-phase
reactions, and both the rate and equilibrium can be influ-
enced.® Generally, the pressure dependence of the equilib-
rium constant is related to a change in the molar volumes
(AV) when reactants are converted into products. Similarly,
the pressure dependence of the rate constant is associated
with the activation volume (AV7). Reactions that are
accompanied by a negative activation volume can be accel-
erated by increasing pressure, and the equilibria are shifted
toward the side of the products for transformations with
negative reaction molar volumes.”® The use of continuous-
flow operation in the very high pressure regime is still in its
infancy, however.F")

3.3. High-Temperature/Low-Pressure Operation

In flash vacuum thermolysis or pyrolysis (FVP), a sub-
strate is distilled or sublimated under vacuum through a hot
tube at very high temperatures (typically 200 to 1100°C) and
the products are collected afterwards in a cold trap.”* The low
pressure avoids adverse intermolecular secondary reactions
and the continuous flow ensures that individual molecules
spend only a very short time in the hot reaction zone (in the
order of milliseconds).” By using this method even highly
reactive substances can be quenched without decomposition,
thus allowing the isolation and/or spectroscopic character-
ization of reactive intermediates and short-lived molecules.
Moreover, FVP is also used as a valuable synthetic tool for the
preparation of many interesting stable compound classes that
are often difficult to prepare by other means.

A serious limitation of the classic FVP procedure,
however, is the requirement that the substrate must be
volatile at low pressures, since poorly volatile precursors
simply decompose on heating in the inlet tube. Furthermore,
FVP is difficult to scale up. In some cases, it is possible to
obtain the same products as in a conventional FVP experi-
ment by performing the reaction in a solution phase in an
inert solvent under continuous-flow conditions (“flash-flow
pyrolysis”).®l The combination of the high-T/p capability
with the powerful heating and cooling capacity is thereby

Angew. Chem. Int. Ed. 2015, 54, 6688 - 6728
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crucial in performing these experiments. Indeed, it was shown
that the thermal decomposition of benzoyl Meldrum’s acid 20
can be tuned by using a liquid-phase high-T/p continuous-
flow method to provide either the 1,3-dioxin-4-one inter-
mediate 21 or the oxoketene dimer 22 by precisely controlling
the residence time and temperature (Scheme 6).5] At a reac-

oRpL A

150 °C 90 bar

H@fﬁ

200 °C, 90 bar
1 min

Scheme 6. Liquid-phase high-T/p continuous-flow pyrolysis of
Meldrum'’s acid.

tion temperature of 150°C (90 bar

Ang
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The rate of heat transfer is directly proportional to the surface
area (~d*), while the heat generated in an exothermic
reaction is proportional to the volume of the reactor (~d°).
Thus, dissipation of heat becomes increasingly difficult upon
scale-up and increasingly long addition times become neces-
sary to maintain the temperature at an acceptable level. An
instructive example was presented by chemists at Neurocrine
Biosciences and Irix Pharmaceuticals (Scheme 7a)."*?! During
the synthesis of NBI-75043, a histamine receptor antagonist
examined for the treatment of insomnia, a lithium-halogen
exchange reaction on compound 23 and a subsequent addition
to 2-acetylpyridine (24) was necessary.*) The reactions
worked nicely on a small scale in batch, but the exothermic
nature of these two steps meant that the addition time would
have to be prohibitively long on a larger scale. Thus, the
reaction was performed in continuous flow in stainless-steel
tube reactors. A solution of fert-BuLi and trimethylethylene-
diamine (TMEDA) was combined with a solution of com-
pound 23 in a static mixer at —78°C. The mixture passed
through a first coil reactor submerged in a bath at —78°C and
was then combined with a stream of 2-acetylpyridine (24) and

back pressure), the decomposition ) s N/
of benzoyl Meldrum’s acid required Y,
only 7s for completion, thereby

.5 23 Br
providing the acylketene-acetone
21 adduct in a selectivity close to
90 % .1 At 200°C, with a residence tert-BuLi
time of 1 min, on the other hand, the TMEDA

dimer 22 was formed with almost
complete selectivity (ca. 98 % ).

In general, drastic rate acceler-
ations are expected with increasing
temperature, according to the
Arrhenius Equation [k(T) = A-exp-
(—E,/RT)]. This allows a smaller
footprint of the reaction vessel at
a given throughput and, thus,
improves the safety and economy
of the process. Additionally, the
application of extreme or exotic
reaction conditions enables entirely
new or “off-road” chemistry.*”
Many further examples of reactions
executed under unusual process
conditions will be discussed in the
following Sections.

b)

_
/26

n-BuLi

4. Hazardous Chemistry
4.1. Very Fast and for Exothermic Reactions

Mass and heat transfer can become limiting for fast or
highly exothermic reactions.*!! In these cases, reagents
generally have to be dosed slowly to the reaction mixture or
the mixture has to be diluted or cooled to reduce reaction
rates and to guarantee adequate mixing and heat exchange.
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Scheme 7. Continuous-flow lithium-exchange reactions and follow-up chemistry.

Ti(OiPr), in a second T-mixer. The lithium derivative of 23
reacted with acetylpyridine in a second tube reactor before
the processed mixture was collected in a stirred container with
methanol. Optimized conditions gave the desired product 25
in 93% conversion (Scheme 7a).[*!

Similarly, researchers from Boehringer Ingelheim Phar-
maceuticals established a synthesis of the borolane 28,
a versatile reagent for site-selective propargylations of
carbonyl and imine compounds (Scheme 7b).1* The reaction
worked quite satisfactory on a small scale in batch, but the
yields strongly decreased with longer dosing times of the
intermediate lithiated derivative of 26 to the borate 27.11 A
batch process for the preparation of propargyl borolane 28
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Scheme 8. Examples of multistep API synthesis involving n-butyllithium.

was thus unlikely to afford reproducible and satisfactory
yields on a larger scale. A continuous-flow process, on the
other hand, reproduced well from a small scale to production,
and 318 kg of the propargyl borolane were produced in total
in >91% purity.[*}

More recently, Ley and co-workers devised a continuous-
flow multistep synthesis of (E/Z)-Tamoxifen, a compound
used for the treatment of estrogen-receptor-positive breast
cancer (Scheme 82a).*1 The process employed a series of
telescoped synthetic transformations using five pumps and
five coil reactors, as well as four different temperature
regimes. The sequence started with a continuous-flow lith-
ium-halogen exchange reaction by combining precooled
solutions of bromoarene 29 with n-butyllithium. The mixture
passed through a first residence coil at —50°C and the output
stream was then quenched in-line with ketone 30 (prepared
by a Grignard reaction in a separate flow process).* The
mixture passed through a short residence loop and was then
heated to 30°C in a subsequent loop to complete the addition
of the lithium arene to the ketone. The lithium alkoxide was
then acetylated with a fourth stream of trifluroacetic anhy-
dride at ambient temperatures, followed by a triethylamine-
mediated elimination to form the final product in a fifth coil
reactor at 100°C. To prevent the solvent mixture from boiling,
the whole system was pressurized to 7 bar using a back-
pressure regulator. The synthesis was run continuously for
80 min to provide 12.4 g of pure (E/Z)-Tamoxifen with an E/Z
ratio of 25:75 in 84 % yield based on the aryl bromide 29. This
corresponds to drug material for over 900 days of treatment
for one patient.*/

Along the same lines, the multistep synthesis of Ami-
triptyline by Kupracza and Kirschning involved three con-
secutive lithium-halogen exchange reactions (Scheme 8b).[!
1-Bromo-2-(bromomethyl)benzene (31) and 1equiv of n-
butyllithium were fed into the reactor to afford the [(2-
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(E/Z)-Tamoxifen

vvvvv R — Ph
= (84%)

100 °C PH

AAAAA

EtsN
2.0 equiv

4.4 min

MeoN

MgCl

Amitriptyline

32 (76%) NMe,

bromophenethyl)phenyl]lithium intermediate by a Wurtz-
type coupling reaction followed by a second lithium exchange
reaction. The lithium intermediate was then quenched with
carbon dioxide before additional n-butyllithium was added to
furnish the tricyclic ketone 32 in an overall yield of 76 % of
the isolated product.”’ The authors used a gas-addition tool
to load the carbon dioxide into the system. This device
consists of two chambers, one carrying the liquid phase and
the other carrying the gaseous phase, separated by a gas-
permeable Teflon membrane. The technique was pioneered
by the Ley research group and is discussed in more detail in
the following sections. A second gas-permeable membrane
was used to remove excess carbon dioxide from the mixture
before the second charge of n-butyllithium was fed into it
(Scheme 8b). The synthesis of Amitriptyline was completed
by a continuous-flow addition of Grignard reagent 33 to
ketone 32 and subsequent high-temperature dehydration
(30's, 200°C).1*

Flow conditions have, in fact, been applied for a rather
large number of reactions with organolithium and related
organometallic compounds.*! Chemists from Merck
employed a flow process for the formylation of 34 during
their multistep, kilogram-scale synthesis of the allosteric Akt
kinase inhibitor 36 (Scheme 9).“”! The entire synthesis
involved 17 convergent reaction steps, with 10 steps for the
longest linear sequence, and did not require chromatography.
For the continuous-flow formylation, a solution of the lithium
amide of 34 in THF was preformed from the amine and MeLi.
The solution was fed into a stainless-steel tube reactor with an
internal diameter of 6.35 mm, which was immersed in a dry-
ice/acetone bath. The stream of the amide was mixed with n-
BulLi, to form the dianion in a first residence tube, and the
dianion was then combined with the DMF/THF feed solution.
The product stream was finally fed into an aqueous quench
solution for neutralization and workup."”) Even with an
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Scheme 9. Flow preparation of pyridyl aldehyde 35.

impressive combined flow rate of 175 mLmin"!, efficient
cooling of the system was still maintained, and the purity
profile of aldehyde product 35 exceeded that of the batch
procedure.*”! A preparative-scale run conducted for one hour
consumed the lithium amide derived from 1 kg of bromide
34.147

A team from Lonza performed a two-step continuous-
flow lithium exchange and coupling reaction to produce
nearly 700 kg of a not further disclosed product.® Cost
savings of approximately 9% compared to batch production
were calculated.”® Furthermore, in a collaboration between
Lonza and Corning, a continuous microreactor for a very
challenging, exceptionally exothermic and rapid Grignard
addition of stoichiometric amounts of phenylethylmagnesium
bromide (37) to 2-chloropropionyl chloride (38) was devel-
oped (Scheme 10).) The formation of hot spots or insuffi-
cient mixing, and a consequent stoichiometric imbalance,
leads to a range of side products. A multi-injection micro-
reactor was developed to keep the reaction under control and
to maximize selectivity, thereby emulating the common batch
technique of dropwise addition of a reagent. The micro-
reactor provided four injection points as well as mixing and

0°C 0]

-50°C

Scheme 10. Top: Reaction of a Grignard reagent with an acyl chloride.
Bottom left: Glass microstructure. Bottom right: The multi-injection
reactor is capable of producing 100 kg of final product per week for
this specific reaction. The annual production capacity of five reactors
is 25 metric tons. Images reproduced from Ref. [49a] with permission.
Copyright 2008, Wiley-VCH.
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residence zones at each injection
point. The Grignard feed was
split into four feeds for injection
at the four inlet points, while the
acyl chloride was injected
directly into the multi-injection
:S/F reactor (Scheme 10). The yield

F for this specific reaction was
50 % . With the reagents at a con-
centration of about 10 wt% in
the feed solutions, the reactor is
capable of producing 100 kg of
the final product 39 per week
(Scheme 10).%

Particularly noteworthy in
this context are the pioneering
contributions from the Yoshida group.'*>) A variety of
lithium-halogen exchange reactions for the synthesis of
highly unstable aryllithium intermediates have been demon-
strated in numerous publications.”® The aryllithium inter-
mediates were formed with residence times as short as 1.5 ms
at —70°C and were subsequently immediately quenched by
the addition of an electrophile.”” Extensive decomposition of
the intermediate aryllithium reagents could be avoided by
precisely controlling the residence time of these short-lived
species in the microreactor by feeding in a quench solution
containing the electrophile. This approach was further
demonstrated for room-temperature Moffatt—-Swern oxida-
tions on a micromolar scale.”! Swern oxidations are typically
performed below —50°C in batch to prevent the exothermic
decomposition of the “activated” DMSO intermediate by
a Pummerer rearrangement. In Yoshida’s work, the sulfonium
ion was generated in a micromixer from trifluoroacetic
anhydride and DMSO at temperatures as high as 20°C, and
the mixture was then subsequently combined with the alcohol
and triethylamine in two further micromixers to yield the
carbonyl compound.P!! Similar strategies were applied by
others to conduct Swern oxidations at unusually high reaction
temperatures.’>*! Kemperman and co-workers, for example,
used an analogous process for the laboratory-scale synthesis
of 4-androstene-13,17-dione from testosterone at —20°C with
a throughput up to 117 gL 'h™' under optimized condi-
tions.*!

A related microreactor strategy has further been success-
ful for the partial reduction of carboxylic esters to
aldehydes with diisobutylaluminum hydride (DIBAL-H;
Scheme 11).54%1 This reaction is typically accompanied by
significant over-reduction to the alcohol and it is thus
generally preferred to fully reduce esters to the alcohol and
then selectively reoxidize the alcohol to the aldehyde. Again,
the reaction mixture can be quenched precisely in micro-
reactors when the amount of desired intermediate or product
is at its maximum (Scheme 11). Webb and Jamison accom-
plished essentially full conversion and complete selectivity
into the aldehyde with residence times below 50 ms at
a nominal temperature of —78°C.**l Remarkably, the
extrapolated throughput was 10.4 mol of starting material
per day using a reactor with an internal volume of only
23 uL.PY As pointed out by Ducry and Roberge, such
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Scheme 11. Highly reactive intermediates can be generated in continu-
ous-flow microreactors and directly quenched to form stable intermedi-
ates/products. Top: Selective DIBAL-H reduction of esters to alde-
hydes. Bottom: Contour plots showing the effect of reaction temper-
ature (T) and residence time (tg) on the amount of aldehyde.
Reproduced from Ref. [54a] with permission. Copyright 2012, American
Chemical Society.
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reactions are virtually impossible in batch reactors on an
industrial scale, since the limited half-life of the organo-
aluminium intermediate would not accept the extended
dosage times required to maintain isothermal operation.”

4.2. Hydrogenation

Catalytic hydrogenation is one of the most
powerful reactions available to the synthetic
organic chemist and many functional groups can
be reduced under relatively mild conditions, often
with high chemo-, regio-, and stereoselectivity.”®
Numerous heterogeneous and homogeneous cat-
alysts with high hydrogenation activity are now
available, and the scope of hydrogenation chemis-
try has become very large.”®! Moreover, molec-
ular hydrogen is readily available, inexpensive,
and not toxic. However, hydrogen is highly
flammable and it forms an exceptionally wide
range of combustible or detonatable air mixtures
and has an extraordinarily low ignition energy. The burning
velocity is one order of magnitude higher than for other
flammable fuel/air mixtures, thus indicating its high explosive
potential and the difficulty of confining hydrogen flames.

For hydrogenation reactions, the transport of hydrogen to
the catalyst is frequently the rate-limiting step and efficient

(HO),B
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agitation to support a rapid transport of H, from the gas phase
to the catalyst is crucial. Transport limitations make gas—
liquid reactions significantly more complex than single-phase
reactions and inherently difficult to scale. Furthermore, since
the solubility of hydrogen in organic solvents is generally low,
high-pressure operation is essential for the hydrogenation to
proceed at an acceptable rate. Additionally, hydrogenation is
exothermic, and some means of efficient heat removal must
be provided. Many of these process challenges can naturally
be addressed by using continuous-flow technology. For this
reason, continuous-flow hydrogenations have found quite
extensive application in the chemical industry and, since the
introduction of commercial bench-top high-pressure hydro-
genators, it has been rapidly adopted also in organic synthesis
laboratories.””! Flow hydrogenations are commonly carried
out in packed-bed reactors over heterogeneous catalysts.”"!
As a consequence of the very large interfacial areas and short
diffusion paths in these reactors, a particularly effective
contact between the gas, liquid, and solid phase is provided.
Furthermore, since the substrate flows continuously through
the catalyst bed, extraordinarily high catalyst-to-substrate
ratios can be realized. Catalyst separation from the product is
trivial, as hydrogenation reactions are generally genuinely
heterogeneous processes and the metals do not appreciably
leak from the bed. The products obtained upon hydrogena-
tion are thus usually free of any contaminating reagents. A
large number of publications describing reactions in com-
mercially available flow hydrogenation devices on a labora-
tory scale demonstrate their usefulness and impact on the
synthetic community.”**! An interesting example is the two-
step continuous-flow synthesis of 2-amino-4'-chlorobiphenyl
(42), a key intermediate for the industrial preparation of the
fungicide Boscalid (Scheme 12a)."”! The reaction comprises
an initial palladium-catalyzed high-temperature Suzuki-
Miyaura cross-coupling of 1-chloro-2-nitrobenzene (40) with
4-chlorophenylboronic acid (41) and a subsequent hydro-

NH,
42 (77%)

MeO

D/\(COOH
NHA
NHAC [Rh*/Al,04] AcO ¢

50 °C COOH

44 (99%, 99% ee)

Scheme 12. Hydrogenation in fixed-bed reactors.

genation to the aniline 42. The reported batch procedure for
the Suzuki coupling required reaction times of 8 to 18 h at 65—
100°C to achieve completion.* Preliminary optimization of
this reaction in a batch microwave reactor and further tuning
in a high-pressure microtubular flow reactor reduced the
reaction time to 16 min at a reaction temperature of 160°C,

Angew. Chem. Int. Ed. 2015, 54, 6688 - 6728


http://www.angewandte.org

Flow Chemistry

thereby affording the desired 4’-chloro-2-nitrobiphenyl in
approximately 90 % yield.®! For the subsequent hydrogena-
tion, the palladium from the Suzuki reaction had to be
removed to prevent a palladium-catalyzed reductive dehalo-
genation. This was achieved by passing the reaction stream
from the coupling step directly through a macroporous
Quadrapure thiourea (TU) resin cartridge to scavenge the
Pd metal from the solution. The nitro compound was
subsequently hydrogenated over Pt/C at 30°C in a commercial
flow hydrogenation device to afford 2-amino-4'-chlorobi-
phenyl (42) in 77 % overall yield (Scheme 12a)."”!

The asymmetric hydrogenation of several (Z)-a-acetami-
docinnamic acid derivatives, such as the L-DOPA precursor
43, over a rhodium catalyst with a chiral hybrid phosphine-
phosphoramidite ligand was demonstrated by Bakos and co-
workers (Scheme 12b).7 The rhodium complex was immo-
bilized on a mesoporous Al,O; support using phosphotungstic
acid as an anchoring agent and the immobilized catalyst was
then used as a packed-bed reactor in a commercially available
flow hydrogenator. The reaction was run continuously for 6 h
to furnish the product with a conversion over 99 % and with
>99% enantioselectivity.[*”)

An alternative to bed reactors is to immobilize the catalyst
directly on the channel walls of a continuous-flow micro-
reactor. There are a number of strategies to prepare channel-
supported catalysts, including polymer coatings, immobiliza-
tion of nanoparticles, and direct deposition of metals onto the
channel surfaces.*?! In a seminal contribution by Kobayashi
and co-workers, palladium was immobilized on a glass micro-
channel reactor with a rectangular cross-section (200 pum x
100 um).®l The hydrogen and substrate flow rates were
adjusted so that the liquid was carried at the surface of the
channels while the gas flowed through the center of the
channels (annular flow). By using this system the hydro-
genation reactions proceeded at atmospheric pressure and
room temperature with a residence time as short as 2 min. The
pure products were obtained by simple evaporation of the
solvent (Scheme 13).1°1

Enantioselectivity is often higher and more predictable
with homogeneous catalysts. Furthermore, catalytic activity

L
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rBu‘P/©19\© T H,
BY é ‘=
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H, —
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Scheme 13. Hydrogenation with the catalyst immobilized on the
surface of the channel.

as well as the purity profile and enantioselectivity of the
reaction can change over time for fixed catalysts. A detailed
understanding of degradation kinetics is then required so that
the catalyst can be replaced in time. Continuous-flow hydro-
genations with stable, homogeneous catalysts might thus be
preferred. Such reactions can be realized in high-pressure,
tubular-flow reactors in a segmented gas-liquid flow regime.
This approach was used by chemists from Eli Lilly for the
synthesis of 46, the penultimate intermediate for the produc-
tion of LY500307, a potent, selective estrogen receptor f§
agonist (Scheme 14).1°! The synthesis involved the continuous
high-pressure asymmetric hydrogenation of ketone 45 with
rhodium-Josiphos as catalyst and Zn(OTTf), as promoter. For
the pilot-scale reaction, a 73 L coiled-tube reactor was
employed (Scheme 14). The asymmetric hydrogenation was
coupled with a continuous downstream work-up, comprising
liquid-liquid extraction in a three-stage mixer-settler, semi-
batch solvent exchange, continuous crystallization, and filtra-
tion. Product 46 was obtained consistently with more than
99 % ee.[%)

A somewhat intermediate approach is the use of contin-
uous gas-liquid—solid slurry reactors.™ In this mode, no
decline of catalyst activity over time is expected, but the
catalyst can still be easily removed from the reaction mixture
by a subsequent filtration. Importantly, the advantages
associated with microreactors, such as enhanced mass and
heat transfer, are preserved.[“]

46 (87%, 99.5% ee)

|

LY500307

Scheme 14. Hydrogenation using homogeneous catalysts. Image reproduced from Ref. [63] with permission. Copyright 2012, American Chemical

Society.
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For gas-liquid reactions, the gas flow is usually controlled
by a calibrated mass-flow controller, and the gaseous and
liquid feeds are combined in an appropriate mixer upstream
to the cartridge or residence reactor. A convenient laboratory
tool to saturate gases into liquids was developed by the Ley
research group.®! The device is based on a tube-in-tube
configuration with the inner tube made of Teflon AF-2400.%"!
Teflon AF-2400 is a copolymer of tetrafluoroethylene and
perfluorodimethyldioxolane and has a highly porous, amor-
phous structure, while the chemical resistance and mechanical
strength is comparable to that of standard PTFE. Accord-
ingly, the AF-2400 tube serves as a robust, hydrophobic,
permeable membrane which selectively allows a wide variety
of gases, but not liquids, to cross. This membrane is enclosed
within a thick-walled impermeable outer tube (e.g. PTFE or
stainless steel). Typically, the gas (e.g. CO, CO,, H,, ethene,
ethyne, or SO,) is carried between the outer tube and the
inner tube. The gas crosses the semipermeable membrane and
dissolves into the liquid carried within the AF-2400
tubing.®*" This configuration is mainly used to saturate the
liquid reagent feed with the gaseous reagent prior to heating
the gas-saturated stream in a subsequent bed reactor or coil
reactor (Scheme 15).671 An alternative design where the

gas permeable inner tube
impermeable outer tube

tube-in-tube
reactor rt
e

cat.

25-30 bar

Scheme 15. Hydrogenation with a tube-in-tube reactor as the gas-
addition module.® cod = cyclooctadienyl.

inner tube carries the gaseous reagent allows heating the
liquid reaction feed in the outer chamber./®®! The commer-
cially available gas-loading device has found a variety of
diverse applications in recent years, as highlighted in the
following Sections.*>®!

4.3. Oxidations with O, species
4.3.1. Air, Oxygen

As a consequence of their low cost and negligible
environmental impact, molecular oxygen or air would be
virtually ideal oxidants. Highly efficient methods for the
preparation of bulk chemicals by liquid-phase oxidations with
O, have been developed, and several commodity chemicals,
such as cyclohexanol/cyclohexanone (KA oil), cumene hydro-
peroxide, tert-butyl hydroperoxide/tert-butyl alcohol, and
terephthalic acid, are produced on an enormous scale by
aerobic oxidation of petroleum-based starting materials.
Importantly, a variety of versatile, selective, and mild methods
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for the aerobic oxidation of complex organic molecules, such
as the oxidation of alcohols to aldehydes or ketones, or
oxidative C—O, C—N, and C—C coupling reactions have been
developed in the last decade.” Reactions with gaseous
oxygen are associated with unique safety risks and process
challenges. The reactions are generally highly exothermic and
the heat of the reaction can be difficult to dissipate. The
consequential non-isothermal conditions reduce reaction
selectivity and product quality and pose serious safety
hazards. Dangers of thermal runaways are significant, and,
depending upon the composition, temperature, and pressure,
the reaction mixture can ignite spontaneously. Flow micro-
reactor technology provides a means to control the exotherm
and hence minimize over-oxidation of sensitive products.
Furthermore, since the reactor headspace is considerably
reduced, the formation of explosive gas-phase mixtures and
chances of auto-ignition are minimized. The techniques used
for continuous-flow oxidations with oxygen gas are in
principle the same as those discussed for hydrogenations.
The liquid reagent feed is mixed with the gaseous feed and the
combined stream then passes through a catalyst bed or
a residence reactor.

High-pressure fixed-bed reactors were used quite exten-
sively to study the aerobic or O, oxidation of alcohols to
aldehydes and ketones. Good single-pass conversions and
high aldehyde selectivity were obtained with a variety of
supported catalysts, including Ru/Al,05,"" Fe,0,/Si0,,/" and
palladium on various supports,”! both in scCO, and in
conventional solvents. Catalyst deactivation and metal leach-
ing has usually not been observed over the reported run
times."! Hence, in simple cases the products can be
obtained in high yields simply by evaporation of the solvent,
or the processed solution can be directly used in a downstream
process without the presence of contaminating catalyst or
reagents in the reaction stream. Researchers at Imperial
College London in collaboration with Pfizer demonstrated
this approach for a telescoped oxidation-Wittig reaction.["!!

A catalyst-free generation of diimide by oxidation of
hydrazine monohydrate (N,H,H,0) with molecular oxygen
was recently performed in a PFA tube reactor (Scheme
16a)."" The diimide was generated in the presence of an
alkene and immediately utilized as a hydrogenation transfer
agent for the reduction of the alkene to the corresponding
alkane. This gas-liquid approach provided full conversion and
perfect selectivity for a variety of alkenes after residence
times of only 10 to 30 min (100°C) by employing 4-5 equiv of
the hydrazine precursor. Several functional groups sensitive
to reduction in transition-metal-catalyzed hydrogenations,
such as silyl ether, halogenes, and Cbz protecting groups,
easily resisted the applied conditions and the alkanes were
obtained in almost quantitative yields.""

An analogous set-up was used by the Jamison group for
the monooxygenation of Grignard reagents with gaseous O,
or air (Scheme 16b).”! Yields of around 50 to 90% were
obtained for a range of phenols, with either electron-with-
drawing or -donating groups, at temperatures of —25 to
+25°C after a residence time of 3.4min (17 bar). The
synthesis was then further extended by an upstream in situ
generation of the aryl magnesium species starting from 1,2-
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A continuous-flow copper-catalyzed
Glaser—-Hay acetylene homocoupling
reaction was described by Ley and co-
workers (Scheme 17a)."”! The O, was
loaded into the reaction mixture using
the tube-in-tube gas-loading tool, and
the gas-saturated solution then passed
through a tubular reactor at 100°C. The
copper and the amine base were then

removed from the flow stream by pass-
ing it through a cartridge of polymer-
supported thiourea and polymer-sup-

;
a) R \/\RZ I ] 1
NoH e
2t ) (58-99%)
100 °C, 10 min
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Scheme 16. Continuous-flow aerobic/O, oxidation.

dibromobenzene (48), iPrMgCI-LiCl, and

a nucleophile 47. Benzynes were formed a)  MeCN

as intermediates at 80 to 120°C from the

dibromobenzene and the isopropylmag-

nesium chloride, and a subsequent addi- =z

tion of the nucleophile gave the arylmag- R
nesium species. Aerobic monooxygena-

tion finally afforded phenols 49 in approx- -ﬁ;fgg;
imately 50 % overall yield from the three-

step continuous-flow process (Sche- X
me 16b).7 R

A broad range of effective aerobic
oxidations that use homogeneous palla-
dium catalysts have been developed over
the past years.””! These reactions have
remarkable synthetic scope and utility."”
The stability of the palladium catalyst,
however, is highly sensitive to the dis-
solved oxygen concentration and even
temporary periods of poor gas-liquid
mixing can lead to catalyst decomposition by irreversible
agglomeration of the homogeneous Pd’ species into metallic
palladium. This feature makes Pd-catalyzed aerobic oxidation
reactions rather unforgiving with respect to operational
variation and represents a distinct challenge in scaling up
a batch process. However, Stahl and co-workers together with
chemists from Eli Lilly successfully performed the Pd-
catalyzed oxidation of 1-phenylethanol with diluted O, (8 %
in N,) in a 7 L stainless-steel tube reactor on a kilogram scale
to give acetophenone in near quantitative yield (Sche-
me 16¢).7
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49 (33-55%)  ported sulfonic acid, respectively. The

1,3-butadiynes were isolated in up to
quantitative yields, generally without
the need for chromatography.”” A sim-
ilar strategy was successful for the anti-
Markovnikov Wacker oxidation of styr-
enes to afford arylacetaldehydes
(Scheme 17b).! With 5mol% [Pd-
(MeCN),CL,] and CuCl, in rBuOH/tol-
uene/H,O as solvent, full conversion
and good selectivity to the aldehydes
were achieved at 60°C within one hour
residence time (56-80% yield).™

tube-in-tube
\ reactor

100 °C, 22 min

Z
R™ " (40-99%)

(MeCN),Pd(Cl), (5 mol%)
CuCl, (5 mol%) in H,O

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

— tube-in-tube
reactor
= (/7% N _0
Ry
..... =
60 °C, 60 min (56-80%)

0,

Scheme 17. Oxidation with a tube-in-tube reactor as the gas-addition module.

4.3.2. Singlet Oxygen

Singlet oxygen, 'O,, can be generated either through
chemical processes or, more commonly, by photoexcitation of
molecular oxygen in the presence of a photosensitizer.”!
Even though singlet oxygen is used rather widely in contem-
porary organic synthesis, its application in the pharmaceutical
industry on a large scale has proven difficult. There are
several scale-up limitations associated with photochemical
reactions in general, and with singlet oxygen chemistry in
particular when using traditional batch reactors.”) According
to the Beer—Lambert law, the photochemical reaction effi-
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ciency decreases exponentially when the path length or
concentration of the substrate/catalyst is increased. Satisfac-
tory results are consequently difficult to maintain at the scales
and concentrations compatible with industrial-scale process-
es Furthermore, 'O, is highly reactive and explosion
hazards have to be considered.

Several authors have described the application of con-
tinuous-flow microreactors for the generation and utilization
of singlet oxygen. De Mello and co-workers fabricated a glass
microreactor with 50 um deep channels for the generation of
'0, (Scheme 182).% A solution of rose bengal and terpinene
50 in methanol and a stream of oxygen were introduced into
the reactor and irradiated with an overhead tungsten lamp.
Since the effective optical path length in the microchannels is

hv
50
+ photocatalyst do
O, 51

b) @ hy

+ photocatalyst

O,
© 66,05
’ OH
53

+ photocatalyst hv
DMC

a)

HO~ Q,OH

52

sapphire
tube reactor

1. NaySO;
2. HCl
N Ton” OH
HOO [ ©
OOH 5
54a 54b

55
d)

top housing section
with open space contact-zone

X reaction <

mas late

gas phase p\

quarz @ /g,

wind\ow "qphas
e
g
W 1id [
endoperoxide

ot S \

Scheme 18. a—c) The use of 'O, in different continuous-flow reactors.
d) Image of a falling film reactor (bottom). Image reproduced from
Ref. [81] with permission. Copyright 2005, Wiley-VCH.

bottom housing section
with heat exchanger

cyclopentadiene
in methanol

heat-transfer
medium

falling film
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only several um, an unusually high concentration of sensitizer
(5% 107*M) could be used, thus leading to >80 % conversion
of a-terpinene 50 into ascaridole (51) after a residence
(irradiation) time of less than 5s. As a consequence of the
small internal volume of the microreactor, however, the
productivity was rather small (0.18 pmolmin~!).[*]

A falling-film microreactor manufactured by the Institut
fir Mikrotechnik, Mainz, was used by Jahnisch and Dinger-
dissen to accomplish the [442] cycloaddition of 'O, to cyclo-
pentadiene (Scheme 18b).®Y1 The reaction plate had 32
parallel microchannels of 300 um depth. Cyclopentadiene
and rose bengal in MeOH were transported to the upper part
of the reactor plate and then flowed downwards in the reactor
through gravity. The oxygen was fed countercurrently to the
liquid. This set-up gave a liquid film of 20 um and a gas-liquid
interface of 20000 m*m—*. 4-Cyclopenten-1,3-diol (52) was
isolated in 20% yield after reduction of the intermediate
endo-peroxide.®V

The choice of permissible solvents for singlet oxygen
reactions is very limited. Traditionally, these reactions are
performed in nonflammable solvents, such as CH,Cl,, CHCl,,
or CCly, but from an environmental standpoint, these solvents
are no longer acceptable. Chemists from the University of
Nottingham reported the synthesis of ascaridole (51) in
scCO,.®2 In a typical experiment, liquid CO,, O,, and the
organic reactant containing the photosensitizer (5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin) were pumped into
a sapphire tube housed in a stainless-steel holder. Quantita-
tive conversion was achieved in a single pass through the
reactor. The photoreactor operated with unchanged effi-
ciency without any noticeable fouling of the sapphire tube for
over 8h to yield 96 mL of 51. This approach could be
extended to the oxidation of citronellol (53) by using dimethyl
carbonate (DMC) as a cosolvent (Scheme 18c¢). The reaction
gives a mixture of the hydroperoxides 54a and 54b, both of
which can be converted into rose oxide 55 upon reduction and
acidification. Thus, the effluent reaction mixture was col-
lected directly in an aqueous solution of Na,SOj; to reduce the
hydroperoxides to the corresponding alcohols. Subsequent
acidification of the aqueous phase with HCI gave 55 as
a mixture of cis and trans isomers in a selectivity of 98 % .’

Kim and co-workers pioneered the fabrication of multi-
channel microreactors made of gas-permeable poly(dimeth-
ylsiloxane) (PDMS) and their use for gas-liquid reactions
(Scheme 19). In a typical dual-channel set-up, one of the
channels carries the liquid feed, while the other channel often

“liquid stream

O,

+ photocatalyst PDMS reactor

02

51

Scheme 19. Schematic illustration of the dual-channel microreactor.
The liquid-carrying channel was protected with a polyvinylsilazane
(PVSZ) coating.®
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carries a gas. The gas diffuses through the PDMS membrane
separating the two channels, thus providing a continuous
supply of gaseous reagents. PDMS is reasonably stable in
polar organic solvents such as DMF, DMSO, or acetonitrile,
but many common nonpolar solvents diffuse into the PDMS
polymer and cause the material to swell. The stability of the
reactor can be increased by coating the outside surfaces of the
liquid-carrying channel with a suitable polymer.[®! Since the
PDMS microreactors are transparent to visible light, they
have been successfully used for ene and cycloaddition
reactions with singlet O, (Scheme 19).*

The group of Seeberger used a simple tube reactor to
accomplish the ene reaction of citronellol (53) and 'O,.[*
Fluorinated ethylene propylene (FEP) tubing of 14 mL
internal volume was wrapped around a Schenk photochem-
ical reactor containing a 450 W medium-pressure mercury
lamp. By using this setup, a conversion of citronellol of above
95% was obtained after a residence time of 48s with
tetraphenylporphyrin (TPP) as photosensitizer, and a roughly
1:1 mixture of the corresponding alcohols was isolated after
reduction of the intermediate hydroperoxides in 88 % yield
(2.5 mmolmin~").®¥ This method proved to be suitable for
a variety of further ene reactions as well as cycloadditions
with 10, A similar photoreactor was recently deployed for
the photochemical key step in the multistep preparation of
artemisinin 57 (Scheme 20).%%! Artemisinin is currently the

dicyanoanthracene
TFA
in toluene

57 (46%)

Scheme 20. Schematic overview of the flow reactor for the continuous
synthesis of artemisinin.

most effective antimalarial drug, but its availability from
natural sources is limited. The semisynthesis starts from
dihydroartemisinic acid (56), which in turn can be prepared
by hydrogenation of the readily accessible artemisinic acid.”
Central in the synthesis of artemisinin is an ene reaction of
dihydroartemisinic acid with singlet oxygen. The reaction is
followed by cleavage of the oxygen—oxygen bond (Hock
cleavage), and finally addition of triplet oxygen. This triggers
a spontaneous cascade of condensation reactions that culmi-

W T
o
W T

EtOC(0)CI/K,CO;

4y CHyClp 20°C

56 O O

Hg vapor lamp,
TPP,air

“H TFA, CH,Cly, -10 °c|HO0" 2

Ang

Internatic

nates in the formation of the endoperoxide group of
artemisinin (Scheme 20). The whole reaction sequence was
ultimately performed as a single fully continuous chemical
process that did not require purification or work-up of any
intermediates. Dihydroartemisinic acid (56), the photosensi-
tizer (dicyanoanthracene), and trifluoroacetic acid in toluene
were mixed with a stream of oxygen gas and passed through
the photoreactor at —20°C.*! After the photoreactor, the
mixture was heated in a further tube reactor to accomplish the
acid-catalyzed Hock cleavage as well as the subsequent
oxidation with triplet oxygen and the concomitant condensa-
tion to the final product. Pure artemisinin was obtained in
46 % yield after a total residence time of about 12 min in the
flow set-up.®™ In a follow-up study, the authors described the
multistep continuous synthesis of several artemisinin-derived
APIs

Notably, a photochemical singlet oxygenation in the
preparation of artemisinin (57) from artemisinic acid has
recently been developed by Sanofi, and constitutes one of the
few examples of a large-scale batch process involving 'O,
(Scheme 21).[%¥! For the Sanofi process, the overall yield of
isolated pure, crystalline artemisinin (57) was 55% starting
from the artemisinic acid. The full-scale plant at the Sanofi
facility in Garessio, Italy, has produced commercial quantities
of artemisinin since 2013. The production of 60 tons of
artemisinin is expected for 2014, with an average batch size of
370 kg isolated artemisinin. However, as pointed out by the
authors,® a photooxidation step in a full-flow system instead
of a semibatch process could be advantageous, thus leading to
future process improvements.

4.3.3. Ozone

Ozonolysis reactions are generally accompanied with the
formation of explosive mixtures of oxygen/ozone with solvent
vapor in the gas phase and, additionally, explosive ozonides
and/or hydroperoxides in the liquid phase. Furthermore, the
extraordinary reactivity of ozone towards many functional
groups combined with the low solubility of ozone in many
solvents entail that the reaction is typically limited by mass
transfer, even at very low temperatures. The first ozonolysis of
organic compounds in a microreactor was published by
Jensen and co-workers in 2006.*! The microreactor consisted
of 16 individual microchannels (600 um wide, 300 um deep,
and 23 mm long). The reaction solutions were delivered to the
microreactor using a syringe pump, while the O; flow was
controlled by a mass-flow controller (6-7% O; in O,). The
processed reaction mixture was immediately quenched by
a quench solution and diluted with nitrogen gas. The reactor

H

Hock cleavage,
cyclization

EtO

o O

Scheme 21. Sanofi process for the generation of artemisinin from dihydroartemisinic acid. TPP =tetraphenylporphyrin.
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design was evaluated using simple model reactions, such as
the oxidation of triethyl phosphite, octylamine, and 1-decene.
Virtually complete conversion and high selectivity (up to
100 % ) were obtained with essentially stoichiometric amounts
of ozone at contact times as short as 1s at room temper-
ature.®

Jahnisch and co-workers developed a fully continuous
two-step reaction sequence for the preparation of vitamin D
analogues that consisted of ozonolysis of a double bond and
a subsequent reduction (Scheme 22).""! Both steps were

NaBH,

Scheme 22. Flow schemes for ozonolysis in microreactors.

integrated in a continuous-flow microplant with a five-
channel microreactor as its core element (14 uL internal
volume each). For the two-step reaction sequence, the
substrate solution in MeOH/CH,CI, and O5/O, were dosed
into the five-channel microreactor at around —10°C. A
microflow-through cell for online FTIR analysis and process
control, integrated close to the reactor outlet, allowed
observation of the formation of the aldehyde and a peroxide
species. The processed reaction mixture was then passed
through a gas separator. The liquid phase was combined with
a mixture of NaBH, in DMF and the stream passed further
through a second five-channel mixer and a 5 m residence time
module. A throughput of 1.2 mmolmin~' substrate was
achieved under optimized conditions. The reaction mixture
was collected over 5.5 min to give 2.9 g of the desired product
after column chromatography (69 % yield). This equates to
a productivity of 0.76 kgday™' of the isolated alcohol 59.%!

In addition to microreactors, capillary- and tube-based
flow reactors have been used for continuous-flow ozonolysis.
A dedicated general-purpose continuous-flow ozonolysis
system for laboratory-scale applications was introduced in
2011.°Y The flow ozonolysis reactor was designed for
ozonolysis at atmospheric pressure from —25°C to room
temperature. The instrument used an O, gas cylinder to
supply a built-in O; generator. The generated O; was
quantified in an internal analyzer and passed through
a Teflon frit to mix it into the precooled substrate feed. The
ozonolysis then occurs in a 4 mL Teflon tube wrapped around
a refrigeration unit. After the reaction mixture had passed
through the reaction loop, it was quenched with a quench
solution supplied by two further syringe pumps.”"

Despite the risks and challenges associated with ozone
reactions, several industrial-scale processes using O; for the
synthesis of pharmaceutical intermediates have been devel-
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oped in the last few years.”” Most of these reactions involve
cleavage of an alkene double bond. These reactions have been
traditionally performed with heavy metal oxides such as
permanganate or chromic acid. Since even traces of metals in
pharmaceutical or cosmetic products are unacceptable,
meticulous and expensive purification is required. Thus,
there is a huge incentive to replace conventional oxidation
methods by ozonolysis as expertise and equipment to run
these reactions on scale becomes available. An impressive
example is the ozonolysis of chrysanthemum monocarboxylic
acid ester (60) by Lonza (Scheme 23a).”! The
process was optimized to produce 0.5t of 61
per day in a continuous mode in a 450 L loop
reactor.””

Similarly, chemists from the Dishman
Group described the synthesis of nopinone
(63) starting from [-pinene (62; Scheme
23b).”"l Nopinone is a key intermediate in
the production of the prostaglandin receptor
antagonist S-5751. About 50-100g of the
product was produced per hour in a micro-
reactor in about 80 % yield and with a purity in

excess of 98 % .4
)%/ Og/reduction )K%

03/reduct|on
ca. 30 °C

Scheme 23. Industrial ozonolysis in microreactors.

4.3-4. H,0, HOX

The redox potential of hydrogen peroxide for the half-
reaction H,O,/H,O is approximately 1.8 V and, thus, one
would expect H,0, to be a quite powerful oxidant.’”
However, hydrogen peroxide by itself is in fact a relatively
poor oxidizing agent. Therefore, the main industrial applica-
tion of hydrogen peroxide is as a rather mild, nonselective
radical oxidant in operations such as the bleaching of paper,
cellulose, and textiles.” The hydrogen peroxide has to be
activated for reactions more relevant for organic synthesis,
such as epoxidations or Baeyer—Villiger oxidations. This is
typically achieved by converting H,O, into peroxy acids in
a preceding step. An on-site continuous-flow microreactor
process for the production of peracetic acid from acetic acid,
hydrogen peroxide, and sulfuric acid as catalyst was first
demonstrated in 2009.”! The production capacity of the
microreactor with an internal volume of less than 10 mL was
10 kg peracetic acid per hour." !

Alternatively, strategies to generate the peroxy acids
in situ from carboxylic acids and hydrogen peroxide have
been developed and were employed for the two-phase liquid—
liquid continuous-flow Prilezhaev epoxidation/hydrolysis of
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50 °C, 1 min OCHO OCHO Noyori’s procedure forms a water-
2) HCOOH + K20, U O’ NaOH. 70 °C OH  soluble peroxo complex, which dis-
J "OH o “OCHO ——— O’ solves in aqueous H,0,. The solu-
O "OH  bility of cyclohexene in water, on the
"OH other hand, is exceedingly small and
the oxidation of cyclohexene, there-
b) j\ 70°C 31s fore, necessitates an interphase mass
tBu 9 cl @m 'Bu. O~ 'Bu transfer befo;e thed.realctants come
nto contact. Accordingly, an ammo-

1 Nl 0 g ! gly
Bu. _OK nium hydrogen sulfate phase-trans-
\ o Interface fer catalyst (PTC) is usually added
D'm's'on Chan"el ki to the reaction mixture to achieve
c) 2 7 \ sufficient contact between the
éﬁR Er(‘ *; ) /’.z. (( 5 hydrophf)pic substrate and the
n , 81s 7 hydrophilic reagent and cata-

[100,101] ~

Sc[{\é(-%gﬁ)gll;g)zlg m— Clrculatlon / lyst. A PTC free pr.ocedure
Aqueous Phase Organic Phase was performed in continuously

H,0, (63- 99%

Scheme 24. Oxidations with XO,H under liquid-liquid segmented-flow conditions. Image reproduced

from Ref. [98] with permission. Copyright 2011, Elsevier.

cyclohexene to trans-1,2-cyclohexanediol (Scheme 24a).””
Full conversion for the epoxidation step was obtained after
a residence time of 1 min at 50°C, and cyclohexanediol was
isolated in 86 % yield after hydrolysis."”)

Biphasic reactions strongly benefit from the high mixing
capabilities and high surface-area-to-volume ratios of small-
diameter microreactors. The two-phase synthesis of fert-butyl
peroxypivalate (65) from aqueous fert-butyl hydroperoxide
(TBHP) and KOH as well as neat pivaloyl chloride (64) under
flow conditions was studied by Tllg et al. (Scheme 24b).* In
the segmented flow regime, the conversion and yield
increased from 16% to 47 % with increasing flow rate at
a constant residence time of 42s (10°C). This can be
explained by an increase of internal circulations inside the
immiscible slugs at larger flow rates and a correspondingly
enhanced mass transfer between the liquid phases. By
increasing the reaction temperature to 70°C, it was possible
to decrease the process time to 31s and the product was
obtained in a maximum yield of 67 % (Scheme 24b).*!

Similarly, a scandium-catalyzed biphasic Baeyer—Villiger
oxidation in 30% aqueous hydrogen peroxide and trifluor-
otoluene as solvent could be completed after reaction times of
only a few seconds at room temperature in a microreactor
with a channel cross-section of about 30 um (Scheme 24 c).”!
Several simple ketones, including 2-methylcyclopentanone
and -hexanone, were transformed into the corresponding
lactones with high regioselectivity and without appreciable
hydrolysis."”!

In a series of seminal publications, Sato and Noyori have
described a variety of oxidative transformations with hydro-
gen peroxide as the oxidant by using Na,WO,2H,O as
a catalyst.!'””) Most notably, a solvent-free direct oxidation of
cyclohexene to adipic acid was reported by Sato, Aoki, and
Noyori in 1998.1'"1 Adipic acid is the basic building block for
arange of products and about 3 million tons of adipic acid are
produced annually worldwide. The tungstate catalyst used in

Angew. Chem. Int. Ed. 2015, 54, 6688 — 6728

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

stirred tank reactors on a pilot
scale with tungstic acid (H,WO,) as
the catalyst and H,SO, and H;PO, as
promoters.'” However, the oxida-
tion required a reaction time of 10 h
at a reaction temperature of 90°C
and, thus, rather large reactors would be necessary to achieve
industrially relevant productivities. A high-temperature con-
tinuous-flow procedure for the synthesis of adipic acid, on the
other hand, gave complete oxidation of cyclohexene to adipic
acid after 20 min residence time at a reaction temperature of
140°C with only 1 mol % H,WO,."™ The neat cyclohexene
and a solution of tungstic acid in 25% aqueous H,O, were
pumped as two separate feeds into a T-mixer (Scheme 25).

Oi

25% H,0,
H,WO,

140 °C, 20 min

Scheme 25. Continuous-flow synthesis of adipic acid."”

COOH
COOH

(72%)

The resulting two-phase liquid-liquid segments entered
a 25 mL PFA residence tube. After a few minutes in the
residence time reactor, the mixture became completely
homogeneous as the cyclohexene is oxidized to more polar,
more water-soluble products. The mixture passed through the
residence tube and left the reactor through a back-pressure
regulator, which was held at 80°C. After the processed
mixture left the back-pressure regulator, the adipic acid
immediately precipitated and the pure acid was isolated by
filtration and washing with cold 1 N HCIL. The reaction was run
for 1h to provide 12 g (84 mmol; 72%) of pure, crystalline
adipic acid after a simple filtration step.'®® An analogous
continuous-flow synthesis of adipic acid by the oxidation of
neat cyclohexene with aqueous hydrogen peroxide was
described by Hessel and co-workers.'™ The process used
Na,WO,2H,0 as a catalyst and [CH;(n-CgH;,);NJHSO, as
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a phase-transfer catalyst. Improved mixing was achieved by
using a packed-bed reactor containing glass spheres.!'*

A liquid-liquid two-phase continuous-flow oxidation
utilizing a 12.6 % aqueous solution of sodium hypochlorite
as a stoichiometric oxidant, ethyl acetate as organic solvent,
and tetrabutylammonium bromide as catalyst was described
by the Jamison group (Scheme 26).1%! The process was

0]

M+ MeOH t, 5-20 min
R H
X
R”™ "OMe
NaOCI (12.6%) (up to 99%)

Scheme 26. Two-phase continuous-flow oxidation with sodium hypo-
chlorite.

capable of oxidizing secondary alcohols to ketones in good
selectivities after residence times of 20 to 30 min at room
temperature. Primary alcohols and aldehydes were generally
directly oxidized to methyl esters in the presence of 10 equiv-
alents of MeOH. Benzylic alcohols possessing strong and
weak electron-donating groups, however, could be selectively
oxidized to aldehydes in good yields after residence times of 5
to 15 min.['*!

Reddy and co-workers developed a homogeneous dehy-
drogenative cross-coupling reaction using tert-butyl hydro-
peroxide (TBHP) as the oxidant (Scheme 27).1%! The proce-
dure is capable of coupling 2-carbonyl-substituted phenols 66

OH O
R
66 o
R1/OVR2 — 130 °C, 20 min Rz)\o o)
CU(OAC)Z @)
TBHP —— 67 (36-84%)

Scheme 27. Cu(OAc),-catalyzed dehydrogenative cross-coupling of 2-
carbonyl-substituted phenols with ethers.

as well as (-ketoesters with simple ethers to generate acetal
products 67. The reaction was carried out with Cu(OAc), as
the catalyst in the respective ether as solvent and required
approximately 3 h heating under reflux to achieve good
yields. An obvious safety issue results from the combination
of a peroxide with ethers at high temperatures. Therefore,
a translation of the synthesis to a continuous-flow format was
attempted.'"" A solution of the copper catalyst and the 2-
hydroxyacetophenone substrate 66 in ether as solvent and
commercially available TBHP in decane were passed through
a glass static mixer and subsequently heated in a coil reactor
at 130°C. With a residence time of 20 min, conversion and
yields similar to those under microwave batch conditions
were obtained (Scheme 27).[1%!
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4.3.5. Metal Oxides

A potassium permanganate mediated Nef oxidation of
nitroalkanes to their carbonyl derivatives in a tubular flow
reactor was performed by the Ley group (Scheme 28a).'"")
Even though stoichiometric quantities of manganese dioxide

a) KMnO,

in H,0

rt, 5-8 min

MeOWO

;

MeO (6]
\ﬂ/\/sg\NOZ ultrasound 69 (87%)
bath
+ KOH

b OH

) R1/\/R2 3 R2

R
+ NMO OH

poly(dimethylsiloxane) (PDMS)

8

0sO4 0sO, OsO, OsO; O0sO,

|
|
|

0sO; 0sO, 0sO; 0sO, 0sO,

L R IR B

Scheme 28. Oxidations with metal oxides.

precipitated during the reaction, the blockage of the reactor
was avoided by submerging the T-mixer and the beginning of
the subsequent reactor tubing in an ultrasound bath. The
heterogeneous reaction mixture was then pumped through
the remaining coil reactor and exited the flow system as a fine
suspension. By using 0.8 equivalents of KMnO,, various
nitroalkanes were converted into aldehydes after residence
times of 5 to 8 min at room temperature. Two equivalents of
the permanganate resulted in the aldehydes being directly
oxidized to the carboxylic acids.!"”!

Kim and co-workers immobilized OsO, in a PDMS
microchannel reactor (Scheme 28b).'%! The microreactor
was coated with polyvinylsilazane to increase its chemical
resistance and to allow the covalent attachment of poly(4-
vinylpyridine)-NCO to the channel wall through urethane
bridges. The tertiary nitrogen atoms in the para position of the
repeating pyridine unit could be used for the immobilization
of the OsO,. The thus-prepared microreactor was then used
for dihydroxylation reactions with N-methylmorpholine N-
oxide as the stoichiometric oxidizing agent. A residence time
of 10 min in the microreactor with an internal volume of
about 40 pL was enough to achieve full conversions at room
temperature, thereby resulting in a productivity of around
1.0 mmolh™' (Scheme 28b). The reactor was operated con-
tinuously for 10h without degradation of the catalytic
performance. Similarly, cleavage of carbon-carbon double
bonds with NalO, as a stoichiometric oxidant could be
completed within reaction times of about 7 min at room
temperature.'*!
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4.4. Halogenation Reactions

Halogenation reactions are a ubiquitous class of trans-
formations in synthetic organic chemistry. The introduction of
chloro, bromo, and iodo atoms into organic molecules is often
required to generate reactive intermediates during the
preparation of fine chemicals. Furthermore, the introduction
of fluorine in organic compounds is becoming increasingly
important in the production of agrochemicals and pharma-
ceuticals, as the resulting compounds typically exhibit
enhanced biological properties such as increased lipophilicity,
bioavailability, and metabolic stability. The most inexpensive
and atom-economical halogenation procedure involves ele-
mental diatomic halogens (X,) or the corresponding hydro-
gen halides (HX) as reagents. Unfortunately, these reagents
are difficult to handle, corrosive, and highly toxic substances.
The most impressive example is elemental fluorine (F,),
a highly poisonous, colorless gas. Its extreme reactivity makes
it especially difficult to handle and to store. As it even reacts
with silicon and quartz, specially designed metal alloys are
required as containers to allow the storage of diluted mixtures
of fluorine in N,.

Microreactor technology has been shown to be a useful
tool for halogenation reactions. Even fluorination reactions
with elemental F, can be performed in a safe and controllable
manner in microreactors, as demonstrated by the extensive
contributions from the research groups of Sanford, Chambers,
and others."® ' In the pioneering work of Chambers and
Spink, a microreactor fabricated from a block of nickel (or
copper) was described which was specifically designed to
perform fluorination reactions with elemental fluorine.!'”
The reactor showed excellent performance for the fluorina-
tion of B-dicarbonyl compounds.'™! Such fluorinations in
macrobatch systems typically afford only very low conver-
sions.""* In a more recent study the same reactor was applied
for the two-step synthesis of 4-fluoropyrazole derivatives
(Scheme 29a).'""" After the fluorination reaction of the B-
dicarbonyl compound, an organic hydrazine was introduced
into the system through a T-mixer to generate the desired
fluorinated pyrazoles in good yields."'*! The in situ generation

nickel or copper

a o o block
R'IJI\/LLRZ
o J R?
5°C
F
0,
Fz/NZUOA)Rs_NHNH2 (69-80%)
b) nickel or copper HOF-MeCN
block o R3
1
Fo/Ny (10%) C] R R*
50C R?
MeCN/H,0 ——
R3
R1\|/\R4
RZ

Scheme 29. Reactions with elemental fluorine.
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of the highly effective oxidizing agent HOF-MeCN from
fluorine gas and wet acetonitrile was performed in an
analogous microreactor.”” A spontaneous reaction of
HOF-MeCN with alkenes at room temperature gave the
corresponding epoxides in excellent yields (Scheme 29b).[1%!

Alternative easier-to-handle fluorinating agents such as
Selectfluor and diethylaminosulfur trifluoride (DAST) have
also been utilized for fluorination reactions in flow.'" DAST
is a volatile, corrosive compound which reacts violently with
water and decomposes to form explosive compounds upon
heating. An interesting application of DAST was provided by
Bayer Schering Pharma during the geminal difluorination of
the 17-keto steroid 70 (Scheme 30).['"”! The semibatch process

&

90-100 °C
/\N/\
60-120 min
F- S F 71 (5-10 kg/day)
base
(quench)

Scheme 30. Fluorinations with DAST.

resulted in a rather slow reaction at 90°C with simultaneous
decomposition of DAST. In contrast, by using a 500 mL tube
reactor, a flow process could be performed safely with
a productivity of 5-10 kg per day of the desired difluoro-
derivative 71.117!

Likewise, Cl, gas and Br, have been employed for the
direct chlorination and bromination of organic compounds
using microreactors.''*1" Typically, a solution of the sub-
strate in a suitable solvent and elemental halogen are fed into
the reactor as separate feeds using a suitable mixer. A similar
experimental setup was used in a continuous-flow procedure
for the photobromination of benzylic compounds using NBS
as the bromine source.!"”! The tubular reactor was made from
light-transparent FEP tubing wrapped around a household
compact fluorescent lamp. This setup was suitable for the
selective benzylic monobromination of a broad range of
substrates within residence times of 13 to 50 min at temper-
atures of 0 to 60°C."*") Casar and co-workers used a similar
tubular photoreactor for their preparation of a 5-(bromome-
thyl)pyrimidine precursor of Rosuvastatin, a drug mainly
used for the treatment of dyslipidemia (Scheme 31).*!! The
photoreactor was built using a FEP tubing with an inner
diameter of 0.8 mm and a 150 W medium-pressure Hg lamp.
After a residence time of 5 min in the photoreactor, 98 %
conversion was obtained and 86 % of the desired product 73
was isolated after recrystallization. In contrast, 13 h reaction
time was required in the batch mode on a 200 mmol scale with
the same 150 W mercury lamp. The productivity of the 18 mL
photoreactor was 58.3 mmol product per hour."?!

An example of mono-iodination of aromatic compounds
in flow was presented by the group of Yoshida.'”” Electro-
philic I* was generated electrochemically from the anodic
oxidation of I, in MeCN. The resulting active (MeCN),I*
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Scheme 31. Light-induced benzylic brominations in continuous flow.

species reacted with dimethoxybenzenes to give the corre-
sponding iodinated benzenes.['*”)

4.5. Hazardous Reactions with Nitrogen Compounds
4.5.1. Nitration Reactions

Among the most frequent and most destructive accidents
in the chemical industry have been those involving nitration
reactions."™ Nitric acid, the most common nitration agent, is
a highly corrosive substance as well as a powerful oxidant.
Additionally, nitration mixtures and often also the nitration
products are sensitive and liable to violent decomposition.
Since nitration reactions are typically performed at reaction
temperatures close to the runaway temperature, the strong
exothermicity of these reactions is particularly problem-
atic.'®! The better control of the reaction conditions in
microreactors improves safety and suppresses side reac-
tions."*1%l Tt is not surprising, therefore, that continuous-
flow nitrations have found quite considerable usage, and
several continuous nitration plants on a commercial scale are
currently in operation."*'! Notably, in a collaboration of
IMM and Xi'an Huian Chemical Industrial Group, a micro-
reactor system for the continuous production of around
10kgh™! of nitroglycerin was developed. Since the nitro-
glycerin is intended exclusively for medicinal use, stringent
quality requirements have to be met and it is produced under
GMP conditions."™ A recent comprehensive review covers
the current state of continuous-flow nitrations.">! An impres-
sive example of a continuous-flow nitration on a production
scale is the formation of a nitrate-building block in the
synthesis of Naproxcinod, an anti-inflammatory drug, by
DSM (Scheme 32).[*7! The reaction starts with the mixing of
the nitric acid with the substrate/solvent emulsion in a Corning
microreactor system. The microreactor device provides the
heat transfer and mixing capability required for the nitration
step. At the end of the residence unit, the reaction is diluted
by adding water and the mixture is then partially neutralized
by a stepwise addition of caustic soda to stabilize the mixture
for further downstream processing (Scheme 32). Intensive
mixing of the immiscible organic and the water phase for
proper neutralization and efficient removal of the heat from
the dilution and neutralization are also crucial at this stage.”’]
The reactor had an internal volume below 150 mL and
a capacity to process about 13 kgh™! in this specific nitration
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process. The individual reactor
modules were then “numbered-
up” to a production unit with
a total capacity of approximately
100 kgh™! (Scheme 32).01%7!

A batch procedure for the
nitration of 2-isopropoxybenzal-
dehyde (74) with red fuming
HNO; was developed by Olszew-
ski and co-workers (Scheme
33a).%1 An attempt to scale the
reaction to one kilogram resulted
in a drastic drop in reaction selec-

Rosuvastatin

HO'(AZ?OH

o,NoFhon
HNO,

H,O J

NaOH

T
o,NOFho N

Naproxcinod

Scheme 32. Production bank with four identical reactors for continuous
nitration and reaction scheme. Image reproduced from Ref. [127b] with
permission. Copyright 2009, American Chemical Society.

tivity and yield (30 % ), because of reduced mixing efficiency
and cooling performance on a larger scale.! An in-house-
built continuous-flow silicon—glass microreactor with inte-
grated micromixer, 75 pL reaction channel, cooling chamber,
and five miniature temperature sensors gave the product after
residence times of only 5.4 s in 67 % product yield. In total,
26 g of the product was produced in 2 h.['?*!

Along the same lines, a 70 mL CYTOS stainless-steel
microreaction system was employed for the nitration of
pyrazole-5-carboxylic acid 76 to generate 77, a key inter-
mediate in the synthesis of Sildenafil (Scheme 33b).**! The
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Scheme 33. Continuous-flow nitrations in microreactors.

process was operated at 90 °C with a residence time of 30 min,
thereby resulting in a throughput of 5.5 gh1.1%]

Two nitration steps are necessary for the synthesis of
dinitroherbicide 79 (Scheme 34a). In the conventional two-
step approach, aniline 78 is nitrated with diluted nitric acid,
and after isolation, the mononitro intermediate is treated with

H
N
a) /Q/ \(\ NO |,
N N
78 & ﬁ
NO, NO,
HNO, 60-80 °C,<2's

79a
OH
O,N NO,
b) OH
HO t OH
80 in H,SO,

NH4NO; (3.0 equiv)
in H,SO4 Us Hy

Scheme 34. Multistep nitrations under continuous flow.

additional concentrated nitric acid. Chen and co-workers
demonstrated that the concentration of the nitration mixture
can be safely increased using microreactor technology.!*"! For
the flow process in a 0.2 mL multichannel microreactor, both
nitrations were conducted with 65 % nitric acid at temper-
atures of 60°C to 80°C and residence times of less than two
seconds without isolation of the intermediate.™” A contin-
uous run for 1 h provided 0.54 kg of the products 79a and 79b
in 97 % overall yield. This corresponds to a daily output of
approximately 13 kg for a single microreactor with a total
internal volume of approximately 200 pL.""!

Three successive nitrations are even required for the
synthesis of trinitrophloroglucinol (TNPG). A subsequent
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hydrogenation gives triaminophloroglucinol (81), an inter-
mediate in the synthesis of certain powerful cation chelating
agents. In this case, not only is the first nitration of the
strongly electron-rich phloroglucinol (80) extraordinary fast
and exothermic, but, furthermore, TNPG is a highly unstable
and explosive compound. Thus, a telescoped flow process for
nitration and subsequent hydrogenation was devised (Scheme
34b).13 A solution of the phloroglucinol in sulfuric acid and
a solution of NH,NOj in sulfuric acid were mixed in a T-
shaped static mixer and the combined solution passed through
a first residence capillary of 1 mm inner diameter at room
temperature. The first residence capillary dissipates the heat
generated in the initial nitration and prevents a thermal
runaway. The residence time for the slower subsequent
nitrations was provided by a second residence tube at 40°C
(1.6 mm inner diameter). The TNPG thus formed is not
soluble in sulfuric acid and precipitates from the reaction
mixture. Hence, the second residence tube was immersed into
a thermostated ultrasound bath to prevent clogging. The
processed stream was then combined with a stream of water
to quench the reaction and to redissolve the precipitated
TNPG. The homogeneous solution was finally directly hydro-
genated with H, over PtO, in a fixed-bed high-pressure
hydrogenator to give 81 in an overall yield of 82 %.["*"

4.5.2. Diazo Compounds
NO; NO, Diazomethane, CH,N,, is a volatile, poi-
sonous, and carcinogenic substance (the boil-
ing point of CH,N, is —23°C). The high
reactivity and the extraordinary sensitivity to
explosive decomposition makes the handling
of CH,N, challenging and has severely lim-
ited its widespread use in laboratories and
industry. However, diazomethane is an
exceptionally versatile and potent C1 build-
ing block in organic synthesis. Reactions with

79b

OH diazomethane are usually very fast and clean,
NH, often producing nitrogen as the sole by-

OH product. CH,N, is a particularly reactive

NH, methylation agent for a variety of nucleo-
81 (82%) philes and, additionally, it provides an ele-

gant and short way to convert carboxylic

acids and ketones into their respective higher

homologues. Interest of the chemical indus-

try in diazomethane chemistry has increased

markedly in recent years, particularly because of its use in the

synthesis of modern HIV protease inhibitors (Figure 3). Many

of the new-generation viral protease inhibitors approved for

HIV treatment contain a chiral amino alcohol structure in the

central core (Figure 3). Even though a number of industrial

syntheses of this structure have been developed, the synthesis

from protected amino acids and diazomethane in a modified

Arndt-FEistert reaction gives the most direct and cost-

effective route. This approach is attractive since the reaction

with diazomethane does not compromise the chiral integrity
of the amino acid.

The generation and use of diazo and diazonium com-

pounds in microreactors have been explored by several
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Figure 3. HIV protease inhibitors derived from a-haloketones.

groups and was recently reviewed.'””) A simple flow process
for the production and in situ conversion of diazomethane
comprises a feed containing a suitable N-nitrosoamine and
a second feed of a potassium hydroxide solution. The two
feeds are combined in a microreactor to produce the diazo-
methane. A third feed with the substrate is subsequently
mixed into the reactor to convert the substrate into the
diazomethane follow-up product. This approach was success-
fully wused for the methylation of benzoic acids
(Scheme 35).%%1 However, an excess of the acid is required
to neutralize the base used to generate the diazomethane.

Diazald H,C=N=N

KOH PhCO,Me

PhCO,H

Scheme 35. In situ generation and consumption of diazomethane.

An industrial continuous-flow process for the generation
of organic solutions of diazomethane was disclosed by
Aerojet in 1998.1° A stream of an N-methyl-N-nitrosoamine
in an organic solvent is combined with a stream of an aqueous
inorganic base. The aqueous and organic phases are permitted
to settle, and the phases are separated. The diazomethane is
continuously recovered as an organic solution and can be fed
directly to a batch or a further continuous-flow reactor for
a subsequent reaction. The generation of the diazomethane
can be further coupled with an upstream continuous-flow
process for the preparation of the nitroso compound from
harmless N-methyl compounds and aqueous sodium ni-
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trite.'*%1 A related process based on a continuous mem-
brane-separator was reported by DSM.!"*! The organic phase
containing the diazomethane passes through a hydrophobic
membrane, whereas the aqueous phase of the reaction
mixture, including waste salts, is retained by the membrane
and is directed into a quench solution.*

The activated acids required for Arndt-Eistert or related
reactions are extremely water- and base-sensitive. For these
reactions it is, therefore, essential that the diazomethane is
adequately purified. Proctor and Warr from Phoenix Chem-
icals described a continuous-flow process capable of produc-
ing up to 60 metric tons per year of anhydrous diazome-
thane.'*138] CH,N, was generated from a feed of N-methyl-
N-nitroso-p-toluenesulfonamide (Diazald) in a high-boiling
solvent (DMSO) and a second feed of potassium hydroxide in
water. The CH,N, gas was continuously stripped from the
aqueous solution by a stream of nitrogen to a reaction vessel,
where it was consumed in a downstream reaction.!'*'*! The
full-scale diazomethane plant has been in operation for
several years without incident and has successfully produced
ton quantities of products."*!

Kim and co-workers used the PDMS dual-channel micro-
reactor (cf. Scheme 19) to integrate generation, separation,
and consumption of diazomethane in a continuous-flow
microsystem (60 uL residence volume).* The microreactor
consisted of two parallel channels separated by a gas-perme-
able, 45 um thick PDMS membrane. Diazomethane was
produced from Diazald and KOH in the lower channel and
gaseous CH,N, diffused through the membrane to the upper
channel where it reacted with the substrate carried within.
Diffusion of diazomethane into the walls of the dual-channel
reactor was avoided by coating the channels with a PVSZ
polymer. Various reactions, including the synthesis of a diazo-
ketone from the respective benzoyl chloride, were performed
in the upper channel. The reactor provided the desired
products in excellent yields with throughputs of around
1 mmol per day (Scheme 36).1"%"

o
_OMe
RJ\OMe Ph
(o]

o
_OH
RJ\OH Ph

0]
RN
J

-
-

Diazald

semipermeable
membrane

KOH

Scheme 36. Dual-channel microreactor with membrane for generation,
separation, and reactions of diazomethane.

By incorporating the synthesis, separation, and consump-
tion into a single device, the transport or diffusion paths and,
hence, decomposition of the unstable CH,N, reagent are
reduced. Furthermore, the on-demand generation-purifica-
tion-consumption of diazomethane eliminates human expo-
sure and the need to store this hazardous compound. An
analogous approach using a commercial tube-in-tube reactor
allowed the laboratory-scale generation of anhydrous diazo-
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methane in mmol per hour quantities.*! The inner tube of
the device was made of hydrophobic, gas-permeable Teflon
AF-2400 with an internal volume of 2 mL and was enclosed
within a thick-walled impermeable outer tube (PTFE; 3.2 mm
outer diameter). Diazomethane was generated in the inner
tube from a methanolic solution of Diazald and a solution of
KOH, while the substrate solution was carried and reacted in
the outer chamber. Two equivalents of Diazald in the inner
tube sufficed to obtain quantitative conversion for esterifica-
tions, cyclopropanations, and [243] cycloadditions, with
throughputs of around 1.8 mmolh™!. The set-up was later
extended to achieve the direct transformation of protected a-
amino acids to their corresponding a-chloro ketones in a fully
continuous, multistep reaction sequence (Scheme 37a).411 A

a) aq. waste

CbzHN COZH

67m|n

tube -in-tube
reactor

\Ph 82

BuzN

CICO,Et

KOH HCI

(CH,N, generation)
Diazald

b) aq. waste
CbzHN._COH

;U...

AcOH quench
CH2N2 N,

Ang
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A modified system allowed the four-step synthesis of {3-
amino acids from the respective protected a-amino acids
(Scheme 37b).1'*2l A Wolff rearrangement of the diazoketones
with accompanying interception of the intermediate ketenes
with water provided 3-amino acids from a-amino acids. The
Wolff rearrangement was performed either photochemically
in a photoreactor or, alternatively, catalyzed by Ag,O packed
into a cartridge reactor.'” An additional tubing of gas-
permeable Teflon AF-2400 was attached between the second
residence coil and the photoreactor to remove any excess
diazomethane and, furthermore, the nitrogen generated
during diazoketone formation (Scheme 37b). The permeable
tubing was immersed in an alcoholic solution of acetic acid to
immediately quench any diazomethane diffused through it.
The  continuous-flow
setup was used to pre-
pare a variety of [-
amino acids from the
corresponding N-pro-
tected a-amino acids
in around 50 % overall
yields after column
chromatography
(Scheme 37b).1

As a less-explosive
replacement for diazo-
methane,  (trimethyl-
silyl)diazomethane

0°C

Bu;N

CICO,Et 6 7 min 13. 7 min

rt
KOH
(CH,N, generation)

Diazald

Scheme 37. Generation of anhydrous CH,N, and its consumption by using a tube-in-tube reactor.

residence loop and a T-mixer were attached upstream to the
outer tube of the tube-in-tube reactor and a further residence
loop and a T-piece were connected downstream to the reactor
(Scheme 37a). The activation agent and the amino acid 82
were pumped into the system with two syringe pumps. The
mixed anhydride was formed in the first residence loop at
room temperature and passed through the outer chamber of
the tube-in-tube reactor. In the tube-in-tube reactor the
anhydride was supplied with a continuous stream of anhy-
drous diazomethane from the inner tube. Formation of the
diazoketone was completed in a second residence loop before
the mixture was finally quenched with an excess of an ethereal
solution of HCI at 0°C. The HCI destroys any excess CH,N,
and reacts with the diazoketone to furnish the desired a-
chloroketone 83 in a third residence loop. The pure o-
chloroketone 83 was collected and isolated by chromatog-
raphy in 87% yield after the continuous-flow three-step
reaction sequence. The system was run continuously for about
4.5h to produce 1.84 g of the enantiopure a-chloroketone
83.[]41]
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(TMSCHN,) can be
employed for -certain
applications, and its
use in continuous-flow
reactors was explored
by several research
groups.'"*1  TMSCHN,
is a commercially avail-
able, transportable
liquid but because of
its high price and its limited purity, it has not yet found
general and widespread acceptance as a safe substitute for
diazomethane.

Similarly to diazomethane, ethyl diazoacetate (EDA) is
an important synthon in organic chemistry. This compound
can be prepared by reaction of glycine ethyl ester with sodium
nitrite in water as solvent. Chemists from DSM have
produced ethyl diazoacetate in a series of Corning micro-
reactor modules, in which an acidified aqueous solution of
glycine ethyl ester hydrochloride was mixed with an aqueous
solution of sodium nitrite."** Immediately upon its formation,
the ethyl diazoacetate was extracted into an organic solvent
and the organic phase was continuously separated from the
aqueous phase.®™ Kim and co-workers extracted ethyl
diazoacetate from the aqueous reaction solution with toluene
and used a microseparator with a PTFE membrane for
separation of the organic phase.'*¥ The ethyl diazoacetate
was used for continuous downstream reactions, such as
addition to aldehydes to generate a-hydroxydiazo compounds
(Scheme 38).0144

ChzHN. -~

) : 2

R R
34-

10 min, rt 54%

H,0
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Scheme 38. Cascade generation, separation, and reaction of ethyl
diazoacetate with various aldehydes.

4.5.3. Diazonium Compounds

Challenges associated with diazonium salts predomi-
nantly arise from the thermal instability of diazonium
intermediates and the evolution of large volumes of nitrogen
gas during many of its transformations (e.g. Sandmeyer or
related reactions). The use of diazonium salts in industry is
thus generally subject to stringent safety procedures. The
formation of diazonium salts and their subsequent in situ
transformation in microreactors was first reported in 2002 by
de Mello and co-workers."™! A feed of aniline and HCI was
combined with a feed of sodium nitrite in a nanochip with
a total internal volume of 2.55 pL.. The diazonium chloride
was formed in a first integrated residence unit and immedi-
ately reacted with a solution of B-naphthol and sodium
hydroxide in a second residence unit to generate the azo dye
Sudan I (Scheme 39a).">14I In a subsequent study, the group
used isoamyl nitrite to synthesize aryl chlorides from anilines
in a modified Sandmeyer reaction under non-aqueous con-
ditions."”! On-line Raman spectroscopy allowed the disap-
pearance of the aniline to be monitored and dynamic
optimization of the reaction conditions."*”) Similar basic
reactor designs were used by other research groups for
reactions involving aryldiazonium salts as intermediates,
including Sandmeyer-type reactions'®! Meerwein aryla-
tion," and Heck reactions."™"! A particularly interesting
example is the continuous-flow synthesis of arylsulfides by
a photocatalytic Stadler—Ziegler reaction.™ A solution of
the aniline, a thiol, and [Ru(bpy);CL,]-6 H,O as photocatalyst
was combined with a solution of tert-butylnitrite. The mixture
subsequently passed through a PFA capillary microreactor
irradiated with blue LED light (Scheme 39b). A residence
time of only 15 s was required in the 460 pL. photoreactor to
obtain full conversions, and up to 14 mmolh™" product could
be isolated in around 80 % yield.™!!

Chemists from Pfizer reported a four-step synthesis of an
N-arylpyrazole.'"”l N-aryl- or -alkylpyrazole moieties are
present in multiple blockbuster drugs including Celecoxib,
Rimonabant, Sildenafil, and the recently approved lung
cancer drug Crizotinib. Pfizer’s synthesis started with diazo-
tization of aniline 84 by combining an aniline/BF; THF
mixture with fert-butylnitrite (Scheme 39¢). The formation
of the diazonium fluoroborate was finished after 8 min
residence time in a 400 mL PTFE plug-flow coil reactor. To
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Scheme 39. In situ diazotization and reactions in continuous flow.

remove any impurities and any excess fert-butylnitrite from
the diazotization step, the effluent reaction mixture was
mixed with a water stream and the biphasic mixture entered
a glass standpipe decanter for phase separation. The organic
layer was continuously removed as a waste stream, while the
aqueous phase was directed into a batch reaction vessel
containing SnCl,. Reduction with tin(II) chloride provided
the corresponding hydrazine, which in turn reacted with
ketoenamine 85 in a subsequent one-pot reaction to give the
desired N-arylpyrazole 86.°% After approximately 3 min
residence time in the PTFE reaction coil, the diazonium salt
started to crystallize from the mixture. Nevertheless, the
authors reported continuous operation for about 8 h without
pressure buildup as a result of solid agglomeration, and
kilogram quantities of the desired material were synthe-
sized.['*?!

Ley and co-workers described an efficient stereoselective
synthesis of o-hydroxy acids 88 from the corresponding
naturally occurring a-amino acids (Scheme 40).%3 A solution
of the amino acid 87 in aqueous sulfuric acid and a solution of
aqueous sodium nitrite were introduced into the flow reactor.
At a reaction temperature of 60°C, the diazotization was
completed after 10 to 60 min before the hydroxy acid was
isolated by multiple automated continuous extractions. The
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Scheme 40. Flow diazotization with multiple extractions.

pure (R)-hydroxy acids were obtained in yields of around
90 % upon drying and concentration of the organic phase. The
reaction with valine as the substrate was conducted on a 20 g
scale over a 24 h period without any manual intervention.['!
The R enantiomer of hydroxyvaline derived from this process
was used as the starting material for the total synthesis of (—)-
enniatin B by Ley and co-workers.'*¥

A multistep continuous-flow synthesis of 1-substituted
benzotriazoles 89 starting from chloronitrobenzenes and
amines was developed by Chen and Buchwald.'™ The
sequence started with the formation of a C—N bond between
chloronitrobenzenes and amines (Scheme 41). Depending on

Z ¢l

Approach A

160-180 °C

iPryEtN, DMA
2
RS 30 min
n-hexanol
CH,Cl,
R @Noz Approach B
T R2-NH
4 cl 2
EtOH/dioxane 80 °C
ultrasound
aq K3PO4
ss spheres
[Pd]
EtOH/dioxane H,0
CH,Cl,

Scheme 41. Multistep synthesis of 1-substituted benzotriazoles.

the electronic properties of the chloronitrobenzene, the C—N
bond formation was achieved either by nucleophilic aromatic
substitution in a high-temperature coil reactor or by a Pd-
catalyzed C—N cross-coupling reaction of a biphasic solution
of substrate, base, and palladium catalyst in a bed reactor
packed with stainless-steel spheres at 80°C. In both cases, the
solution was directly mixed with H, gas and the resulting gas—
liquid segmented flow passed through a Pd/C packed-bed
reactor (Scheme 41). The reaction stream was subsequently
combined with aqueous HCIl and aqueous NaNO, to accom-
plish diazotization of the amine and cyclization to the
substituted benzotriazole. Purification of the crude mixture
by column chromatography afforded the desired products in
51-93 % yield.['”]

Angew. Chem. Int. Ed. 2015, 54, 6688 — 6728

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang

Internatic

4.5.4. Hydrazoic Acid, Azides

Azides are one of the most reactive organic groups
energetically, and their formation commonly requires
severely toxic and explosive reagents. In particular, hydrazoic
acid itself is a very volatile (b.p.37°C), explosive, and
poisonous compound (comparable to HCN). Thus, HN; has
relatively little relevance as a reagent in today’s laboratories,
and utmost care has to be exercized whenever HNj is
expected to be formed during a reaction. Not surprisingly,
numerous continuous-flow processes involving azides have
been described in the past years. Unlike a traditional batch
reactor, a flow reactor can be run essentially liquid-filled, thus
removing any potentially explosive vapor-phase headspace.
Combined with the low internal volumes of flow reactors, this
allows reactions with azides/HNj; to be performed relatively
safely and at temperatures which would be unfeasible in
conventional batch vessels.

Chemists at Eli Lilly required large amounts of azide 91
for the synthesis of the triazoles 92 and 93, compounds with
potent NK1 antagonist activity (Scheme 422).**! The initial
batch reactions were conducted with benzyl chloride 90 and
NaN; in a two-phase DMSO/H,O mixture. The reaction was

completed within three

hours at 40°C under opti-

mized conditions in a highly

agitated batch reactor.

However, mass-transfer lim-

itations became apparent

when the reaction was per-

formed on a 250 mL scale in

a standard mechanically

XN stirred glass reactor. The

i reaction conditions were

R2 then modified to allow

89 (51-93%)  a continuous-flow synthesis

of the desired azide. The

reaction could be conducted

in a 20mL stainless-steel

tube reactor with an inner

channel diameter of approx-

imately 0.6 mm at a reaction

temperature of 90°C,

thereby reducing the reac-

tion time to 20 min. 25 g of

benzyl chloride 90 were converted into the azide within an
operation time of 3 h (94 % yield).l™"

The formation of benzyl azide from benzylamine using
imidazole-1-sulfonylazide hydrochloride as the diazotransfer
reagent was reported by Rutjes and co-workers.™” Initial
optimization reactions were performed in a 92 pL glass
microreactor with two integrated mixers and a residence
time unit (Scheme 42b). A solution of benzylamine, diiso-
propylethylamine (DIPEA), and ZnCl, was combined with
a second solution of imidazole-1-sulfonylazide hydrochloride.
After the mixture had passed through the residence unit it
was quenched in a second mixer with a solution of HCI in
ethyl acetate. Sixty multivariate optimization experiments
were conducted in the microreactor, consuming only 400 mg
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R
R3

aq NaNO,
MTBE

aq NaN;

Scheme 42. Continuous-flow synthesis of azides.

of benzylamine. The optimized conditions were then used to
process 1.4g of benzylamine in a 20 mL stainless-steel
reactor.”)

Researchers at Aldrich applied a continuous process for
the synthesis of aromatic azides starting from the correspond-
ing anilines (Scheme 42¢).'*®® The diazonium salt was first
generated in a glass microreactor from an aqueous feed of the
aniline hydrochloride and sodium nitrite. An organic solvent

PS-Ts-TEMPO

NK1-II antagonists

C. O. Kappe et al.

and aqueous sodium azide
were then fed in to convert
the diazonium salt into the
N azide.  The  processed
stream was finally collected
and the organic phase was
separated. The organic
phase contained the azides
F3C in >95% purity in concen-
trations of around 0.5Mm.

CF3 Typically, the microreactor

N was run for 5-6 h to provide
I A 100 to 200 g of the azide.['®
(\j 93 Azides are the key

o intermediates for the syn-
thesis of triazoles by the
copper-catalyzed azide-
alkyne cycloaddition reac-
tion (CuAAC). Several
approaches to perform
CuAAC in microreactors
have been reported, most
of them using immobilized
copper(I) sources.™ An
impressive  example of
a multistep synthesis of
1,2,3-triazole was presented
by Ley and co-workers.'®"!
They were able to synthe-
size triazoles starting from
aldehydes or alcohols and
azides by a continuous
reaction and purification
sequence. Aldehydes were
converted into the homolo-
gated alkynes with the Bestmann-Ohira reagent within
30 min residence time at 100°C in a 10 mL PFA tube reactor.
The preparation of the alkyne was then coupled with the
insitu generation of the aldehydes from the respective
alcohols and, additionally, direct subsequent conversion of
the alkynes into triazoles by addition of benzyl azide
(Scheme 43).1% The processed stream was purified in-line
in a series of scavenger cartridges (Scheme 43). The solvent

FiC

HO

N3

65%

MeCN, 60 °C N=N\
- N
XX scavengers
KOtBu 48 min (in-line purification)
in MeOH Ph 55%

Scheme 43. Multistep flow synthesis of 1,2,3-triazoles.
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was removed in vacuum and crystallization provided the
desired 1,2,3-triazole in 55% overall yield.'"")

Despite the appealing advantages of fixed-bed catalytic
reactors, such as simple catalyst separation, there is strong
evidence that the CuAAC involves a homogeneous Cu'
species in the catalytic cycle and, consequently, copper
gradually leaches from the catalyst bed.""!l The copper can
be removed from the reaction stream in-line by using
immobilized metal scavenger cartridges.**®!) This is a power-
ful purification technique, but the scavenger cartridges have
to be periodically replaced, thus interrupting the flow process.
Therefore, CuAAC with homogeneous copper catalysts are
often preferred. Hessel and co-workers extensively studied
CuAAC under high-T/p conditions.”!°?l Excellent yields for
the reaction of phenyl azide with phenylacetylene could be
obtained with only 1 mol % [Cu(phen)(PPh;),]NO; as catalyst
at 180°C after a residence time of 10 min in a PFA tube
reactor (88 % yield).'®! The reaction mixture was quenched
in-line with ethyl acetate and an aqueous EDTA solution and
the two phases were subsequently separated in a liquid-liquid
membrane separator (Scheme 44a). The EDTA extraction
reduced the copper content in the organic phase to 159 ppm
with a single extraction stage.

An interesting approach to form CuAAC was presented
by Bogdan and Sach.'®® The CuAAC was performed in
a continuous-flow mode using a copper coil as a reactor.!**164
Notably, successful cycloadditions were performed at temper-
atures of around 150°C by using DMF/H,O mixtures as the

Pz
a) Ph//
N3’ Ph 180 °C ag. waste
PhsCH
NMP
Ilqundlllquld N/NN on
separator )\/
[Cu] (1 mol%) 10 min
NMP 88%
EtOAc
aq EDTA
b)
0/\
150 °C
N3
DIPEA !
|
TTTA (10 mol%) copper oot
min
E 22-90%
)
Br
rt, 1 min
F
NaN3
i 110 °C, 6.2 min
1.3 equiv i E
NH,
i N
/J\ F N:N 0]
FZ OMe ° : copper coil
/1 5 equiv ¢°c.5mhn Rufinamide (92%)
aq NH;
6 equiv

Scheme 44. Copper-catalyzed azide—alkyne cycloaddition reactions.
TTTA=tris-((1-tert-butyl-1H-1,2,3-triazoyl) methyl)amine.
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solvent without any additional Cu source. By using this
approach, a variety of triazole-containing macrocycles com-
prised of 12- to 31-membered rings were synthesized in good
to excellent yields after 5 to 10 min residence time (22-90 %,
Scheme 44b).'% The high macrocyle-to-dimer ratio obtained
in the copper coil was attributed to a “pseudodilution” effect
arising from the large copper surface.!'*!

By using a copper coil, Jamison and co-workers accom-
plished the continuous-flow total synthesis of Rufinamide,
starting from a difluoro-substituted benzyl bromide, sodium
azide, and methyl propiolate (Scheme 44c, cf. Scheme 2 ).
Difluorobenzyl azide was prepared from the corresponding
difluorobenzyl bromide and sodium azide, while the other-
wise costly and unstable propiolamide was formed from
methyl propiolate and aqueous ammonia. Both feeds were
merged and the combined stream passed through a copper
tubing at 110°C. The overall average residence time was
11 min, and Rufinamide was afforded in 92 % overall yield.*")

Jensen and co-workers integrated the synthesis of acyl
azides, Curtius rearrangement, and subsequent quench in
a multistep continuous-flow microreactor (Scheme 45a).l'%"]
The first step, the reaction of aqueous sodium azide with
benzoyl chloride in toluene under phase-transfer conditions
to produce the organic azide, was immediately followed by
a continuous separation of the aqueous and organic mixture
in a membrane-based microseparator. The formation of the
isocyanates from the acyl azides in the second reaction step
was either performed by heating the azide to 105°C for
60 min in a standard microreactor or, alternatively, in a bed
reactor with a solid acid as catalyst. The released nitrogen was
removed in a second separator unit and the carbamate was
finally formed by mixing the generated isocyanate with an
alcohol in a third microreactor. With flow rates of 1 uL min~!
for the aqueous and organic reagents, the productivity of the
microreactor was about 80-120 mg per day (Scheme 45a).l'®"]
Even though the productivity is modest, the reactor could be
operated uninterrupted for several days to produce prepara-
tively relevant quantities.

In contrast, Brandt and Wirth synthesized carbamoyl
azides starting from aromatic aldehydes and IN; (Scheme
45b).0%1 IN; was generated inside a microreactor from
a stream of iodine monochloride (ICI) and a solution of
tetrabutylammonium azide (Bu,NNj;). IN; was formed in situ
in the microreactor, and an aldehyde was then added to the
reagent stream. The combined streams passed through
a heated capillary with an internal volume of 196 uL. The
intermediate acyl azide underwent a Curtius rearrangement
to the corresponding isocyanate and finally gave stable
carbamoyl azides by a reaction with excess Bu,NN.[*!

Similarly to triazoles, tetrazoles can be synthesized by
a Huisgen 1,3-diploar cycloaddition of azides to nitriles.
Interest in tetrazole chemistry has increased rapidly over the
past years, mainly because of the role of the tetrazole moiety
as a metabolically stable surrogate for the carboxylic acid
functionality in pharmaceutically active agents. Most notably,
the biphenyl tetrazole motif is a key structural element in
angiotensin II receptor antagonists, including Losartan, Val-
sartan, Candesartan, Irbesartan, and Olmesartan. A high-
temperature continuous-flow process for the 1,3-diploar
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a) ag. waste N>
Cl i 105 °C
liquid/liquid gas/liquid
separator separator H
- N Ouq
NaN; (aq) 60 min ©/ \([)(
_OH
R
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[e] . i 80
X
R.
N~ Ng
H
BusNN; 270 min 21-44%
_CHO
R

Scheme 45. Synthesis and rearrangement of acyl azides.

cycloaddition of hydrazoic acid to nitriles was reported in
2010.077 The volatile and explosive hydrazoic acid was
generated insitu by mixing aqueous sodium azide and
acetic acid inside a suitable mixer, and the HN; was
subsequently consumed by addition to nitriles in an ensuing
heated coil reactor (Scheme 46a).'! The post-reaction
stream was thermally quenched in a heat exchanger and
unconsumed hydrazoic acid in the
effluent product stream was immedi-
ately destroyed with aqueous NaNO,.
The cycloadditions were typically car-
ried out at temperatures of 220°C to
give complete conversions at resi-
dence times of around 10 min. How-

Solvolysis of TMSN; with MeOH provided hydrazoic acid,
and a subsequent Sy2 ring opening of the oxazolines with HNj;
furnished the desired N-(2-azidoethyl)acylamides. The
authors coupled the reaction with a direct hydrogenation of
the azides to afford the selectively monoacylated diamines. To
prevent migration of the N-acetyl group upon hydrogenation,
azide 94 was mixed with di-fert-butyl dicarbonate (Boc,0) to

H

N~y
\N

N

. a) R- -260 °
ever, when benzonitrile was used as R-CN 2222-122%2
the model substrate, the 1,3-dipolar NMP/AcOH [ l H\N N
cycloaddition could be safely per- R ) o] —~COOH
formed at a reaction temperature of NaNs \ L J J N H
° : : S (68-97%)
260°C, thereby reducing the reaction H,0 HN, NaNO, VAl

time to only 2.5 min, without compro-
mising product purity or yield. Pro-
ductivities of 18.9 gh ! of 5-phenyl-
tetrazole were attained (89% yield)
by using a 10 mL tube reactor.'’” A
similar high-T/p process for tetrazole
synthesis was described by the Jami-
son group.!'®¥ MeOH

A somewhat related strategy was
pursued for the synthesis of N-(2-
azidoethyl)acylamides from oxazo-
lines (Scheme 46b).'*I The ring open-
ing of oxazolines with an inorganic
azide is a key step in the preparation
of neuraminic acid analogues, such as
the neuraminidase inhibitors Zanami-
vir and Oseltamivir. The HN; was
produced from a feed of neat trime-
thylsilyl azide (TMSN;) and a second
feed of the substrates in MeOH.

(neat)

></N3
80020

www.angewandte.org

R1
o—
LR
N R3

(quench)

— K/' COOH
5-20 min HO
O R2R?®

TMSN;

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[ 1 AcHN
([m Y .
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HN (59-95%)
3 Zanamivir
20 °C
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NH,
Oseltamivir

Scheme 46. Continuous-flow reactions with in situ generated HN,.
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intercept the freshly formed amino group by formation of the
Boc-protected  N-(2-aminoethyl)acetylamide 95 (Sche-
me 46b).1%

A high-temperature procedure for the continuous-flow
thermolysis of azidoacrylates to yield indoles was reported by
the Seeberger group (Scheme 47).'7") The reaction was

180-220 °C
12-30 s
CO,M
B 2\vie XN
R R CO,Me
¥ N3 Z~N
H
(57-99%)
0]
N

H 96

DAAO inhibitor precursor

Scheme 47. Thermolysis of organic tetrazoles and azides.

completed after residence times as short as 12 s at 220°C in
a2 mL stainless-steel reactor. In the case of the preparation of
pyrrole 96, a precursor for a b-amino acid oxidase (DAAO)
inhibitor, the reaction was run for 21 min to produce 8.5 g of
the desired material.'™” Similarly, photolysis of aryl azides in
the presence of water to give 3H-azepinones was reported.!'”!]

4.5.5. Hydrazine

The high toxicity of hydrazine (N,H,), together with its
high heat of combustion and corrosiveness, makes it problem-
atic for use on a large scale. However, hydrazine is a readily
available, powerful bifunctional nucleophile and reducing
agent. It condenses with various bifunctional electrophiles to
generate valuable heterocycles such as indoles, pyrazoles, and
triazoles, key building blocks for the preparation of a vast
range of pharmaceuticals. Jensen and co-workers used
a 470 uL. silicon carbide (SiC) microreactor to perform
a Wolff-Kishner reduction (Scheme 48a)." SiC is an

a) 0
L 200 °C
R R? 17 R2
R R
KOH
. 76-96%
NzH4Hy0 (1.5 equiv)  ic microreactor
3-15 min
b) aq TFA —
[Pd] )
(1 mol%) rt, 3 min 60 °C
N
[ A" N Ph
Ar/CI ultrasound 5.75 min 59-91%
H2NNH; PhCHO

NaOfBu —

Scheme 48. Hydrazine as a reagent in continuous-flow reactions.
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almost completely corrosion-resistant material which, fur-
thermore, exhibits excellent heat stability and thermal con-
ductivity. The reactions were conducted at 200°C with only
1.5 equivalents of hydrazine hydrate and 3 equiv of KOH. A 3
to 15 min residence time was enough to convert the carbonyl
functionalities of several ketones into methylene groups (76—
96% yield). For the conversion of benzophenone, for
example, this amounted to a daily productivity of 15.1 g and
an excellent space-time yield of 61.9 kgL."'h™". The required
reaction time in the microreactor is about two orders of
magnitude lower than standard reaction times in conventional
batch reactors. This remarkable productivity is possible due to
the combination of the high physical and chemical stability of
the reactor material in addition to the absence of reactor
headspace in the pressurized system.!'’!

A direct palladium-catalyzed C—N cross-coupling with
aryl chlorides and hydrazine was developed in the group of
Buchwald (Scheme 48b)."*! Thus, solutions of precatalyst,
aryl chloride, hydrazine, and base were mixed consecutively,
and introduced into a first residence unit at room temper-
ature. The residence unit was immersed in an ultrasound bath
to prevent clogging as a result of NaCl precipitation during
the coupling reaction. Upon exiting the residence unit, the
mixture was combined with a stream of aqueous TFA to
dissolve the NaCl and to catalyze a subsequent hydrazone
formation. The reaction mixture was finally merged in-line
with benzaldehydes and went through a second residence unit
at 60°C. Offline workup and purification gave the desired
hydrazones in 59 to 91 % yield. Similarly, by introducing [3-
diketones instead of aldehydes, a cyclocondensation directly
afforded 1-arylpyrazoles in good yields (> 69 % )."7*!

The continuous-flow synthesis of 1H-pyrazoles from
hydrazine monohydrate and 1,3-diketones was described by
Haswell and co-workers."’¥

A selective iron-catalyzed reduction of nitroarenes to
anilines with hydrazine hydrate as a stoichiometric reducing
agent was developed using a microwave reactor as a conven-
ient device to screen and optimize small-scale reactions.'™!
The reaction gave essentially quantitative conversions and
yields after 2 to 8 min reaction time at 150°C using only
0.25 mol % [Fe(acac);] as a precatalyst and a 20 % excess of
N,H,H,O. Fe;O, nanocrystals were generated in situ from
[Fe(acac);] by reduction with the hydrazine. The highly active
nanocrystals then catalyzed the selective reduction of the
nitro group. The reaction was then successfully translated to
a continuous-flow format. With nitrobenzene as the model
substrate, the reaction was completed after 1.5 min at 150°C
in a 20 mL stainless-steel reactor. Importantly, the in situ
formed colloidal Fe nanocatalyst remains in solution during
flow nitration, but a few minutes after the reaction solution
left the back-pressure regulator, Fe;O, nanocrystals started to
aggregate and precipitate. Simple filtration of the processed
mixture to remove the Fe;O,, followed by filtration through
a plug of silica gel to remove excess hydrazine and water gave
the aniline products in excellent yields and purities after
evaporation of the solvent. The flow process was then applied
for the preparation of the Boscalid intermediate 4-chloro-2'-
aminobiphenyl (42) by selective reduction of the correspond-
ing nitro compound (Scheme 49; see also Scheme 12a for
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Scheme 49. Fe;O,-catalyzed reductions using hydrazine.

a selective hydrogenation with H,). At a reaction temperature
of 170°C, 7.9 g of the pure aniline product could be produced
within an operation time of 7-8 min (97 % yield)."”” By using
the same approach, anilines 97 and 98, intermediates in the
synthesis of Tizanidine and Linezolid, were prepared from the
corresponding nitroarenes (Scheme 49). In both cases, the
desired amino compounds were obtained in excellent yields
and selectivities. In a subsequent study, the Fe;O, nano-
crystals were immobilized onto basic alumina and packed in
a cartridge. The catalyst cartridge could be utilized for the
continuous-flow reduction of nitro compounds with hydrazine
without apparent leaching over a run time of several hours.['’!

4.6. Reactions with Toxic and for Reactive Low-Molecular-Weight
Carbon Compounds
4.6.1. Carbon Monoxide

Carbon monoxide is a highly useful C1 building block for
the synthesis of aldehydes, ketones, carboxylic acids, and
carboxylic acid derivatives. Indeed, among the largest-volume
processes in industrial homogeneous catalysis are platinum-
group metal-catalyzed carbonylation reactions, such as the
carbonylation of propene and methanol to produce n-butanal
and acetic acid, respectively. However, because of its toxicity
and volatility, laboratories in academia and the fine chemical
industry frequently resort to more convenient, often solid
carbon monoxide precursors.”””! As discussed at several
points throughout this Review, continuous-flow and micro-
reactor technologies provide a simple way to accurately dose
gaseous reagents to a liquid feed and, furthermore, facilitates
high-pressure operation as well as gas-liquid mass transfer. A
microflow reactor for palladium-catalyzed carbonylative
Sonogashira coupling and amidation reactions in an ionic
liquid (IL) as solvent was demonstrated by the research group
of Ryu (Scheme 50a)."”® The ionic liquid containing the Pd
catalyst was first mixed with CO—fed in from a carbon
monoxide gas bottle and a mass-flow controller—and after-
wards with the substrates 99 and 100 in two consecutive
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110-160 °C, 10 min 0]

[Pd] (1 mol%)
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o O o S A
103 H 110 °C, 4 min o
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DBU (2 equiv) o
MeO
0]
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Scheme 50. Gas-liquid continuous-flow carbonylation. DBU=1,8-
diazabicyclo[5.4.0Jundec-7-ene, Xanthpos =4,5-bis(diphenylphos-
phino)-9,9-dimethylxanthene, [BMIm]PF,; = 1-butyl-3-methylimidazolium
hexafluorophosphate.

micromixers. The multiphase stream (ionic liquid/substrate/
CO) then passed into a heated capillary tube reactor.
Reactions in the microreactor were considerably cleaner
compared to batch reactions under otherwise identical
conditions and provided the acetylenic ketones 101 as the
sole products. A batch process, in contrast, gave significant
amounts of the Sonogashira coupling product 102. The
substrate phase dissolved in the IL phase at the reaction
temperature, whereas the solubility of CO in the viscous ionic
liquid is very low.'"™ Accordingly, the selectivity of the
reaction is controlled by the diffusion efficiency of CO into
the liquid segments. The large interfacial gas-liquid contact
area attained in the microreactor prevented depletion of
carbon monoxide in the liquid phase and, hence, reduced the
formation of the side product 102. The efficient gas-liquid
exchange in microreactors cannot be easily reproduced by
mechanically stirred batch reactors.!'”!

Similarly, Buchwald, Jensen, and co-workers conducted
a Pd-catalyzed aminocarbonylation of morpholine with aryl
iodides 103 and bromides in a 78 pL microreactor (Scheme
50b).17 In contrast to conventional batch reactions at near
atmospheric pressure, aminocarbonylation in the microreac-
tor at elevated CO pressures produced significant quantities
of a-ketoamide 104, in addition to the amide 105.!7"! An
increase in the temperature favored amide formation,
whereas elevated CO pressures enhanced o-ketoamide for-
mation.!"”]

De Mello and co-workers studied the Pd-catalyzed ami-
nocarbonylation in annular- and segmented-flow regimes.['™"!
Although an annular-flow regime will generate a high inter-
facial surface area between the gaseous and the liquid phase,
the low effective residence volume of the liquid phase in the
microchannel typically results in short residence times for the
liquid reagents. A segmented-flow regime, on the other hand,
generally provides better control over the reaction time.

On the other hand, a rhodium-catalyzed Tsuji-Wilkinson
decarbonylation was best performed in an annular-flow
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2 200 °C, 8-25 min 53-87%

Scheme 51. Continuous-flow decarbonylation of aldehydes using N, as
a stripping gas.

regime (Scheme 51)."®" The rhodium-mediated decarbon-
ylation generally proceeds efficiently even at temperatures
near room temperature. However, a stable rhodium-carbonyl
complex is formed in this process along with the decarbony-
lated product. Early attempts to make the system catalytic
failed because the electronically depleted Rh—CO complex
does not participate in the oxidative addition to the aldehyde
C—H bond, and loss of the CO ligand to regenerate the active
species does not proceed at significant reaction rates at
temperatures below 220°C. The carbon monoxide released
during the high-T/p continuous-flow decarbonylation was
removed from the mixture by a continuous stream of N, as
a stripping gas, thus driving the equilibrium to the product and
regenerating the active catalyst. In the annular flow regime,
the CO was carried with the N, stream through the center of
the tubing whereas the liquid feed travels as a thin annular
film on the wall of the channel. This approach allowed the
catalytic decarbonylation of a variety of aldehydes with
[Rh,(OAc),] as the precatalyst and 1,3-bis(diphenylphosphi-
no)propane (dppp) as the ligand within residence times of
only 8 to 25min at 200°C in toluene as solvent
(Scheme 51).0181

In addition to transition-metal-catalyzed carbonylation
reactions, radical-based reactions of alkyl halides with CO gas
and tin hydride were conducted in microflow reactors
(Scheme 52).1%71 Thermally induced radical carbonylations

_Br
a) R
CHO
BU3SnH R/
V-
& o ’ (68-86%)
80 °C, 10 min
CO
b) R/Br

/\fo 2
R/U\/\[(
(TMS)3SiH (92%) ©O

V-65 80 °C, 30 min

Cco

Scheme 52. Radical carbonylations using a continuous microflow
system.

usually require high partial pressures of CO and adequate
gas-liquid mixing to ensure that the concentration of carbon
monoxide around the radical centers is high enough to
compete with a premature quenching by the tin hydride. For
the flow reactions, a solution containing an aliphatic halide,
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Bu;SnH or (TMS);SiH as radical mediators, and the rapidly
decomposing 2,2'-azobis(2,4-dimethylvaleronitrile) (V-65) as
radical initiator was mixed with a stream of CO and fed into
the reactor at 80°C. A range of radical carbonylation
reactions, including three-component coupling reactions
with methyl vinyl ketone and acrylonitrile as radical traps,
were carried out with excellent yields in residence times of 10
to 30 min (Scheme 52).01%

A packed-bed reactor was used by Long and co-workers
for palladium-catalyzed aminocarbonylation reactions.'
The palladium—phosphine complex was covalently bound to
the silica support material, and the material was then packed
into a 45 cm PTFE tubing. The reactor was applied for the
synthesis of radiolabeled amides by ''CO carbonylative cross-
coupling. Since ''CO only has a short half-life of 20.4 min, fast
reactions are essential. Good radiochemical yields (> 64 %)
and purities (>93%) of the crude products were obtained
after residence times of about 10 min.'® Using a catalyst
cartridge packed with polymer-supported tetrakis(triphenyl-
phosphine)palladium and a carbon monoxide pressure of
30 bar, Csajagi et al achieved selective aminocarbonylation
after residence times of only approximately 2 min at
100°C."*1 The products were isolated in moderate to good
yields after column chromatography (Scheme 53).1%

100 °C (0]

H S
EtsN R'7R2 [Pd] HOOC
co

(25-81%)

Scheme 53. Aminocarbonylations in a packed-bed reactor.

Continuous-flow cross-coupling reactions in packed-bed
reactors with immobilized catalyst/ligand systems have
become widely popular in the past years. However, since
the catalytic cycle for these kinds of transformations involves
a homogeneous Pd" species, the transition-metal catalyst will
usually leach out of the catalyst bed.'s" This effect often
becomes only evident when experiments are performed over
an extended time period."® Thus, the use of a homogeneous
(pre)catalyst in combination with an appropriate catalyst
recycling technology might be preferred, particularly for
larger scale experiments.!'"!

Ryu and co-workers described the generation and con-
sumption of carbon monoxide in a tube-in-tube reactor.®”!
The inner tube was made of gas-permeable Teflon AF2400,
while the outer tube was made of stainless steel. Carbon
monoxide was generated in the inner tube by dehydration of
formic acid in sulfuric acid at elevated temperatures (Morgan
reaction). The CO diffused through the membrane and was
consumed in the outer chamber by an aminocarbonylation
with 4-iodoanisole (Scheme 54). A residence time of about
160 min was required in the outer tube at a reaction temper-
ature of 80°C. As a consequence of the very limited residence
volume of the outer chamber, the throughput of the system
was rather low (ca. 1 mmol per day)."*"!
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Scheme 54. Carbonylation reaction with ex situ generated CO in
a tube-in-tube reactor. Inset: detailed view of the semipermeable
Teflon AF2400 tube releasing CO bubbles to the reaction mixture.
Image adapted from Ref. [187] with permission. Copyright 2013,
American Chemical Society.

4.6.2. Cyanides and Isocyanides

The in situ generation and use of HCN in a continuous-
flow system can be accomplished by mixing an inorganic
cyanide source, such as potassium cyanide, with an acidic
feed. The generated HCN can then be consumed in a sub-
sequent reaction. This approach was used
by the Stevens research group for Strecker

reactions!"™ and Strecker-type multicom- N o
ponent transformations."™” For the synthe- R'

sis of 3-amino-4-(arylamino)-1H-isochro- " DIPEA
men-1-ones, a feed of 2-formylbenzoic

acid and acetic acid was combined with POCI

a methanolic solution of KCN in a micro-  in toluene

reactor (Scheme 55a)."1 A Strecker reac-
tion with concomitant intramolecular
nucleophilic ring closure in a subsequent
45 mL residence loop at 50°C gave the
desired isochromen-1-ones after a residence
time of 40 min in 49-75% product yield
(Scheme 55a)."%

a) 0
H
OH
. .R
O 50 °C, 40 min HN
+ AcOH o NH2
0
NH
R 2 o)
% KEN 49-75%
b) O
R" 'H
R
PS-RuCls RT Ny
N : .
R2” “NH, Lewis acid
catalyst quant.
TMSCN

Scheme 55. In situ generation and use of HCN.
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Wiles and Watts used trimethylsilyl cyanide (TMSCN) in
a borosilicate glass microreactor for the synthesis of o-
aminonitriles from amines and aldehydes in a Strecker
reaction (Scheme 55b).'"") The aldehydes and amines were
first mixed in the microreactor to form the aldimine in
a microchannel. TMSCN was subsequently introduced into
the reactor and the combined mixture went through a catalyst
bed with a polymer-supported Lewis acid. No competing
cyanohydrin formation was observed by using this two-step
strategy, and the o-aminonitriles were isolated in quantitative
yields after evaporation of the solvent."® This method was
suitable for the synthesis of a small compound library
containing 51 a-aminonitriles (Scheme 55b).11!

A similar technique as that developed for the generation
and purification of ethyl diazoacetate was applied by Kim and
co-workers for the preparation of isocyanides (cf. Scheme 38),
a class of compounds with an extremely unpleasant odor.*”
A feed containing the amide and diisopropylethylamine
(DIPEA), and a feed of POCI; in toluene were combined
and pumped through a residence coil at room temperature
(Scheme 56). The residence coil was immersed in an ultra-
sonic bath to prevent precipitation of the insoluble
iPr,NEt-HCI salt. Dehydration of the amide was completed

rt, 6 min
ag. waste R1’NC
ultrasound i 25 min
'y $2 O
H:0 _NH; RSN R
RZ N
o r¢t H
COOH ultrasound
R3/ + cHO 76-88%
RY

Scheme 56. In situ generation, extraction, separation, and reaction of isocyanides.

after a residence time of 6 min. Water was then added to
remove water-soluble /Pr,NEt-HCI and phosphate salts, and
the two phases were finally separated. The purified toluene
solution of isocyanide was directly used in downstream
reactions, including Passerini three-component and Ugi
four-component reactions (Scheme 56). Yields were around
80% after residence times of only 13 to 25 min.[""”

4.6.3. Phosgene

Phosgene is highly toxic to humans even at small
quantities, and therefore the handling of phosgene requires
very special safety measures. Industrially, phosgene is pro-
duced by passing a gaseous mixture of CO and chlorine
continuously in an approximately stoichiometric ratio over
granulated activated carbon. The phosgene is generally
immediately used on site, for example, for the production of
isocyanates. Thus, the chemical does not have to be stored and
any transport paths can be kept short. Phosgene is seldom
used in research laboratories. A microflow generation of acid
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Scheme 57. Peptide synthesis by rapid and strong activation of
carboxylic acids with triphosgene.

chlorides from protected amino acids, triphosgene, and
DIPEA was demonstrated by the research group of Takahashi
(Scheme 57).¥1 Phosgene was presumably generated from
this mixture as an intermediate, and the phosgene immedi-
ately reacted with the carboxylic acid to form the acid
chloride. Complete conversion into the acid chloride required
only 0.5s at room temperature, and the active species was
then immediately quenched with amines, including N-meth-
ylamino acids, to give amides or dipeptides in yields > 74 %
after residence times of 4.3 s at ambient temperature. By
carefully controlling the residence time of the highly active
acid chloride, racemization could be limited to less than 3%
in all cases (Scheme 57).""! In principle, the activation of
acids with phosgene or triphosgene would only generate CO,
and HCl as waste, and its use has, therefore, significant
advantages over traditional coupling procedures.

4.7. Miscellaneous Reactions

As illustrated by several examples throughout this
Review, the use of high-performance reactor materials and
reactor designs allows high-T/p processing of even highly
corrosive reaction media. The high throughput and relatively
simple structures of microreactors facilitates the use of
unconventional, possibly expensive or difficult to process
reactor materials, which would otherwise be unfeasible to
employ for traditional large-scale batch reactors.

A recently published example is the direct uncatalyzed
chlorodehydroxylation of n-alkylalcohols with highly corro-
sive hydrochloric acid (Scheme 582).'**! The reaction was
performed with the neat alcohols and 30% aqueous hydro-
chloric acid in a borosilicate microreactor with 1 mL internal
volume. While 1-butanol and concentrated aqueous HCl form
a homogeneous phase at room temperature, the longer-chain
alcohols become increasingly immiscible with aqueous HCL
Nevertheless, for n-hexanol, the corresponding chloride was
obtained with essentially quantitative conversion within
15 min reaction time at 180°C in a segmented-flow regime,
and the product was isolated in 85% yield by phase
separation of the processed stream.™! Similarly, chlorodehy-
droxylation with hydrogen chloride gas in gas-liquid reactions
have been reported.'”

A continuous-flow Ritter reaction with concentrated
sulfuric acid was presented by Wirth and co-workers."™l A
reaction solution containing a secondary or tertiary alcohol
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Scheme 58. Continuous-flow reactions involving concentrated acids.

and 1 to 1.5 equiv of the nitrile in acetic acid as solvent was
combined with 85 % H,SO,. The corresponding amides were
obtained in good yields after a residence time of 6 min at
a reaction temperature of 45°C (Scheme 58b). Formamides
were obtained from tertiary alcohols by this procedure by
using sodium cyanide as the HCN source.!"!

DSM executed an exothermic Ritter reaction in a metal-
based flow reactor designed by the Institut fiir Mikrover-
fahrenstechnik, Karlsruhe."” The reaction was used for the
selective preparation of the acrylamide monomer 106
(Scheme 58c). As a consequence of the high heat-transfer
capacity of the continuous reactor, decomposition and tar
formation was reduced and the yields increased from 55 to
78%. The reactor was capable of producing 1-2tons of
reaction mixture per hour.””

Seeberger and co-workers described the direct formation
of an amide bond from esters and amines by using highly
pyrophoric and difficult to handle trimethylaluminum as
a mediator."® Initial optimization in a microwave reactor
reduced the reaction time from 4-16 h to only 2 min at 130°C
in THF as the solvent. The process was then translated to
a continuous-flow format using a 16 mL tube reactor.'** The
three reactants were introduced in equimolar amounts into
a simple X-mixer, and the mixture was finally quenched in-
line by an HCI solution. Reactions were typically performed
on an 8 mmol scale to provide the amides in yields of >70 %
for most substrates. The reaction with substrates 107 and 108
was scaled to 0.2 mol without the need to modify the reaction
conditions (Scheme 59). The procedure was applied for the
synthesis of Rimonabant and Efaproxiral, two pharmaceuti-
cally active substances.'*!

In a collaboration between Lonza and Novartis a mini-
plant for the synthesis of 2-nitroethanol from formaldehyde
and nitromethane was assembled (Scheme 60).!°” Nitroetha-
nol was needed as an intermediate in the synthesis of (S)-2-
isopropyl-4-nitrobutan-1-ol (111). Kilogram quantities of this
compound were required during the development of a syn-
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Scheme 59. Trimethylaluminum-mediated synthesis of amides.
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Aliskiren

Scheme 6Go. Synthesis of 2-nitroethanol in a continuous miniplant, including reaction and work-up

operations.

thesis of Aliskiren. Since lower nitroalkanes are potentially
explosive, a continuous-flow process for the production of
nitroethanol was developed. Paraformaldehyde was first
depolymerized with KOH, and the resulting homogeneous
solution was then combined with nitromethane in a micro-
reactor. An excess of nitromethane is crucial to get good
selectivity to 2-nitroethanol and to reduce the further reaction
of nitroethanol with formaldehyde to form di- and triols 109
and 110, respectively. Thus, recirculation of nitromethane is
required to make the process economically attractive. The
Henry reaction was performed in a microreactor within
aresidence time of a few minutes at 40 °C. Since nitromethane
forms explosive salts with potassium hydroxide, the reaction
mixture was subsequently acidified with concentrated sulfuric
acid in a continuously stirred tank reactor (CSTR) before the
excess MeNO, was removed by distillation. MeNO, was
finally condensed and recycled back into the process. A CSTR
was the most appropriate reactor for the neutralization step
since it was capable of dealing with the solid K,SO,. In total,
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more than 5kg of 2-nitroethanol were produced by the
miniplant in yields of around 90 % .

5. Summary and Outlook

Continuous operation is arguably the most appropriate
method to produce large volumes of a product uniformly,
consistently, and reliably. The devices discussed herein—
somewhat loosely referred to as microreactors throughout
this Review—encompass reactors with channel diameters
ranging from <100 pm (i.e. microreactors) to a few milli-
meters (meso-/millireactors) and operate at flow rates from
a few uL min ' to many mLmin'. As a result of the excellent
mass and heat-transfer performance of small-diameter reac-
tors and the comparatively low reactor volumes, these devices
are uniquely suited for very fast and exothermic reactions, or
for high-T/p operation. Furthermore, the spatial resolution of

the chemical process along the
reaction channel of the flow reac-
tor enables a very rapid change of
the reaction conditions and a pre-
cise control of the reaction time.
Multiple reaction steps and work-
up procedures can be integrated
into a single device, and reactions
involving highly unstable, reac-
OH tive, or explosive intermediates
are thus facilitated.

In general, synthetic chemists
have a plethora of reagents and
chemical transformations at their
disposal, but the most atom-eco-
nomic and shortest synthesis
route frequently demands prob-
lematic reaction conditions or
reagents (cf. Figure 2). It seems
reasonable to apply engineering
and appropriate technology as the
primary means to reduce the haz-
ards associated with a chemical process, rather than avoiding
hazardous chemistry by employing potentially costly and long
alternative synthetic routes. It should be emphasized that not
only can certain existing synthetic routes towards APIs be
improved by using microreactors—the full potential of this
technology unfolds when the chemistry right from the start is
designed and developed specifically for flow. In fact, entirely
new chemical routes and reaction conditions, which are hardly
feasible with traditional batch equipment, can be contem-
plated. Moreover, process development and scale-up could be
accelerated by employing continuous-flow reactors from
early stages of the drug-discovery process.

Even though current pharmaceutical and fine-chemical
production is by far dominated by batch processing, several
examples of commercial-scale reactions performed in con-
tinuous-flow reactors have been published in the past few
years. Continuous processing in micro- or mesoreactors
constitutes a significant means for process intensification
and process automation, but it still provides the flexibility
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required by the fine-chemical industry. The use of “exotic”
reagents and extreme (“off-road”) process conditions in
combination with modern reactor technology offers the
promise of smaller plant footprints, lower equipment and
production cost, less waste and emissions, and increased
safety. Thus, it seems clear that in the near future, many large-
scale batch processes, where thousands of kilograms of
potentially corrosive, toxic, or explosive chemicals have to
be mixed and stirred for an extended period of time, are
replaced by continuous processes.

A recent, very active area of research is the integration of
individual process steps in the synthesis of a critical inter-
mediate or final product into a single, fully continuous
production line.™ In this context, Seeberger and co-workers
very recently demonstrated robust, self-contained chemistry
modules for common synthetic transformations (oxidation,
olefination, Michael addition, hydrogenation, and saponica-
tion).”™ Each module accomplished a particular reaction
along with suitable downstream purification. By combining
these modules in the respective order, three different classes
of molecules were produced (B-amino acids, y-amino acids,
and y-lactams). Five active pharmaceutical ingredients pres-
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ent in generic or patented medications were produced in good
overall yields by using this approach (49-75%).”*! The
incorporation of all unit operations, including mixing of
reagents, multiple chemical transformations, in-line/real-time
analysis, separations, and work-ups into one continuous
process is certainly a challenging endeavor and necessitates
holistic optimization of multiple operations. A first prototype
process for the uninterrupted, end-to-end continuous pro-
duction of finished drug tablets was presented by the
Novartis-MIT Center for Continuous Manufacturing.®! The
process started by combining the neat, melted chemical
intermediate 112 with amine 113 and the acid catalyst 114
(Scheme 61). The reaction was followed by in-line extraction,
phase separation in a membrane-based liquid-liquid separa-
tor, and subsequent continuous crystallization/filtration. The
reaction proceeded by an acid-catalyzed removal of the Boc
protecting group with concentrated HCI, quenching with
NaOH, and a second continuous work-up. A subsequent
reactive crystallization with fumaric acid yielded aliskiren
hemifumarate 115 as a purified, final salt. Continuous drying
and formulation afforded the final tablets with a uniform
visual appearance and comparable size and dosage as

HO,C
O 114 OH H
0] - O _~_0 N%(NHZ
SO0 < HCl \om 0
o NHBoc 112 o6\ 0 12 HOc” 0N

aliskiren hemifumarate (115)

Scheme 61. End-to-end, integrated continuous manufacturing plant for the synthesis of Aliskiren. The inset shows the formulated tablets. Image

adapted from Ref. [8a] with permission. Copyright 2013, Wiley-VCH.
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commercial tablets. The total throughput of the continuous
plant corresponded to 2.7 x 10° tablets per year. The number
of unit operations could be reduced to 14, from 21 for the
batch process, and the residence time in the plant was nearly
an order of magnitude shorter than the sum of the processing
times needed for the batch process (47h compared to
ca.300 h). The entire plant had a footprint of only 2.4 x
7.3 m? and was entirely enclosed in a container-like structure
(Scheme 61).1

Such continuous production plants do not only eliminate
the storage or transportation of chemical intermediates across
different unit operations or facilities, but self-contained,
small-footprint end-to-end manufacturing plants could
streamline and shorten supply chains by delivering pharma-
ceuticals or other critical products on-demand and on-site
when and where they are needed most. Undoubtedly, there is
still a long way to go before we will routinely see refrigerator-
sized (or even smaller) highly process intensified and
integrated units that can produce complex pharmaceuticals
anywhere in the world within short notice, but the future may
be closer then we believe."-%!

Research on continuous-flow chemistry in our laboratories
over the past decade has been generously supported by the
Christian Doppler Research Association (CDG) and a variety
of industrial partners including Lonza, DPx, Microinnova,
ThalesNano, Anton Paar, Eli Lilly, BayerPharma, BASF, and
Clariant. We thank Dr. D. Dallinger for proof-reading this
manuscript.
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