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CONSPECTUS: In recent years, a steadily growing number of
chemists, from both academia and industry, have dedicated their
research to the development of continuous flow processes
performed in milli- or microreactors. The common availability of
continuous flow equipment at virtually all scales and affordable
cost has additionally impacted this trend. Furthermore, regulatory
agencies such as the United States Food and Drug Administration
actively encourage continuous manufacturing of active pharma-
ceutical ingredients (APIs) with the vision of quality and
productivity improvements. That is why the pharmaceutical
industry is progressively implementing continuous flow technolo-
gies. As a result of the exceptional characteristics of continuous flow reactors such as small reactor volumes and remarkably fast heat
and mass transfer, process conditions which need to be avoided in conventional batch syntheses can be safely employed. Thus,
continuous operation is particularly advantageous for reactions at high temperatures/pressures (novel process windows) and for
ultrafast, exothermic reactions (flash chemistry).
In addition to conditions that are outside of the operation range of conventional stirred tank reactors, reagents possessing a high
hazard potential and therefore not amenable to batch processing can be safely utilized (forbidden chemistry). Because of the small
reactor volumes, risks in case of a failure are minimized. Such hazardous reagents often are low molecular weight compounds, leading
generally to the most atom-, time-, and cost-efficient route toward the desired product. Ideally, they are generated from benign,
readily available and cheap precursors within the closed environment of the flow reactor on-site on-demand. By doing so, the
transport, storage, and handling of those compounds, which impose a certain safety risk especially on a large scale, are circumvented.
This strategy also positively impacts the global supply chain dependency, which can be a severe issue, particularly in times of stricter
safety regulations or an epidemic. The concept of the in situ production of a hazardous material is generally referred to as the
“generator” of the material. Importantly, in an integrated flow process, multiple modules can be assembled consecutively, allowing
not only an in-line purification/separation and quenching of the reagent, but also its downstream conversion to a nonhazardous
product.
For the past decade, research in our group has focused on the continuous generation of hazardous reagents using a range of reactor
designs and experimental techniques, particularly toward the synthesis of APIs. In this Account, we therefore introduce chemical
generator concepts that have been developed in our laboratories for the production of toxic, explosive, and short-lived reagents. We
have defined three different classes of generators depending on the reactivity/stability of the reagents, featuring reagents such as Br2,
HCN, peracids, diazomethane (CH2N2), or hydrazoic acid (HN3). The various reactor designs, including in-line membrane
separation techniques and real-time process analytical technologies for the generation, purification, and monitoring of those
hazardous reagents, and also their downstream transformations are presented. This Account should serve as food for thought to
extend the scope of chemical generators for accomplishing more efficient and more economic processes.

1. INTRODUCTION

The most direct, atom-economic, and sustainable synthetic
routes frequently require the use of highly reactive, often toxic
and short-lived reagents. Despite their advantages, many of
such hazardous reagents are banned from laboratories in both
industry and academia in a conventional chemical environ-
ment, and alternative routes employing easier to handle
materials are chosen instead. However, this strategy is
unattractive with respect to scale-up because it generally

Received: April 14, 2020
Published: June 16, 2020

Articlepubs.acs.org/accounts

© 2020 American Chemical Society
1330

https://dx.doi.org/10.1021/acs.accounts.0c00199
Acc. Chem. Res. 2020, 53, 1330−1341

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Doris+Dallinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernhard+Gutmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Oliver+Kappe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.0c00199&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00199?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00199?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00199?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00199?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/achre4/53/7?ref=pdf
https://pubs.acs.org/toc/achre4/53/7?ref=pdf
https://pubs.acs.org/toc/achre4/53/7?ref=pdf
https://pubs.acs.org/toc/achre4/53/7?ref=pdf
pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00199?ref=pdf
https://pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org/accounts?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


proves to be more laborious, generates more waste material,
and is thus neither cost nor environmentally effective.
The concern toward the utilization of hazardous materials is

not only related to their handling by the operator but also to
their transportation and on-site storage, in particular on a large
scale. Indeed, many potentially powerful reagents are imposed
with stringent transport, storage, and preventive maintenance
restrictions or are even not amenable to be transported or
stored due to their instability and/or toxicity. The trans-
portation of dangerous goods is strictly controlled and
governed through national and international regulations.1

Each mode of transport has its own set of regulations, which
vary considerably from one country to another and are revised
continuously.1

In addition, the high dependency on the global supply chain,
changing market situation, and quality of the shipped material
has a significant impact on the end-user. This vulnerability
becomes even more severe nowadays because authorities in
low-cost countries increasingly tighten environmental and
safety controls on raw material manufacturers.2 The prospect
of keeping the supply chain short is therefore of major interest
to the chemical industry. By eliminating bottlenecks in the
supply chain, the agility of production is increased, and a rapid
response to a changing market is facilitated.
To overcome the transport, storage, and handling

predicament of hazardous reagents, they are best produced
in situ from benign precursors, on-site and on-demand
whenever they are needed and in volumes that match the
demand.3 The risk is further reduced through real-time use of
the dangerous chemical by an immediate transformation into a
nonhazardous product directly upon its generation. The safest
way to do so is their synthesis by continuous flow processes in
small-structured reactors (e.g. microreactors).4 This concept of
continuous in situ production of hazardous materials is
commonly referred to as the “generator” of this material.5

The defining characteristic of these flow reactors is their
comparatively small reactor volume which minimizes the
severity in case of an accident because less material and energy
is released. In addition, head space issues are eliminated, and
an extraordinary heat and mass transport is achieved. As a
result, hazardous reagents and process conditions can be safely
employed which otherwise would be difficult, if not impossible,
to implement in a traditional batch setup. Continuous
processing therefore opens up the toolbox of “forbidden
chemistries” to be safely carried out.4

For the past 10 years, a significant portion of our group’s
research has been directed toward the generation of hazardous
and/or unstable reagents in continuous flow environments,
many times in extreme temperature and pressure regimes. As
safety is one of the main drivers to implement continuous
processes, in particular in the pharmaceutical industry,
hazardous but more atom- and cost-economic routes are
increasingly incorporated into the synthesis. Therefore,
continuously broadening the chemical generator scope is of
paramount importance. In this Account, numerous contribu-
tions to this field are highlighted with an emphasis on chemical
generator concepts that were developed within the past decade
in our group for continuous on-site on-demand production of
toxic, explosive, and short-lived reagents. For further hazardous
chemistries performed in continuous flow environments,
several other review articles are recommended.4

2. CHEMICAL GENERATORS FOR HAZARDOUS
REAGENTS

Classical chemical generators for the continuous production of
simple, reactive molecules such as F2, O2, O3, or H2 have been
in use for decades. Most of them operate via electrolysis and
are commercially available. However, with the growing interest
in continuous flow operations by the pharmaceutical industry
for active pharmaceutical ingredient (API) manufacturing and
the accompanied demand to access new process windows,6

custom-built generators for explosive, toxic, and short-lived
reagents are constantly being developed. Both the now
common access to flow equipment and technological advances
in this field led to the emergence of a new generation of
chemical generators. Figure 1 depicts the general concept for

such generators for the on-site on-demand production of
hazardous reagents. They are generated from nontoxic, readily
accessible and ideally low-cost precursors and, if necessary,
purified in-line to produce a continuous stream of the reagent,
which is then further consumed by an appropriate substrate in
a downstream reaction in a fully contained fashion. Before
product collection, an in-line quench to destroy any remaining
hazardous material can be incorporated.
Additionally, by integrating process analytical technologies

(PAT), real-time data can be acquired for process monitoring
and process control for ensuring product quality.7 Rapid in-line
reaction analysis is of particular importance when working with
highly hazardous material, transient intermediates, or high
temperature/pressure systems, because standard off-line
sampling techniques are highly undesirable. In-line PAT
tools such as NMR, UV/vis, or IR are particularly easy to
implement into continuous flow reactors.8 Furthermore,
process control systems can be employed to automate the
process.9

A reagent produced in a chemical generator often needs in-
line purification to remove undesired byproducts and to
transfer it into a solvent suitable for subsequent downstream
transformations. One of the most powerful purification
methods relies on the use of membranes for the separation
of a desired reagent or intermediate.10 Two membrane-based
separation techniques have been used to conquer the field of
continuous flow synthesis: liquid−liquid and gas−liquid
separators. The liquid−liquid separation technique depends
on the exploitation of surface forces and the difference in
wetting properties of the liquids onto a porous membrane.11

This concept is typically applied when the reagent is generated
within an aqueous environment. After extraction into a suitable
organic solvent, membrane separation takes place: the organic

Figure 1. Concept of a chemical generator with subsequent
consumption of the hazardous reagent to the desired product. PAT:
process analytical technology.
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or “wetting” phase passes through the hydrophobic membrane,
while the aqueous phase is retained. On the other hand, the
gas−liquid separation takes advantage of the selective
permeability of the membrane for hydrophobic low molecular
weight compounds in gaseous form. The most commonly
employed semipermeable membrane for the separation and
purification of hazardous reagents is the gas-permeable Teflon
AF-2400 membrane, which is housed inside the so-called tube-
in-tube reactor.12 In this device, the gaseous reagent is
generated inside the inner AF-2400 tubing and then diffuses
through this membrane and instantly reacts with the substrate
that is carried within the outer gas impermeable tubing.
Pursuant to our definition, a modern chemical generator

should guarantee the most atom- and cost-effective route
toward the desired end-product. Therefore, the hazardous
material has to be a simple, low molecular weight and versatile
compound and be produced from inexpensive, benign
precursors. Where necessary, the reagent can be purified/
separated in-line prior to the downstream transformation. We
categorize these generators according to reagent stability into
three classes: generators for (1) stable reagents, (2) reagents
with limited stability, and (3) unstable reagents (Figure 2). All
three classes are discussed in this Account (Figure 3).

2.1. Generators for Stable Reagents

These reagents are commercially available in their pure form
and can be shipped and stored, although stringent restrictions
are imposed. To overcome these sometimes exceptional
measures, it is highly desirable to generate those reagents in
situ and on-demand for both manufacturing and laboratory
use.
Cyanogen bromide (BrCN) is a solid that sublimes at room

temperature and is acutely toxic. Pure BrCN is stable for longer
periods if stored under dry conditions at 2−8 °C, but
impurities catalyze its exothermic and explosive trimerization

to cyanuric bromide. Furthermore, it is decomposed gradually
by water/moisture and rapidly by acids to highly toxic HCN
and corrosive HBr. BrCN is a versatile reagent in organic
synthesis as an electrophilic cyanide source to generate a
variety of products.13 We developed a BrCN generator that
produces this material from aqueous Br2 and KCN solutions
(Scheme 1).14 A solution of pure BrCN in dichloromethane
(DCM) was obtained after an in-line extraction using a glass
microreactor chip and purification with a liquid−liquid
membrane separator unit. Furthermore, the generated BrCN
was monitored and quantified via in-line FTIR analysis. The
such generated 0.7 M BrCN solution was further employed in
the downstream reaction with diamines or aminoalcohols to
obtain five- and six-membered cyclic guanidines and amidines
(Scheme 1).
Because this generator model employs elemental bromine

(Br2), which is also an exceedingly undesirable reagent to
handle and more particularly to transport (it is commonly
carried in lead-lined steel tanks supported by strong metal
frames), we also designed a continuous Br2 generator
employing the well-established bromate−bromide synpropor-
tionation under acidic conditions.14 An aqueous feed of
NaBrO3 and NaBr was mixed with aqueous HBr at equal flow
rates to generate a 1 M Br2 solution. This module can either be
used for performing brominations or can be coupled upstream
to the BrCN generator as a Br2 feed (Scheme 1). Notably, by
employing the in-series concept, a higher BrCN concentration
(0.8 M) was achieved due to the increased solubility of Br2 in
water. We then further advanced the bromine generator
concept for highly intensified photochemical benzylic bromi-
nation reactions employing a plate-based photochemical
reactor.15 By mixing the neat organic stream with HBr prior
entering the reactor, interphase mixing was improved. That not
only allowed Br2 to be generated within the mixing structures
in a more effective (3.8 M) and uniform way but also allowed
omission of NaBr that was previously necessary to improve the
water solubility of Br2. In addition, because of the enhanced
mass transfer within the reactor’s internal mixing structure,
generated HBr is recycled via backmixing into the aqueous
phase, thus resulting in a reduced HBr loading. With the setup
depicted in Scheme 2, neat 2,6-dichlorotoluene was converted
to the benzyl bromide derivative, an important API building
block for inhalation medicines, within a residence time of only
18 s and a productivity of 300 g/h. Excess Br2 was quenched
in-line with sodium thiosulfate (Na2S2O3). Similar Br2
generators using either NaOCl16 or H2O2

17 as oxidant have
also been reported.

Figure 2. Classification of hazardous reagents according to their
stability.

Figure 3. Overview of used continuous flow icons.
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Along similar lines, elemental chlorine (Cl2) can be
generated. Chlorine is the most atom economic reagent to
generate chlorinated compounds and, furthermore, is a cheap
and powerful oxidation agent. However, Cl2 gas is highly toxic
and corrosive, and strict regulations must be followed, i.e.
production facilities normally need to be isolated and staff
specially equipped and trained. In 2016, we demonstrated that
Cl2 was generated almost instantaneously and in ca. 90% yield
at room temperature by mixing aqueous solutions of sodium
hypochlorite (NaOCl, bleach) and HCl (Scheme 3).18 It was
then extracted from the water phase into an organic phase, and
the two phases were separated in a liquid−liquid membrane
separator. The byproduct of the reaction (aq NaCl) is removed
with the aqueous waste stream, while the Cl2 in the organic
phase can be directly utilized for subsequent chlorination and
oxidation reactions. The selective oxidation of secondary
alcohols employing the in situ formed chlorine−pyridine
complex (Cl2:Py) is illustrated in Scheme 3.
Nitrosyl chloride (NOCl) is a toxic gas and has a

corrosiveness comparable to aqua regia. It can be stored only
in nickel-based alloys such as Monel, and its commercial
availability is thus limited. NOCl behaves as an electrophile
and is i.e. used for the synthesis of oximes from alkenes,
ketones, or alkanes. We reported the generation of NOCl from
aqueous sodium nitrite (NaNO2) and HCl as inexpensive and
readily available precursors in 2019 (Scheme 4).19 After an
essentially spontaneous formation of NOCl, it was rapidly

extracted into DCM and separated from the aqueous phase in
a liquid−liquid membrane separator. Before consumption by a
substrate, the NOCl concentration was monitored in-line with
a custom-built UV/vis flow cell made of NOCl-compatible
material. A plate-based photochemical reactor was finally
integrated to perform the downstream chemistry, the photo-
chemical transformation of cyclohexane to cyclohexanone
oxime, which is an important industrial building block toward
ε-caprolactam (Scheme 4).
Hydrogen cyanide (HCN) is a highly valuable and atom-

economic reagent for organic synthesis (e.g., synthesis of
cyanohydrin precursors or (hydro)cyanations), but also a
highly poisonous and volatile liquid that turns into a gas at 26
°C. In pure form, HCN is stable but it polymerizes
exothermally in the presence of basic materials. Nowadays,
the Andrussow and Degussa processes account for almost the
entire large-scale production of pure HCN (e.g., 450 t/a are
shipped in gas cylinders by DuPont).3 Its use on laboratory
scale, on the other hand, is considered too dangerous and is
thus significantly underutilized in organic synthesis. The first
HCN generator was reported by Stevens and Acke in 2007.20

HCN was produced within the same tubing as the HCN
consuming reaction took place, which can cause compatibility
issues. To generate anhydrous HCN, crucial for a variety of
transformations, we developed a safe protocol for the
generation and separation of HCN within the tube-in-tube
reactor.21 By mixing aqueous feeds of NaCN and H2SO4,
HCN is formed, diffuses at 50 °C in its gaseous form through
the membrane into a carrier solvent, and finally exits the
reactor into a flask containing the substrate (Scheme 5). This
semibatch “HCN on tap” configuration was preferred for most
transformations, because the exceedingly long reaction times of
up to 24 h are usually not tolerable for a fully continuous flow
approach (Scheme 5). In addition, subzero temperatures in an
aqueous reaction medium, as in the asymmetric Strecker
reaction (Scheme 5a), are not feasible inside the tube-in-tube.
A separation technique that is not relying on a membrane

was developed by Kim and coworkers for the generation of
chloromethyl methyl ether (CMME), which is highly
carcinogenic and genotoxic, is used as an alkylating agent
and is renowned for the introduction of the methoxymethyl

Scheme 1. Br2 and BrCN Generators Connected in Series for the Synthesis of Cyclic Guanidines

Scheme 2. Br2 Generator and Its Use in Photochemical
Benzylic Brominations

Scheme 3. Cl2 Generator and Its Use in the Selective Oxidation of Secondary Alcohols
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(MOM) protecting group. In 2016, they introduced the so-
called μ-TES (micrototal envelop system) format for the safe
generation, separation/purification, consumption, and quench-
ing of CMME (Scheme 6).22 Key to this strategy was the use
of a membrane-free superamphiphobic SiNW (silicon nano-
wire) microseparator where separation occurs at the interface
of the stable gas−liquid laminar flow. CMME was generated
from hexanoyl chloride and dimethoxymethane by heating in a
coil reactor. The exiting stream was fed into the SiNW
separator, where CMME gas was separated from the liquid
reaction mixture, subsequently combined with the reagent

stream for MOM protection, and finally quenched in line with
an ammonium chloride solution (Scheme 6). The products
were separated by an ultimate liquid−liquid membrane
extraction step.
Sulfur dioxide (SO2) can be shipped and stored as a

compressed liquefied gas but necessitates purpose-built
facilities and dedicated equipment. Moreover, in the EPA
Risk Management Planning program, SO2 is ranked among the
top ten chemicals involved in industrial accidents.3 Its sparse
application on lab-scale is due to its corrosiveness, its
considerable toxicity at high concentrations, and the resulting
demanding safety measures. Nonetheless, SO2 is an atom-
efficient and inexpensive reagent and is used in a variety of
organic transformations such as the synthesis of H2SO4,
sulfonyl chlorides or sulfonamides. In 2020, Ramalingam,
Chen, and coworkers developed a semibatch protocol for the
on-demand generation of SO2 from readily available sodium
sulfite (Na2SO3) and H2SO4 (Scheme 7).23 SO2 gas was

produced instantaneously within the T-mixer inside a closed
vessel up to a productivity of 1.5 mmol/min. SO2 was further

Scheme 4. NOCl Generator and Its Use in the Photochemical Oximation of Cyclohexane

Scheme 5. Anhydrous HCN Generator (HCN on Tap) and
Its Use in the Asymmetric Strecker Reaction (a) and
Synthesis of Diaminomaleonitrile (b)

Scheme 6. CMME Generator and Its Use in Alkoxyalkylation Reactions (MOM Protection)

Scheme 7. SO2 Generator and Its Use for the Synthesis of
Sulfonamides
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dried by passing through a H2SO4 trap and a packed-bed
reactor filled with CaCl2 before reacting with an organometallic
reagent to form the corresponding sulfinate 1, which was
subsequently converted to the respective sulfonamide (Scheme
7).
Another reagent that falls into this category is phosgene

(COCl2). Phosgene is a highly toxic gas that can be shipped
and stored when converted into a liquid by cooling and
pressurization. Its production and storage require extraordinary
measures and it is under various transportation restrictions.
Consequently, most phosgene is consumed on-site. Phosgene
is an important industrial chemical, with several million tons
produced globally each year,24 and is predominantly used for
the synthesis of isocyanates. However, on lab-scale, it finds
limited use because of the accompanied hazards. A safe
continuous process was reported by Jensen and coworkers in
2001 where phosgene was generated from Cl2 and carbon
monoxide (CO) under activated carbon catalysis in a silicon-
based packed-bed reactor with a productivity of 1−11 g/h.25

By utilizing a simpler reactor setup, the Takahashi group
developed a route that uses less-toxic triphosgene as phosgene
precursor, which decomposes to phosgene inside the micro-
reactor upon mixing with an amine base.26

2.2. Generators for Reagents with Limited Stability

This type of reagents is too unstable to be transported or
stored in their pure form. Therefore, to minimize the hazard of
exothermic decomposition and in further consequence violent
explosion, they often are delivered in diluted form. The
shipping is restricted, and based on the concentration, various
safety measures apply.

Peracids are strong oxidizing reagents used for epoxidations,
hydroxylations, and the Baeyer−Villiger oxidation. They are
also very unstable and, depending on the concentration, prone
to explosive decompositions. Performic acid (HCO3H) in
concentrations >50% is highly reactive: it readily decomposes
upon heating and explodes when rapidly heated to 80−85 °C;
at room temperature, it may ignite or explode when combined
with flammable substances. In view of our group’s interest in
the synthesis of opioid-derived APIs,27 a telescoped continuous
process toward a noroxymorphone precursor (4) was
established that comprised the C14 hydroxylation of naturally
occurring oripavine (2) employing HCO3H as the key step.28

Performic acid was generated in situ from formic acid
(HCO2H) and 30% aqueous hydrogen peroxide (H2O2)
which then rapidly oxidized the diene moiety of oripavine at
100 °C to provide 14-hydroxymorphinone (3) and the
corresponding N-oxide (Scheme 8). A subsequent continuous
solvent switch, hydrogenation in a packed-bed hydrogenator,
and palladium catalyzed N-methyl oxidation furnished 1,3-
oxazolidine derivative 4.
Similar continuous flow approaches for generating peracids

in situ were also reported by Kolehmainen and coworkers29

and Siegfried Ltd.30

Lithium diisopropylamide (LDA) is pyrophoric as a solid,
but its solutions are generally not; therefore, it is commercially
typically available as a solution in THF/hexanes. However,
because LDA solutions are known to be unstable upon
prolonged storage, it is generally prepared in situ from
diisopropylamine and n-butyl lithium (n-BuLi). To control
the exotherm produced during the LDA generation and enable
its safe production on larger scale, several research groups have
developed continuous flow strategies.31 We described a

Scheme 8. HCO3H Generator and Its Use in the C14 Hydroxylation of Oripavine toward a Telescoped Synthesis of 1,3-
Oxazolidine 4

Scheme 9. LDA Generator with Integrated Enolate Formation and Electrophilic Addition toward α-Functionalized Esters
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multistep protocol where in situ generated LDA is immediately
consumed by an ester to form the corresponding highly
reactive lithium enolate intermediate 5 (Scheme 9).32 The
process is then integrated with an electrophilic addition step
and an in-line water quench to furnish the α-functionalized
esters 6. Because of the enhanced mass transfer, higher
temperatures compared to batch (0 vs −78 °C) can be applied
for both LDA and enolate generation.

2.3. Generators for Unstable Reagents

These reagents are generally banned from transport and
storage because they are too dangerous and/or too short-lived.
They are therefore not commercially available in any form. The
hazardous nature of these compounds has severely limited
their use in laboratories, particularly in industry, in the past.
Diazo compounds belong to the most versatile reagents in

the organic chemistry portfolio.33 They are used, i.e., for X−H
insertions, ylide formation, cyclopropanations, and cyclo-
additions. Whereas diazoalkanes are too hazardous and
unstable to be purchased (vide infra), α-diazocarbonyls are
comparatively more stable and thus a few can be acquired in
dilute (10−15%) solutions. One example is ethyl diazoacetate
(EDA), which is routinely handled on a laboratory scale, while
its presence in a chemical plant causes problems when applied
in batch mode. Among the many reported continuous flow
processes to generate EDA,34 the most atom-economic route is
the diazotation of glycine ethyl ester hydrochloride with
NaNO2.

5,35 The such generated EDA was purified by an
integrated liquid−liquid membrane separation unit and was
immediately used for further follow-up chemistries.5,35

Diazomethane (CH2N2) is the simplest but also the most
hazardous diazo compound: it is an extremely toxic gas, a
potent carcinogen, and because of its extreme sensitivity to
explosive decomposition, it is challenging to handle and store.
On the other hand, it is a versatile and the most atom-
economic C1 building block that provides typically fast and
clean reactions, often producing only nitrogen as a byproduct.
Traditional CH2N2 production by distillation is discouraged by
industry on both lab and production scale due to the enormous
safety risks involved. Therefore, different methods to generate
CH2N2 by base-mediated decomposition of N-nitroso-N-
methyl amine precursors in continuous flow systems have
emerged over the last few years by using either standard
(micro)reactors or membrane technology.36 The safest and
thus most prominently employed precursor is N-methyl-N-
nitroso-p-toluenesulfonamide (Diazald) but also N-nitroso-N-
methyl urea (NMU), a toxic and explosive compound itself,
can be used when generated upstream in situ from benign and
cheap N-methyl urea.37,38

As of 2013, we commenced extensive studies on the
development of anhydrous CH2N2 generators by membrane
separation techniques. Initially, we employed the tube-in-tube
reactor to separate gaseous CH2N2 from the aqueous reaction
stream carried within the inner membrane tubing.39 Down-
stream transformations that took place inside the outer tubing
included the methylation of carboxylic acids, cyclopropana-
tions and the synthesis of diazoketones (Scheme 10). In a
subsequent study, this CH2N2 generator setup was integrated
into the telescoped three-step synthesis of chiral α-
chloroketones that are key building blocks for many HIV
protease inhibitors via a modified Arndt−Eistert reaction
starting from N-protected amino acids (see also Scheme 11).40

Along similar lines, we reported a fully continuous process for

the preparation of β-amino acids from their corresponding α-
amino acids utilizing the Arndt−Eistert homologation with a
photochemical Wolff rearrangement as a key step.41

Although the tube-in-tube reactor operates fully continu-
ously, its limitation is a very low productivity (up to 1.7 mmol
CH2N2/h), especially when slow reactions are considered,
because the flow rate of the outer tubing determines the
reaction time. We therefore have developed a device with the
focus not only on a higher throughput but also on operational
simplicity and flexibility, the so-called tube-in-flask reactor.42 In
this setup, the same AF-2400 membrane that is contained in
the tube-in-tube reactor is coiled inside a glass flask (Figure 4),
where the diffused CH2N2 is immediately consumed by the
substrate solution. By dissolving Diazald in DMF, higher
concentrations could be achieved than in the tube-in-tube
setup, which led also to higher CH2N2 concentrations and,
ultimately, to a higher product output. By introducing four
membranes in parallel, ca. 43 mmol CH2N2/h could thus be
generated.42

In continuation of our interest in designing generators for
larger scales, we established the tube-in-CSTR concept in
2019, which is a fully continuous version of the tube-in-flask
reactor.43 By applying the continuous stirred tank reactor
(CSTR) cascade depicted in Scheme 11, the three-step
synthesis of chiral α-chloroketone 7, as described above, was
selected as proof-of-concept study. Compared to the tube-in-
tube reactor approach, the productivity of 7 could be increased
by a factor of 4.2. For both the tube-in-flask and tube-in-CSTR
reactor, in-line FTIR as PAT tool was employed to monitor the
reaction process.
In all the above-mentioned CH2N2 generators, Diazald was

employed as convenient precursor; however, for a more atom-
economic and sustainable route, NMU would be the better
choice. By using the semibatch tube-in-flask setup, we also
have reported the production of CH2N2 from NMU as
precursor, which in turn was generated in situ by nitrosation of
N-methylurea in a continuous upstream process.37 The three-
step synthesis of α-chloroketone 7 was carried out in one-pot
via a similar procedure to that described in Scheme 11.
The same tube-in-tube setup as described for CH2N2 was

also employed by our group for the generation of
trifluoromethyl diazomethane (CF3CHN2),

44 which represents
a versatile CF3 source that has been neglected for a long time.
Similar to CH2N2, it is a gaseous reagent, which is also

Scheme 10. Anhydrous Diazomethane Generator (Tube-in-
Tube Reactor) and Its Use in Various Downstream
Transformations
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attributed to being explosive and potentially toxic and thus
poses a severe safety risk in batch processes. CF3CHN2 was
generated in 33% yield by diazotation of the corresponding
amine hydrochloride with NaNO2 under aqueous acidic
conditions inside the membrane tubing (Scheme 12). The
diazo compound was then further reacted downstream with
aldehydes that were fed into the outer tubing in a DBU-
catalyzed aldol-type condensation. For an efficient condensa-
tion, a packed-bed reactor with polymer-bound DBU needed
to be implemented.
Halogen azides XN3 (X = F, Cl, Br, I) and hydrazoic acid

(HN3) are the simplest possible azide compounds. Because of
the extreme toxicity and explosive nature of these high-energy
materials, their application on lab and even more so on
industrial scale is essentially precluded. Bromine azide (BrN3)
is exceptionally sensitive to small variations in temperature and
pressure and spontaneously explodes under various conditions
to generate toxic and corrosive gases. In 2016, we reported the
safe generation of BrN3 starting from low-cost NaBr and NaN3

using Oxone as the oxidizing agent and its immediate
consumption by an olefin in a radical 1,2-bromoazidation
reaction (Scheme 13).45 The segmented flow regime obtained
within the tubing and the concomitant rapid extraction of BrN3
from the aqueous into the organic phase was crucial for the
process because substantial decomposition of BrN3 in the

Scheme 11. Anhydrous Diazomethane Generator (Tube-in-CSTR) in a CSTR Cascade for the Synthesis of α-Chloroketone 7

Figure 4. Tube-in-flask setup with the AF-2400 membrane coiled
inside a standard flask.

Scheme 12. Anhydrous Trifluoromethyl Diazomethane
Generator (Tube-in-Tube Reactor) and Its Use in Aldol-
type Condensation with Aldehydes

Scheme 13. BrN3 Generator with an Integrated Tubular
Photochemical Reactor for the Synthesis of 1,2-Bromine
Azides
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aqueous phase was prevented (Scheme 13). After an off-line
quench with Na2S2O3, the products were isolated by a simple
extractive workup and further reacted to aziridines, azirines,
and indoles.
The continuous in situ generation and consumption of ClN3

and IN3, respectively, was described by the groups of Vögtle
and Wirth.46

The first generator concept that was reported by our group
in 2010 featured the in situ generation of highly explosive HN3
from inexpensive NaN3 as azide source and acetic acid.47 HN3
was instantly formed upon mixing of the two feeds and then
reacted further with organic nitriles (comprised within the
acidic feed) in a catalyst-free high-temperature/high-pressure
cycloaddition step to furnish 1H-tetrazoles (Scheme 14). As

HN3 is not compatible with metals, a passivated silica-coated
stainless-steel coil (Sulfinert) was employed as the high-
temperature reactor. A throughput of up to 19 g/h was
achieved with this atom-economic and cost-effective route
toward the tetrazole core, which makes this approach also
suitable for industrial scale synthesis.

3. FROM STABLE REAGENTS TO TRANSIENT
INTERMEDIATES

The faster the reaction conditions can be changed and the
tighter the integration of synthesis, separation, and con-
sumption can be achieved, the more elusive reagents can be
prepared. In current state-of-the-art flow reactors, all the
above-mentioned steps can be accomplished within seconds or
even (sub)-milliseconds.48 Particularly useful for such ultrafast
chemistries (flash chemistry) are customized flow reactors and
mixing units that can be manufactured from various materials
by 3D-printing.49 Such reactors are designed to fit the need for
the specific chemistry at hand. Hence, highly transient
intermediates with half-lives in the range of milliseconds,
such as carbenes or radicals, that only are accessible via their
synthesis in situ, can be conveniently generated.48 In this
context, our group has recently reported the generation of
transient intermediates such as difluorocarbene (:CF2),

50 the
trifluoromethyl radical (·CF3),

51 or bromomethyl lithium.52

The detailed discussion of these highly reactive species is
outside the scope of this Account on chemical generators, and
the reader is referred to pertinent literature.48

4. CONCLUSION AND OUTLOOK
Continuous flow devices are uniquely suited for carrying out
hazardous reactions as they combine low reactor volumes and
exceptional heat and mass transport. Furthermore, flow reactor
setups can be designed as modular systems that integrate
multiple reaction steps, in-line purification procedures, and
real-time reaction control employing PAT tools. In this
Account, we highlighted various generator concepts for the
safe on-site on-demand production of reagents that are too

reactive, explosive, toxic, or short-lived to be transported or
stored. Importantly, the implementation of such low molecular
weight reagents enables the design of the most direct and
atom-efficient routes.
Because we are living in challenging times, be it the outbreak

of the COVID-19 pandemic or environmental disasters, a
rethinking of society needs to be induced with respect to
globalization. Any of such events can dramatically disrupt the
international supply chains, as we are facing shortages of
important APIs at this very moment. To become more
independent from foreign third-party services, the localized
manufacturing of essential chemical products will become
more vital. As a consequence, on-site storage of hazardous
chemicals will increase, imposing not only an increased safety
risk but also potentially higher costs. Therefore, generating
reagents on-site and on-demand in continuous flow from
inexpensive and readily available starting materials will be a
reasonable solution for a chemical society that is increasingly
committed to efficiency, sustainability, and safety.
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