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Advances in the Continuous Flow Synthesis of 3- and

4-Membered Ring Systems

Kian Donnelly*™ and Marcus Baumann*®!

Small carbo- and heterocyclic ring systems have experienced a
significant increase in importance in recent years due to their
relevance in modern pharmaceuticals, as building blocks for
designer materials or as synthetic intermediates. This neces-
sitated the development of new synthetic methods for the
preparation of these strained ring systems focusing on
effectiveness and scalability. The high ring strain of these
entities as well as the use of high-energy reagents and

1. Introduction

Recent years have witnessed the emergence of 3- and 4-
membered ring systems as synthetic targets of high value.
These small ring systems, both in the form of carbocyclic and
heterocyclic systems, are appealing and oftentimes underex-
plored entities in medicinal chemistry programs as they can fit
into small binding pockets.” In addition, these structures can
enhance hydrogen bonding interactions or act as rigidified
isosteres for other functionalities. Similarly, the high ring-strain
of small ring systems provides for opportunities to develop new
synthetic methodologies driven by its release. Strain release
reactions thus benefit from a substantial driving force on route
to scaffolds that are otherwise difficult to access!? One
remaining challenge remains the effective construction of
strained small ring systems, especially if unsaturated bonds are
present as in the case of cyclopropenes, cyclobutenes or related
heterocycles. Classical transformations often necessitate the
handling of unstable reagents (i.e., carbenes/metal carbenoids)
or the use of photochemical reactions to access the desired
targets that adds to the challenging task ahead, especially
when such reactions are to be scaled.

Continuous flow chemistry has demonstrated its value for
transformations that are difficult to perform in batch mode.” Its
salient features include improved heat and mass transfer arising
from reactor miniaturisation leading to small foot-print set-ups
that can be customised with automation as well as inline
analytical tools and purification units to streamline the access
of molecular targets. Flow approaches are often favoured when
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intermediates has often challenged their synthesis. Continuous
flow approaches have thus emerged as highly effective means
to safely and reliably access these strained scaffolds. In this
short review, key developments in this field are summarised
showcasing the power of continuous flow approaches for
accessing 3- and 4-membered ring systems via thermal, photo-
and electrochemical processes.

control over analogous batch operations is difficult to ascertain,
or in cases where safety and efficiency would otherwise be
compromised. Recent literature already indicates how high-
energy intermediates can be safely generated and consumed
within miniaturised flow set-ups which often provides for
shortened routes towards high-value targets.” With an ever-
rising interest in generating strained (hetero)cyclic scaffolds
chemists have since devised a variety of innovative and
effective routes exploiting continuous flow approaches. This
short review articles aims at compiling the most relevant
examples published over the last 5years during which a
substantial body of new studies have emerged in the literature.
In addition to this, we direct the interested reader to further
publications that summarise a variety of important pioneering
studies for the synthesis of 3- and 4-membered ring systems via
cycloaddition approaches.”

2. Carbon-Based 3-Membered Rings

The cyclopropene system is the smallest possible cyclic alkene
that can exist. Because of their high ring strain cyclopropenes
are useful synthetic building blocks characterised by high
reactivity. Many examples have been published in the literature
using cyclopropenes to synthesise highly functionalised cyclo-
propyl rings or more complex polycyclic systems.*” Cyclo-
propenes are typically synthesised via [2+ 1] cycloadditions of
an alkyne with a carbene or metal carbenoid. One such example
was disclosed by the Koenigs group in 2019, which utilised a
variety of diazo compounds as carbene precursors.®’ When
irradiated with blue light (470 nm), the diazo species readily
decomposes to form the corresponding free carbene following
expulsion of nitrogen, which can then react with an alkyne to
form the corresponding cyclopropene. While a wide substrate
scope could be demonstrated in batch mode, the reaction was
hampered by long reaction times of 16 hours on a small scale
(e.g., 0.25 mmol). To investigate whether the reaction could be
safely scaled, it was transferred to a continuous flow setup
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which reduced the reaction time to 30 minutes due to better
photon flux. This decrease in reaction time led to an increase in
productivity yielding 144 mg/h (0.5 mmol/h) of cyclopropene 3,
which is a significant improvement compared to the batch
protocol (Scheme 1).

An alternative precursor to free carbenes is the diazirine
ring, which can also decompose photochemically to give the
desired reactivity. In 2021, the Ollevier group published a
method for synthesising trifluoromethylated cyclopropenes
using CF;-diazirines as a carbene source.” While the success of
the reaction was highly dependent on matching the absorb-
ance of the diazirine with the correct light source, a range of
CF;-cyclopropenes could be synthesised. Crucially, when carry-
ing out the reaction in flow mode, a residence time of only
5 minutes was sufficient for full conversion, obtaining product 6
in 93% vyield, however, attempting these conditions in batch
resulted in a low yield of 5% after 24 hours. Using this flow
setup 10 mmol of material could be processed in 50 min
providing the desired product in a yield of 73% (Scheme 2).
Interestingly, in this case it was found that the diazirine system
performed better than the equivalent diazo precursor for the
synthesis of CF;-cyclopropenes. More recently, the same group
reported a related study for the photochemical synthesis of
halogenated cyclopropanes from halodiazirine precursors in
flow.["

While cyclopropenes are typically used as building blocks
for functionalised cyclopropanes, the cyclopropyl system can
also be readily accessed via the addition of a carbene or
carbenoid to an alkene. The well-established gem-dichlorocyclo-
propanation of alkenes involves the generation of dichlorocar-
bene by treating chloroform with aqueous sodium hydroxide.
However, there are challenges associated with scaling this
reaction in batch, primarily due to long reaction times leading
to partial polymerisation of dichlorocarbene. In 2019, the Kappe
group investigated the scalability of this reaction in continuous
flow and found significant improvements due to the enhanced
mass transfer offered in flow."” The system developed involved
the use of a packed-bed reactor filled with PTFE beads, which
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enabled excellent mixing even at low flow rates. By mixing a
stream of aqueous sodium hydroxide (35 wt%) and a stream
containing cyclohexene (dissolved in chloroform in the pres-
ence of catalytic quantities of Et,MeN) as the model substrate,
full conversion was achieved in 4 minutes at 80 °C. Interestingly,
it was found that an increase in temperature or NaOH
concentration led to blockages of the reactor. This system was
then applied to the synthesis of ciprofibrate methyl ester (8), an
important lipid-lowering agent, with a productivity of 5g/h
being achieved (Scheme 3). An analogous reaction has also
been demonstrated by Park and colleagues when generating
gem-dichloroaziridines from imines in continuous flow.'”

Similar reactivity is observed when alkenes are treated with
metal carbenoids, such as in the Simmons-Smith reaction. The
Simmons-Smith reaction involves formation of a zinc carbenoid
species by reacting diiodomethane with mixtures of zinc and
copper. The resulting zinc carbenoid is highly reactive and
requires careful handling to prevent decomposition. Cabrera,
Aleman and coworkers described the development of a
continuous flow approach for Simmons-Smith cyclopropanation
reactions.”¥ Using a packed bed reactor containing the zinc-
copper couple, the desired zinc carbenoid could be generated
in situ, eliminating the need for any handling of this sensitive
reagent. Passing a stream of alkene and diiodomethane in DCE
through this packed bed reactor provided a variety of cyclo-
propanes in moderate to excellent yields. Additionally, the
telescoping of an acidic quench and a phase separation
improved the process efficiency, with a scaled-up synthesis
yielding a throughput of 3.6 g/h of 9 (Scheme 4).

The same reactivity has also been used for borocyclopropa-
nation reactions using ,CHBpin to generate the corresponding
zinc carbenoid. Moreover, the Charette group has developed a
photochemical method for achieving the same reactivity.'” By
irradiating a solution of I,CHBpin with UV-A light in the
presence of an alkene, DIPEA and using xanthone as a photo-
sensitiser, a range of borocyclopropanes could be accessed.
Using a continuous flow system, reaction times of 1 hour were
required, however, when performed in batch mode, no reaction
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Scheme 1. Photochemical synthesis of cyclopropene using diazo compounds.
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Scheme 3. Continuous flow synthesis of ciprofibrate methyl ester.

was observed at this time point. In batch, significantly longer
reaction times of 18 hours were required for moderate yields,
with the improvements observed in flow likely caused by more
efficient photon flux and increased light penetration.

An alternative approach relying on the Corey-Chaykovsky
cyclopropanation reaction was recently demonstrated by
Gnanaprakasam and co-workers. The resulting flow approach
passed solutions of oxindole and fluorene-derived alkenes
through a packed bed reactor cartridge filled with Amberlyst
A26 as an immobilised base. This method rendered a variety of
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spirocyclic cyclopropanes under mild conditions and with faster
rates than analogous batch reactions.” Using a Corey-
Chaykovsky cyclopropanation reaction in this approach is
complementary to an earlier report by Ley and Brocksom who
demonstrated the scaled formation of an epoxide under
analogous conditions whereby carvone was used as a precursor
to a cycloheptenone building block."®

In addition, Mateos and co-workers disclosed a gram-scale
flow approach towards cyclopropanes exploiting a Wadsworth-
Emmons reaction of epoxide substrates.""”

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Review
doi.org/10.1002/chem.202400758

Chemistry—A European Journal

______________

/©/\/\an
MeO

+ CHyls (2 equiv.)
Bno_/,’

+9
90%, 3.6 g/h

Scheme 4. Continuous flow Simmons-Smith reaction.

3. 3-Membered Heterocyclic Systems

Similar to their carbon-based counterparts, three-membered
heterocycles can serve as extremely useful building blocks for a
range of functionalities such as amines and alcohols from the
corresponding aziridines or epoxides. A significant advantage of
carrying out reactions in continuous flow is the ability to
accelerate reactions by superheating solvents to temperatures
above their boiling points using back-pressure regulators. In
2021, Luisi, Degannaro and Andresini used this approach to
access a range of azirines which could then be transformed into
functionalised aziridines in a subsequent telescoped batch
step."® By heating solutions of vinyl azides to 130°C using
cyclopentyl methyl ether (CPME, b.p.106 °C) as the solvent, the
corresponding azirine is quickly generated. The use of a BPR
does not only facilitate superheating of the reaction mixture,
but also ensures the steady release of nitrogen gas giving full
conversion of the substrate in 16 min compared to 45 min in
batch. Using a further reaction coil at 25°C, the mixture could
be rapidly cooled, facilitating a subsequent low temperature
batch alkylation using alkyl lithium reagents, which provided
access to a range of functionalised aziridines.

Another recent example demonstrating the advantages of
continuous flow technology for high temperature reactions was
published by Bonner and Baumann in 2023, who described a

D—@—OMe

liquid-liquid
separator

D><]

20 psi

continuous flow Baldwin rearrangement to access aziridines
from 2,3-dihydroisoxazoles."” During this study, it was deter-
mined that high temperatures were required to achieve full
conversion, with toluene at 110°C requiring 3 hours in batch to
access the product in poor to moderate yields. By transferring
the reaction to flow, a reduced reaction time of 10 minutes
could be achieved by superheating the mixture to 135 °C, which
led to improved yields due to a decrease in the quantity of
impurities being formed. Using this method a range of
aziridines were successfully synthesised, including some exam-
ples which could not be accessed using comparable batch
conditions. Further improvements in both yield and diastereo-
selectivity were found by switching the solvent to acetonitrile,
which was easily facilitated using a BPR at the end of the flow
set-up. While the productivity of the reaction is limited by the
solubility of the substrate, scalability was demonstrated with
throughputs of up to 20.6 g/h being achieved (Scheme 5).
Another advantage of carrying out reactions in continuous
flow is the ability to safely generate hazardous reagents in situ
and react them in a telescoped manner, improving the overall
safety of the process. In 2021, the Kappe group published a
flow synthesis of aziridines from styrenes using bromodimethyl-
sulfonium bromide (BDMS) and primary amines.”” BDMS can be
used for the bromination of various compounds including
styrenes, however, it is moisture sensitive, thus releasing

Ts

N
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10
1 M, MeCN

Scheme 5. Continuous flow Baldwin rearrangement of isoxazolines.
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molecular bromine when in contact with water. Due to these
safety concerns BDMS is typically generated insitu. The
generation of BDMS from DMSO and HBr is an exothermic
reaction that must be carefully controlled on large scale. The
improved heat transfer offered by continuous processing allows
the heat generated to dissipate quickly, minimising the chances
of a runaway reaction. By treating a stream of styrene substrate
and DMSO with a solution of HBr, the brominated intermediate
12 could be efficiently formed (Scheme 6). Subsequent treat-
ment with an excess of primary amine provided the corre-
sponding aziridine in moderate to good yields. Additionally, the
system could be run for 1 h without any drop in product yield.

Similar to photochemistry, electrochemical reactions benefit
from the increased surface-to-volume ratio offered by mini-
aturised continuous flow reactors. Electrochemical reactions are
typically limited by diffusion between the anode and the
cathode, however, the short distance between the electrodes in
a flow setup reduces this inefficiency leading to shorter reaction
times and less decomposition of reactants/products. In 2021,
Noél and co-workers described their work towards the electro-
chemical synthesis of aziridines from styrenes and amines.”"
Using a flow set-up, full conversion to the desired aziridine
could be achieved in 5 minutes, compared to 16 hours in batch

(which resulted in low yield due to competing decomposition).
While investigating the substrate scope it was noted that some
aziridines underwent decomposition during attempts to isolate
them. Therefore, the output of the flow reactor was collected in
a flask containing 4-bromothiophenol to access the correspond-
ing amine (15) following ring opening of the aziridine (14)
(Scheme 7). Using this strategy, a range of amines could be
isolated in moderate to high yield. Additionally, the system
could be telescoped with a flow hydrogenation step to form
the desired hydroaminated product, which was isolated in
higher yield than when the same reaction was carried out in
batch.

Epoxides, or oxiranes, are three-membered rings containing
an oxygen atom, and serve as versatile intermediates. Epoxides
are typically synthesised using one of two methods: oxidation
of alkenes, or intramolecular ring closure of alcohols containing
a good leaving group. In 2023, the Kappe group reported a
telescoped synthesis of epoxy alcohols starting from aromatic
aldehydes and allyl boronic esters”? Following the acid-
catalysed asymmetric allylboration of the aldehyde using a
packed bed reactor containing a polystyrene supported catalyst,
the resulting unsaturated alcohol was oxidised using mCPBA in
a telescoped manner to yield the desired epoxide. While the
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| 1 1 \
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5-10 min | 2-4 min 26-62% yield

Scheme 6. In situ generation of BMDS towards the synthesis of aziridines.
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Scheme 7. Continuous flow electrochemical synthesis of aziridines.
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same reactivity could be achieved in batch mode, by trans-
ferring it to flow, both the allylboration and subsequent
oxidation could be telescoped, thus improving the overall
efficiency. Additionally, carrying out the oxidation in flow
minimises safety concerns associated with the use of mCPBA.

While mCPBA is a commonly used oxidant, its storage and
use present various safety concerns. An alternative approach is
to generate the desired oxidant/peracid in situ, thus avoiding
the need to store large quantities of peracid. A collaborative
study by researchers at Queen’s University Belfast and the
Almac group, resulted in the development of a continuous flow
platform for the epoxidation of alkenes using in situ generated
peracetic acid.”® By passing a mixture of acetic acid and
hydrogen peroxide through a packed bed reactor containing a
sulfonic acid resin, the desired oxidant could be generated.
Using multiple pumps, the resulting stream of peracetic acid
can then be combined with a mixture of alkene, a manganese
catalyst and 2-picolinic acid as ligand to form the desired
epoxide. The incorporation of an additional stream consisting
of sodium thiosulfate was used to quench the reaction mixture,
mitigating any safety concerns surrounding excess peracetic
acid. Using this system 1,2-epoxyoctane (16) could be synthes-
ised on a multigram scale, with 16.3 g being produced in an 8 h
run (Scheme 8).

A recent example showing an alternative strategy to access
epoxides was published by the Kappe group in 2019.%4 Using
(bromomethyl)lithium generated using a continuous flow
reactor, a range of epoxides was synthesised from the
corresponding ketone. LiCH,Br is highly unstable, even at

120°C, limiting its utility as a reagent. It is typically generated
in situ either through deprotonation of bromomethane or
lithium-halogen exchange of a bromomethyl halide species.
While the epoxidation of acetophenone using in situ generated
LiCH,Br (from MelLi-LiBr and CH,Br,) was possible in batch at

80°C, the lack of control of the exotherm makes this reaction
difficult to scale. By transferring to a continuous flow setup, the

Scheme 8. Flow epoxidation of alkenes via multi-stage cascade.
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LiCH,Br can be generated insitu by combining a stream of
MelLi-Br with a stream of ketone and CH,Br,. Exploiting this
approach, a range of epoxides was synthesised in good to
excellent yield. This method was then applied towards the
synthesis of Fluconazole (19), a drug used for the treatment of
fungal infections, yielding key intermediate 18 in 78% yield on
a multigram scale using a Lonza Flow Plate microreactor
(Scheme 9).

Similar to the above example, in 2020 the Kappe group also
published their work on using flow generated halomagnesium
intermediates and their reactivity with aldehydes.”™ Very fast
reactions which require second or even sub-second reaction
times are commonly referred to as ‘flash chemistry’. These
reactions benefit significantly from the greater control offered
by continuous flow reactors. Using a micro plate reactor, the
Kappe group hereby combined the insitu generation of
chloromethyl magnesium chloride and its subsequent reaction
with a range of aldehydes to vyield either epoxides or
chlorohydrins depending on whether a basic or acidic quench
was carried out. Generation of the desired organomagnesium
intermediate required a residence time of only 1s at 20°C,
with a subsequent 1.6 s sufficient to achieve full conversion of
the corresponding aldehyde. Notably, longer reaction times
resulted in decreased yield, highlighting the benefit of the
continuous flow setup as these reactions would be operation-
ally impossible to carry out efficiently in batch.

4. Continuous Flow Approaches towards
4-Membered Rings

Cyclobutenes are highly strained molecules which can act as
useful building blocks for highly functionalised cyclobutanes. A
common method for accessing these molecules is through the
photochemical [2+ 2]-cycloaddition reaction of an alkene with
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