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The Minisci reaction constitutes a straightforward and convenient strategy to achieve the direct C-H
functionalization of heterocyclic molecules. This radical-based reaction platform has received increasing
attention due to the predictability of its outcome according to the nature of the radicals and
heterocycles involved. Considering the importance of these heterocyclic scaffolds in the development

and production of drug molecules, it is inevitable that scaling up this reaction manifold is of utmost

Received 16th September 2024,
Accepted 31st October 2024

DOI: 10.1039/d4cc04801f
importance. This review will present recent strategies to achieve the goal, which mostly involve
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Introduction

The direct C-H functionalization of heterocyclic scaffolds
represents a straight way to synthesize differently functiona-
lized molecular architectures.”” Considering the relevance
of N-containing heterocyclic cores in drug molecules,® the
scientific community has directed great endeavors in develop-
ing synthetic methodologies for the purpose.
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implementing the reaction conditions under continuous flow.

Where the well-established chemistry of cross-coupling reac-
tions might be complicated by the complexing nature of these
scaffolds, radical chemistry comes into help. In the late 1960s,
it was discovered that radical addition on basic heterocycles
like pyridines and quinolines could be selectively steered to the
C2 and C4 positions upon the addition of a strong acid to the
reaction mixture.*® What would later be known as the Minisci
reaction, exploited the LUMO-lowering effect of the acid addi-
tive to direct the addition of a nucleophilic radical, overall
obtaining a formal substitution reaction.”® The mechanism
proceeds with the following steps: upon radical addition on
the protonated heteroarene, the resulting radical cation can
undergo a first deprotonation step followed by oxidation (these
two steps could also be reversed) and rearomatization. Alter-
natively, according to the reaction conditions, a hydrogen atom
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transfer (HAT) step can happen, to obtain the same final
product (Fig. 1).°

The group of Minisci first employed alkyl carboxylic acids as
a radical source and a combination of a silver catalyst and
persulfate as the oxidant under thermal conditions.® This
pioneering work was nevertheless limited by the low yield of
primary alkyl carboxylic acids and could not be expanded to the
use of aryl radicals.

In recent years, the advent of photoredox catalysis has
introduced the possibility to generate radicals in a mild and
selective way, increasing the scope of applicability of radical
reactions in general.'®'" Considering the utility of Minisci-type
reactions, a growing number of applications for this reaction
manifold is constantly appearing, enabling in many cases also
the late-stage functionalization of differently substituted drug
molecules or naturally occurring scaffolds.’ The range of radi-
cal precursors employed for the purpose has been drastically
expanded. With reference to photoredox catalyzed procedures,
together with carboxylic acids, their derivatives (oxalates and
especially N-acyloxyphthalimides, also known as redox-active
esters, RAEs) represent convenient radical sources. In addition
to those, organoboron compounds, sulfur compounds, alkyl
halides, and, in many cases, also simple alkyl chains have been
introduced as radical sources.’ Reactivity studies have also
been directed towards the functionalization of electron-rich
heterocyclic cores (pyrroles, as an example), leveraging in this
case the affinity of electrophilic radicals for electron-rich
scaffolds.® These kinds of reactions will be further referred to
in the discussion as Minisci-type reactions. The importance of
this reaction manifold and its applications have been high-
lighted in recent reviews, that unfold different aspects of the
developed procedures so far available, focusing on the radical
source, on the energy input or on methods to perform the
reaction enantioselectively.”'>
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The rise of photoredox-catalyzed synthetic procedures can
be rationalized with the several benefits that photoredox cata-
lysis holds. The reaction conditions are mild, given that visible
light irradiation, mostly at room temperature, is utilized.'”*® In
addition, safer and cost-effective procedures and reagents have
been introduced, making photoredox catalysis an attractive
field, also from an industrial point of view.'® The overall
increased mildness of the reaction conditions leads to improved
tolerability and applicability. Considering the complex and func-
tionalized nature of drug molecules and their intermediates, this
feature is highly desirable to achieve the late-stage functionaliza-
tion of these molecules.” If also considering the need to increase
the saturation of molecules to expand the chemical space, photo-
redox catalysis comes as the ideal platform, given the possibility to
generate C-centered radicals from a plethora of saturated radical
sources used for alkylation reactions.** All these elements led
industrial chemists to look at photoredox catalysis with increasing
interest. Recent reviews have pointed out how photoredox catalysis is
becoming routinely employed in the development of new methods
in both the pharmaceutical and agrochemical industries."*?*

Together with the development of new methods, the issue of
scalability of photochemical processes becomes of funda-
mental importance. In this regard, flow chemistry applied to
photoredox-catalyzed processes figures as the obvious solution
to the problem.*® The implementation of batch photochemical
reactions in continuous flow offers several benefits. First, light
penetration is drastically increased. According to the Bouguer—
Lambert-Beer law, the light intensity decreases towards the
center of a batch reactor, as a result of the presence of high
absorbing molecules like the photocatalysts. In a flow tube, the
small diameter maximizes light distribution and therefore
enhances the reaction rate.>***

Due to the small dimensions of the tubes, heat and mass
transfer also become better. This allows to perform reactions at
higher temperatures and, in many cases, avoids the formation
of side products. The possibility to finely tune the reaction
conditions in terms of reactor volume, temperature, light
intensity, and residence time, also allows for higher reprodu-
cibility of the reaction outcome, and predictability when con-
sidering the scale-up of the developed flow protocols.***® In a
more practical sense, the modularity that flow setups offer
becomes a major benefit, especially when considering not only
reproducibility, but also automation, standardization and ana-
lysis of a reaction. As it is evident from Fig. 1, a flow reactor can
be coupled with different modules, that can aid the purification
step or, alternatively, allow on-line analysis, rendering the
process as a whole more efficient.””

In light of the benefits deriving from the implementation
of photoredox processes in continuous flow, it comes as no
surprise that many efforts have been directed to translating
batch photochemistry into flow chemistry.'® Recent reviews
have appeared discussing strategies to scale-up photochemical
reactions performed in flow, highlighting the benefits but also
the challenges that still need to be tackled.”*°

Considering the importance of the Minisci and Minisci-type
reaction manifolds, we will describe in this highlight recent

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 General mechanisms of the Minisci reaction and scheme of the modules of a continuous flow setup.

methodologies employing flow chemistry in the photoredox-
catalyzed functionalization of heterocyclic scaffolds. The dis-
cussion will be divided in two sections: in the first section,
the functionalization of basic heterocycles through a Minisci
mechanism will be described, while in the second section,
the functionalization of electron-rich heterocycles will be
addressed.

Implementation of the Minisci reaction
under continuous photo-

flow conditions

In 2021, Graham, Noonan and co-workers disclosed an inter-
esting route for synthesizing an intermediate of Ceralasertib, a
compound currently being evaluated as an anticancer drug. In

this work, the authors drastically shortened its synthetic route
by introducing the Minisci conditions to form the desired

This journal is © The Royal Society of Chemistry 2025

functionalized dichloropyrimidine (Scheme 1). At first, 1-methyl-
sulfanylcyclopropanecarboxylic acid was mixed with N-hydroxy-
phthalimide to generate in situ a redox-active ester, that was later
mixed with the dichloropyrimidine in the presence of 4CzIPN and
camphorsulfonic acid. The desired product was obtained in 25%
yield. Extensive optimization led the authors to find the best
conditions to ensure a high reaction rate and an increased yield.
The in-depth studies of the reaction rate and mechanism were
dictated by the aim to find suitable conditions for an efficient
scale-up using a continuous-flow setup (aiming at 5 kg day " of
the functionalized pyrimidine). Interestingly, the authors noticed
that the addition of acid was not required because of the match-
ing nucleophilicity of the alkyl radical and the electrophilicity
of the dichloropyrimidine, and they found out that an increment
in the reaction rate could be achieved with more reducing
catalysts of the family of 4CzIPN. In particular, 3DPA2FBN was
the photocatalyst of choice. For the flow process, the authors first
employed a Vapourtec UV-150 setup. Due to the limited

Chem. Commun., 2025, 61,13-22 | 15
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Scheme 1 Additive-free Minisci reaction for the synthesis of an inter-
mediate of Ceralasertib.

dimensions of the reactor, the process was further optimized in
tubes of a diameter of 6 mm (4 mm internal diameter) and then in
tubes with 8 mm internal diameter. With a residence time of
33 min, the reaction yield was in both cases higher than 60%.
Considering that a pilot plant would be equipped with longer
tubing (total length: 204 m), the authors reasoned that, if run
continuously for 24 h, this process would in theory generate
6.6 kg day " of the desired drug intermediate.*

In the same year, a similar radical generation strategy was
developed by Mousseau and co-workers. In their work, 3-(methyl-
ester)bicyclo[1,1,1]pentane-1-carboxylic acid (BCP) was first con-
verted into a RAE and then used in a photochemical process to
functionalize a wide variety of heterocyclic scaffolds, and therefore
obtain a wide array of 1,3-substituted BCPs. The starting material
was chosen with the aim to build bioisosteres of benzoates.
To determine the best reaction conditions, the authors employed
a high-throughput continuous flow reactor coupled with high-
performance chromatography where nanomolar scale reactions
could be performed. For this reaction, good yields were obtained
within a residence time of 90 s. The reactions were run in
duplicates and triplicates to confirm the results, ensuring repro-
ducibility. The work revealed that 475 reactions could be per-
formed in 12 h of instrument time. Higher scale (0.25 mmol scale)
batch reactions were performed for the scope studies: differently
substituted pyridines were utilized, together with pyridones and
fused heterocycles like quinolines, pyrazines, ribonucleosides,
and 5,6-membered ring systems. In addition, differently functio-
nalized BCPs were formed as well (Scheme 2).*?

In 2022, our group reported a photoredox/cobalt-catalyzed
Minisci reaction using boronic acids and derivatives (boronic
esters and trifluoroborates) as alkyl radical sources. The
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Scheme 2 Nanomole-scale reaction screening using BCPs as benzoate
bioisosteres.
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substitution of stoichiometric amounts of (inorganic) oxidants
with a cobalt catalyst resulted in being particularly convenient
for the translation of the batch conditions to continuous flow.
Throughout the duration of the reaction, no precipitate for-
mation was observed, avoiding clogging issues in the thin tubes
of a flow setup (Scheme 3). Mechanistically, upon oxidation of
the boron compound by the excited photocatalyst, an alkyl
radical is formed. At this stage, a classical Minisci mechanism,
as delineated before, takes place. After radical addition on the
protonated heterocyclic core, further oxidation and proton loss
happens, delivering the final product. A Co(u) species is
involved in this last formal HAT step. The Co(u) is generated
upon reduction of the Co(ui) co-catalyst by the reduced form of
the photocatalyst, which is regenerated at the same time. The
Co(m)-H species, formed after the formal hydrogen abstraction,
then leads in the acidic medium to the formation of H, with the
concomitant Co(m) catalyst regeneration.

A small scope of substrates was tested in flow. It was
observed that, in some cases, reactions that were sluggish in
batch worked better in flow. In these cases, cleaner reaction
mixtures were obtained. In addition, the yield of some of the
substrates was higher than the one obtained in a batch setup,
and the reduced reaction time was of particular importance.
The flow setup utilized in this case was a Vapourtec UV-150,
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Co(dmgH)(dmgH3)Cl; (5 mol%)

&
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Scheme 3 Dual photoredox/cobalt catalyzed Minisci reaction with boro-
nic acids and derivatives as radical source. Reproduced from ref. 33 with
permission from the Chinese Chemical Society (CCS), Shanghai Institute of
Organic Chemistry (SIOC), and the Royal Society of Chemistry, copyright
2022.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4cc04801f

Published on 01 2024. Downloaded on 22/11/25 22:27:09.

ChemComm

and an average residence time of 50 min in a 10 mL volume
reactor (with exceptions in some cases) was set.*?

An innovative platform to perform consecutive photochemical
reactions through a telescoped continuous-flow process was pre-
sented by Baumann and co-workers. In this report, a dual coil
photoreactor was effectively utilized for the formation of quino-
lines, that were subsequently functionalized in a Minisci fashion
using diacetyl as the photocatalyst. Under 365 nm irradiation, the
photocatalyst reacts with a wide variety of ethers, which undergo a
hydrogen atom transfer (HAT) step, generating a C-centered
radical that further adds on differently substituted quinolines
(Scheme 4). The authors described the setup used to perform
the sequential reactions. A Vapourtec E-series with its UV150
photomodule was utilized. Upon quinoline formation in the first
coil, the stream was pumped in the second coil and mixed through
a T-mixer with a solution containing the photocatalyst, tert-butyl
hydroperoxide (TBHP), and trifluoroacetic acid (TFA), dissolved in
the desired ether. Both reactions were irradiated with a 365 nm
lamp, with a residence time of 10 min and 5 min respectively
(volume of the reactors: 5 mL). The authors also evaluated the best
wavelength combination for the two telescoped reactions: while
quinoline formation was not affected by the wavelength and
performed well under blue light irradiation as well, the Minisci
step necessitated a more energetic wavelength, that led the authors
to choose a 365 nm irradiation for the dual-coil photoreactor
setup, without the need for two separated flow reactors equipped
with two different light sources.**

A different strategy to functionalize basic heterocycles was
utilized by Li, Zhu and co-workers. In this case, C-radical
generation was obtained using alcohols as radical precursors.
In the presence of phenyliodine bis(trifluoroacetate) (PIFA)
under blue-light irradiation, an alkoxy radical, together with
TFA, are generated, overcoming the challenge of the high O-H
bond dissociation energy. At this stage, two different pathways
can be devised, according to the structure of the alcohol: either
a 1,5-HAT or a f-scission can happen, forming the desired C-
centered radical (Scheme 5). The reaction was optimized in a

diacetyl (2 equiv), TBHP (2 equiv) I
o TFA (2 equiv), THF (0.3 M) o)

NNy = N S
—_— = P = N
N Ph
NH,

> high power LED 365 nm high power LED 365 nm
30°C 30°C
V=5mL, Rt =5 min

P
NP
V:=5mL, Rt=10min

L Peristaltic pumps

Scheme 4 Consecutive photochemical reactions for the synthesis and
functionalization of quinolines. In the pictures, the reported setup for the
dual photochemical reactor and the dual flow coil. Reproduced from ref.
34 with permission from the Royal Society of Chemistry, copyright 2022.
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stop-flow regime, and the authors underlined that the corres-
ponding reaction in batch, under the same reaction conditions,
resulted in a lower yield. This result is due to better light penetra-
tion in the microtubes. Operationally, the reaction was pumped
into PFA tubes with an internal diameter of 760 pm and was
irradiated for 12 h with blue light. When performed on a gram
scale, a longer irradiation time (48 h) was required. The scope of
the reaction proved to be quite broad, both in terms of heterocyclic
molecules and alcohols. Quinolines bearing electron-withdrawing
and electron-donating groups were functionalized, together with
phenanthridines, pyridines, bipyridines and quinazolines as exam-
ples. The alcohol counterpart was also versatile. Primary, second-
ary, and tertiary alcohols generated the corresponding C-centered
radicals upon PIFA activation. Similarly, a diverse array of alcohols
underwent B-scission to afford moderate to good yields of functio-
nalized heterocycles.*

Considering the importance of diazines in drug molecules,
Jubault, Poisson and co-workers devised a convenient method
to achieve the alkylation of these heterocyclic cores using
carboxylic acids as alkyl radical source and a combination of
benzoyl peroxide and 4CzIPN to enable radical formation.
Though mostly developed in batch, the reaction was also
implemented in a flow setup. Upon white LED irradiation with
a flow rate of 0.5 mL min~* in a 10 mL volume reactor, 72%
yield of the product was formed, with an improved productivity
(3.24 mmol h™" against 0.85 mmol h™" in batch, Scheme 6).>

Development of the Minisci-type
reaction using electron-rich
heterocycles under continuous-flow
Complementarily to basic heterocycles, the functionalization
of electron-rich heterocyclic scaffolds can be achieved using

Minisci-type conditions as well. In this case, the nucleophilicity
of the heterocycle has to be matched with the electrophilicity of

Chem. Commun., 2025, 61,13-22 | 17
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the radical species generated. For this subclass of transforma-
tions, flow conditions were implemented as well over the years.

Stephenson and co-workers demonstrated in 2015 that tri-
fluoroacetic anhydride (TFAA), under the right reaction condi-
tions, can be an effective source of CF; radicals, that can further
react with (hetero)aryl scaffolds, generating interesting trifluor-
omethylated compounds. In light of the unattainable oxidation
potential of the TFA anion, they reasoned that its redox activa-
tion could become feasible in the presence of a sacrificial redox
auxiliary. They identified pyridine-N-oxide as an inexpensive
and convenient mediator. Upon the generation of the TFAA/
N-oxide adduct, the reduction potential becomes considerably
lower (—1.10 V), and a photocatalyst-mediated single electron
transfer leads to the cleavage of the newly formed N-O bond
and the subsequent extrusion of pyridine and CO,, together
with the desired CF; radical (Scheme 7). A few heterocyclic
cores were trifluoromethylated, including indoles, pyrroles, and
oxazoles. In light of the poor reactivity of pyridines (due to the
polar mismatch between the CF; radical and the heterocycle),
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Scheme 7 TFAA as trifluoromethylating reagent. Application to the kg-
scale synthesis of a trifluoromethylated pyrrole. In the pictures, details of
the glass reactor and tubing (on the left) and overview of the whole setup
(on the right); reproduced from ref. 38, with permission from Elsevier,
copyright 2016.
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N-methylpyridone was utilized instead. After the trifluoro-
methylation reaction, that afforded the product in 54% yield,
the pyridone was converted into a pyridine of high importance
for drug development. The authors then tried to scale up the
reaction. While batch scale-up was found to be feasible, but
requiring consistently longer reaction time, the implementa-
tion of the reaction under flow conditions constituted an
obvious solution to improve light penetration. With a residence
time of 10 min in a 10 mL volume reactor, a 20 g scale reaction
was performed, with a promising 71% yield.*”

Aware of the potential that this reaction manifold held, the
same authors also reported a reaction variant that was scaled
up to 1 kg. The authors realized that the electronics of the
pyridine-N-oxides play a role in the reaction outcome. Upon
extensive optimization, they found out that the best results
could be obtained by introducing 4-phenyl pyridine-N-oxide as
a redox mediator. Its addition lowered the reduction potential
of the TFAA/N-oxide adduct to —0.91 V. 0.1 Mol % of the
photocatalyst was also sufficient to obtain good results. The
newly developed conditions proved to be broadly applicable to a
wide range of electron-rich heterocycles, and the reactivity was
further extended to the perfluoroethylation of similar scaffolds.
Interestingly, N-Boc protecting groups and MIDA boronates
remained untouched during the reaction. To further scale up
the reaction, an in-house flow reactor was developed. The blue
LEDs were installed in a glass beaker, that was wrapped with
PFA tubing (1.6 mm internal diameter) from the outside, for
a total volume of 150 mL. The setup was placed into a steel
casing and cooled down with water (see pictures underneath
Scheme 7). A peristaltic pump was employed to pump the
reaction in the flow setup. The reaction was performed on a
pyrrole moiety, using in this case pyridine-N-oxide for its
cheaper price and 0.1 mol% of a ruthenium photocatalyst.
Assays of the reaction revealed that an average yield of
60-65% was constantly obtained. After 48 h of irradiation and
purification, 0.95 kg of the final product was obtained. Con-
sidering the dependence of the reaction outcome on the light
intensity, the authors hypothesize that a light source with a
higher photon flux would allow for the use of wider tubes, with
a consequent further increment in productivity.*®

Aware of the convenience of using TFAA as a trifluoromethy-
lating reagent, a different strategy leveraging the efficiency of
an EDA complex was developed by the same group. Previous
studies revealed that N-(trifluoroacetoxy)-pyridinium (see the
structure in the box Key intermediate, Scheme 7) can form an
EDA complex in the presence of electron-rich heterocycles.
To effectively exploit this possibility, the authors introduced
a catalytic amount of 2-methoxynaphthalene to act as the
electron-donor moiety. They hypothesized that, upon irradia-
tion, the EDA complex between the N-(trifluoromethylacetoxy)-
pyridinium and 2-methoxynaphthalene would form a 2-meth-
oxynaphthalene radical cation and the desired CF; radical
(Scheme 8). The CF; radical would then undergo the addition
on electron-rich heterocycles. The arising radical intermediate
would then be finally oxidized by the 2-methoxynaphthalene
radical cation, therefore forming the final product and
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Scheme 8 EDA-mediated trifluoromethylation of heterocyclic scaffolds.

regenerating 2-methoxynaphthalene for a new catalytic cycle.
The reaction platform proved to be amenable to a range of
functionalized pyrroles, benzopyrroles and azaindoles. The
authors noticed higher yields in the presence of a Boc-
protection rather than different protecting groups. To prove
the scalability of the process, the reaction was performed in a
flow setup. With a throughput of 0.12 mmol min~", the gram
scale reaction afforded the final product in moderate yield (46%
yield, 1.19 g).*°

In 2017, Guttman, Kappe, and co-workers were able to
achieve the incorporation of fluorinated moieties in pyrroles
and indoles as well. No visible-light irradiation was required
for this transformation, which, following previous studies,
involved the use of H,0,, a Fe(u) catalyst, and DMSO for the
generation of radicals from fluorinated alkyl iodides. These
conditions were also implemented under continuous flow,
demonstrating that the improved heat and mass transfer can
substantially impact the reaction rate. With a residence time of
a few seconds in a microflow reactor, the process showed
potential for further industrial applications (Scheme 9).*°

Following these first approaches, photoredox-catalyzed Minisci-
type reactions performed under continuous flow started to appear,
as a result of the convenience in radical generation and in terms of
selectivity.

In 2018, Fagnoni and co-workers developed a photocatalyzed
strategy for the trifluoromethylation of electron-rich cores,

+ CF3l or pefluoroalkyliodides

1 equiv 1.6 equiv

DMSO/ACN (2:1)

FeSO4-7 Ho0 (0.4 equiv) @_

H,S04 (0.8 equiv)
H,0, (1.6 equiv)
V=18mL Rt=22s

Scheme 9 Continuous-flow perfluoroalkylation using Minisci-type conditions.
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Scheme 10 N-Aryltrifluoromethanesulfonimide employed as trifluoro-
methylating reagent employing Minisci-type conditions. Reproduced from
ref. 41 with permission from the Royal Society of Chemistry, copyright
2018.

including heterocyclic scaffolds. In this work, the authors
employed N-aryltrifluoromethanesulfonimide as a CF; radical
precursor. This compound, upon irradiation with 310 nm light,
undergoes a N-S homolytic break, generating radicals I and II.
Radical II undergoes SO, loss, forming a CF; radical, that
further attacks the heterocyclic molecule (Scheme 10). Radical
I might instead be involved in the final HAT step that forms the
final product, and the resulting sulfonamide can be the source
of another equivalent of CF; radicals. Alternatively, the CF;
radical itself can promote the HAT step from the intermediate.
The authors proposed this step considering that CF;H was
observed as a side product of the reaction. For the flow setup,
coils of UV-transparent FEP tubing were wrapped around a
water-cooled 500 W medium-pressure mercury lamp. The reac-
tion was pumped at a flow rate of 10 mL h™" in a 50 mL volume
reactor. A small scope of reactions was attempted, and
the reactions performed better than the corresponding batch
variant, with yield increments up to 30% and shorter reaction
times (5 h versus 12 h).**

The trifluoromethylation of functionalized heterocycles was
also studied by Noél and co-workers. The Langlois reagent
(CF3SO,Na) was chosen to be used as a precursor of the CF;
radical, in the presence of (Irf[dF(CF;)ppyl,(dtbpy))PFs as a
photocatalyst, that was proved to be the best catalyst through
fluorescence quenching experiments (Scheme 11). The flow
setup used for the transformation consisted of a Vapourtec
UV-150 photoreactor, equipped with fluoropolymer tubing with
an internal diameter of 1.3 mm and a total volume of 10 mL.
A residence time of 30 min was found to be optimal to obtain
the final products. First, caffeine was trifluoromethylated in
a moderate yield, and then the scope was further expanded
to indoles, benzimidazoles, pyridones, and pyrimidones. The
reaction was also scaled up: the trifluoromethylation of 5-bromo-
pyridone was accomplished. Within 3.5 h, 545 mg (56%) of the
trifluoromethylated scaffold was obtained.*>

With a similar aim, the trifluoromethylation of compar-
able scaffolds using the Langlois reagent was also developed
employing 3DPA2FBN as a photocatalyst and implemented in a
flow setup as well.*
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Scheme 11 Trifluoromethylation of highly functionalized heterocyclic
scaffolds using the Langlois reagent.

The functionalization of electron-rich heterocycles with bro-
momalonate or trifluoromethylating and perfluoroalkylating
reagents was then further studied by the same group soon
after. In this work, a novel class of organic photoredox catalysts
was utilized (2,2'-bithiophenebased derivatives), that proved
to be as effective as metal-based photocatalysts. For these
transformations, the implementation under continuous flow
became particularly important to drastically reduce the reaction
time to few minutes (Scheme 12).

When using bromomalonate, triphenylamine was used as a
sacrificial electron donor and irradiation with 400 nm light was
found to give better results considering the higher match with
the absorption maximum of the chosen photocatalyst. For the
flow setup, microtubes with an internal diameter of 760 pm and
an overall volume of 2.5 mL were used. For the trifluoromethy-
lation and difluoroalkylation reactions, the corresponding per-
fluorinated iodides were employed. In this case, 450 nm light
was utilized and a Vapourtec Photoreactor (tubing internal
diameter: 1.3 mm, reactor volume 5 mL) was employed, with
a residence time of 20 min. In the case of the gaseous
trifluoromethyliodide, a slug flow reaction regime was conve-
niently used, providing the desired product in good yield.**

The Langlois reagent was also found to be an efficient
trifluoromethylating agent of non-functionalized heterocyclic
cores by Ackermann and co-workers. In their work, they
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Scheme 12 Functionalization of heteroarenes under photo-flow conditions.
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demonstrated the viability of a photo-electrochemical transfor-
mation, which also effectively translated in a continuous-flow
setup (Scheme 13). Both an acridinium-based photocatalyst
(Mes-Acr'Cl0O,) and Ru(bpy);(PFe), could be employed, together
with a graphitic felt anode and a platinum cathode. The
trifluoromethylated reaction proved to be feasible also on
natural product-derived compounds, showing high tolerability.
Mechanistically, the authors hypothesize that, upon excitation,
the photocatalyst can oxidize the Langlois reagent, generating
in turn a CF; radical. The photocatalyst is then regenerated by
anodic oxidation. The CF; radical simultaneously attacks the
heterocycle, forming a radical intermediate that can be then
oxidized to generate a cation. Proton loss then determines the
formation of the final product, while proton reduction happens
at the cathode, with the development of H,.*

Last year, Vilé and co-workers further explored the Minisci-
type reaction using a heterogenous catalyst in a flow setup
(Scheme 14). Mesoporous graphitic carbon nitride (mpgC;N,)
represents a convenient catalyst with high surface area and
porosity. The catalyst was therefore packed with glass beads
(2.5 wt%) in a transparent FEP tube (length = 500 mm, internal
diameter = 2.1 mm). The presence of glass beads ensured a
uniform catalyst separation and dilution. A residence time of 20
min was found to be optimal for the formation of the desired
product. Longer residence times determined instead the for-
mation of di-trifluoromethylated products. The catalyst stability
was also evaluated: when the reaction was continuously
streamed in the flow setup for 5 h, no catalyst decomposition
was observed, and no decrease in product formation could be
detected over time. This result, if performing the reaction in
batch, would mean that the catalyst could be reutilized for

ol ln .
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: O i
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Scheme 13 Photo-electrochemical trifluoromethylation of heterocyclic
scaffolds.
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Scheme 14 Trifluoromethylation of heterocycles catalyzed by nanos-
tructured carbon nitride in a packed bad flow reactor.

15 cycles without any product and catalyst loss. The choice of
the base was another important parameter. In the presence of a
strong base like K,HPO,, the yield increased, as a result of the
improved re-aromatization rate (following CF; radical addition).
Under the described conditions, pyrroles, indoles and indazoles
could be functionalized, though the latter heterocyclic core
suffered from multiple CF; additions.*®

Conclusions and future perspectives

In light of the examples reported in this perspective, it is
evident that the Minisci reaction has become an indispensable
transformation, whose scope has undergone a tremendous
expansion since the surge of photoredox-catalyzed processes.
At the same time, the need for new protocols has to be
accompanied by technological advances. In this regard, espe-
cially when considering photoredox-catalyzed reactions, flow
chemistry has seen widespread application. When specifically
analyzing the Minisci reaction, it is evident that considerable
efforts have been devoted to the purpose of scaling up the
reaction. For Minisci-type reactions, often involving trifluoro-
methylation of electron-rich substrates, several examples invol-
ving flow implementation are available, including a kilogram
scale reaction. For basic heterocycles, on the other hand, fewer
examples can be found, probably as a result of the need for
insoluble reaction partners (like inorganic oxidants), which
might undermine the development of flow procedures due to
the risk of incurring in clogging issues. Despite some recent
example avoiding the need for stoichiometric amounts of acids
or oxidants, further alternatives to be applicable to a broader
variety of substrates are desirable. This will also meet the need
of tolerant reaction conditions to be applied for the late stage
modifications of drug molecules. Some examples have been
presented here, but they are still to some extent limited.

The examples here described also show the variability of
flow setups that can be utilized. While in many of the studies
here presented commercially available setups were used
(e.g. Vapourtec Photoreactors), in-house built flow reactors
also proved to work efficiently. This underscores the versatility
and modularity of flow chemistry, which does not require
specialized equipment, and becomes particularly effective
when scaling up photoreactions, thanks to the improved light
penetration, and better control over the reaction parameters.
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Though most of the examples here presented are a result of
academic efforts, it can be anticipated that photoredox catalysis
in combination with flow chemistry will play a central role in
future industrial implementation. To reach the goal, it can be
foreseen the need for standardized processes and setups.
Considering the high variability of flow setups that have been
described in this Highlight, it is evident the necessity to
standardize the setups, or to provide a detailed description of
the necessary properties to ensure reproducibility, that will lead
to an easier assessment of the requirements for further scale-
up. To this end, many of the examples here presented have
shown the optimization of a small scale reaction, with limited
examples showing the scalability of the reactions to a (multi)-
kilogram scale. Nevertheless, close collaboration between syn-
thetic organic chemistry and chemical engineering is desirable
to develop not only sustainable and efficient reactions, but also
a reaction design that meets the needs of the industry, allowing
the development of effective and more widely applicable scale-
up strategies employing flow chemistry.
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