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ABSTRACT: Photoinduced chemical transformations have received in recent years a &
tremendous amount of attention, providing a plethora of opportunities to synthetic organic C&& ‘r%,o
chemists. However, performing a photochemical transformation can be quite a challenge " %

because of various issues related to the delivery of photons. These challenges have barred the
widespread adoption of photochemical steps in the chemical industry. However, in the past
decade, several technological innovations have led to more reproducible, selective, and
scalable photoinduced reactions. Herein, we provide a comprehensive overview of these
exciting technological advances, including flow chemistry, high-throughput experimentation,
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1. INTRODUCTION

In the past decade, photochemistry and especially photo-
catalysis have been embraced by the organic chemistry
community as a transformative synthetic method, allowin§ to
develop new and previously elusive synthetic methods.'™ In
these methods, light energy can be harnessed by organic
molecules and photocatalysts to reach an excited state,” leading
eventually to new chemical bonds. Many of the recently
developed approaches are operative under very mild reaction
conditions (i.e., at room temperature, use of visible light,
avoidance of toxic and hazardous reagents), thus providing
excellent functional group tolerance. Consequently, photo-
chemistry and photocatalysis have seamlessly been merged
with other catalytic platforms,'” such as transition-metal
catalysis,"' "¢ biocatalysis,'’~'* enantioselective catalysis,”’~>
and even electrocatalysis,zg_?’1 allowing to construct chemical
bonds using a wide variety of unconventional coupling
partners.

However, although the use of photons in organic synthesis is
as old as the field itself*” it was consistently met with
skepticism. In one of the earlier reviews on photochemistry,”
Noyes and Kassel stated already in the first paragraph that
“Unfortunately, while Photochemistry may be said to be much
older than its fellows, it is at present in a far more unsatisfactory
state.” Indeed, photochemical transformations are often
perceived as very complex with regard to reaction
kinetics.”* > Also from a scale-up perspective, photochemistry
is still regarded as a daunting challenge because of the high
cost of photons®” and the light absorption, which causes a
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gradual loss of light intensity through the reaction medium.*®
This undermined the confidence of researchers—especially in
the fine-chemical industry—to integrate photochemical steps
in their synthetic routes toward pharmaceuticals, agro-
chemicals, and materials. The general perception was to
avoid photochemistry altogether as it imposed too many
insurmountable issues to bring the molecule to the market.
Photochemistry was only considered when there was no
alternative available, such as in the production of vitamin D
and rose oxide as prime examples.’

Nevertheless, this time the moment could be right for a
definitive breakthrough of synthetic photochemistry in the
industry. The first reason for this statement is the rapid uptake
and maturation of photocatalysis in both academia and
industry, allowing researchers to completely rethink the
assembly of organic molecules.*’ It is remarkable to see how
fast companies have established small groups of experts to
investigate the potential impact of photocatalysis in their
synthetic programs.”’ Second, the tremendous evolution of
light-emitting diode (LED) technology has resulted in the
development of monochromatic, energy efficient, durable, and
high intensity light sources, reducing the effective costs of
photons for photochemical applications.*” And third, various
advanced photochemical reactor technologies have been
developed in recent years, which show great promise to carry
out photochemical processes ranging from laboratory to
production scale.””** Several companies have focused on
developing and commercializing standardized equipment to
carry out photocatalytic transformations on different scales.
However, it is important to note that the application of
photocatalysis in organic synthesis is not a recent invention.*
On the contrary, several important contributions were made
already decades ago.” Therefore, it can be argued that it is
actually the combination of these three different technologies
(ie., photocatalysis, light sources and reactor technology),
which have developed independently and with their own set of
rules, that could ensure that photochemistry is here to stay. In
times of increasing environmental awareness, another strong
indicator for this statement is that the chemical industry is
required to develop more sustainable and energy-eflicient
processes with reduced waste generation and minimal
environmental impact.*® Photochemistry can play a key role
in this transition since light can be regarded as a renewable,
traceless reagent,”’ """ and most photochemical processes
adhere to the principles of green chemistry.*’

Herein, we aim to give a detailed perspective on the new
technological advances observed within the field of photo-
chemistry and photocatalysis for synthetic organic chemistry.
First, the fundamentals of photochemistry are detailed,
including the importance of photons for the observed reaction
kinetics, the key photochemical laws, and some guidelines for
the appropriate light source selection. This introductory
section is of importance as it will allow readers to gain a
basic understanding into the reasons why technology can make
an impact in synthetic photochemistry. Next, we discuss the
different photochemical reactor designs along with a vision
toward scale-up. In addition, a detailed update on the use of
flow technology for synthetic photochemistry and photo-
catalysis is given from 2016 onward (for examples before 2016,
we refer to our previous Chemical Reviews contribution™").
Furthermore, we discuss some new exciting disciplines within
the field, including the use of high-throughput experimentation
and the combination of photochemistry and electrochemistry.

https://doi.org/10.1021/acs.chemrev.1c00332
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Figure 1. Thermochemical (A) versus photochemical activation (B).
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Figure 2. Average reaction rate versus the photon flux. (A) Linear regime where /3 is 1.0 can be observed at lower light intensities. The reaction is
photon limited in the entire reactor. The linear part can be extended by increasing the photocatalyst loading. (B) For intermediate light intensities,
f is around 0.5 and kinetic limitations are apparent in some parts of the reactor. (C) For high photon fluxes,  becomes 0, and thus, the reaction
rate is independent of the light intensity. Kinetic limitations are observed in the entire reactor.

Throughout the Review, we have mainly focused on the
synthesis of small organic molecules. However, where
appropriate, we have included examples from other disciplines
as well, for example, CO, conversion or polymer chemistry.

2. THE FUNDAMENTALS OF PHOTOCHEMISTRY

2.1. Kinetic Rate Dependence on Temperature versus
Photons

Increasing the reaction temperature is one of the most utilized
strategies to accelerate reactions. An increase in temperature
can result in significantly reduced reaction times.’” Such fast
heating can be achieved by carrying out the reaction in
microreactors™>  or by subjecting the reaction vessel to
microwave energy.”* As shown in eq 1, the Arrhenius formula
provides a direct correlation between the reaction rate and the
reaction temperature, which represents one of the fundamental
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equations in reaction kinetics.”> This equation can be
linearized by taking the natural logarithm of the reaction rate
constant and plotting it against the reciprocal temperature (1/
T). When the rate constant obeys the Arrhenius equation, a
straight line is obtained where the slope can be used to
determine the activation energy (E,), which corresponds with
the energy required for the molecules to undergo a chemical
reaction. Often, the required temperature to undergo reaction
is so high that it would result in a premature decomposition of
the starting materials prior to reaction. In such cases, chemists
have sought strategies to lower the activation energy by adding
additional reagents for activation, such as catalysts, acids/bases,
reductants/oxidants.

Ea
k= A-e"rr) (1)

https://doi.org/10.1021/acs.chemrev.1c00332
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Figure 3. Maximizing the photon capture efliciency by minimizing the lost radiation through optimization of the light source-reactor distance and
through use of refractors. (A) Light source is not matched with the reactor dimensions and some regions are not irradiated. This means that the
photochemical reactor is effectively smaller than anticipated from its total volume. (B) Optimal positioning of the reactor and the light source. (C)
When the light source is positioned too far away from the reactor, the amount of lost irradiation increases following the inverse square law for light.

where k is the rate constant [unit depends on the order of the
reaction], T is the absolute temperature [K], A is the pre-
exponential factor or frequency factor, which is related to the
frequency of collisions between reactant molecules [has the
same dimension as the rate constant], E, is the activation
energy for the reaction [J-mol™'], and R is the universal gas
constant [8.314 J-K™'-mol™'].

Overcoming these energetic barriers for reaction can also be
realized by the selective absorption of photons (Figure 1).
Interestingly, the kinetics of photon-driven transformations are
strongly dependent on the photon flux, that is, the number of
photons observed per unit time (eq 2).

©)

where k is the rate constant [unit depends on the order of the
reaction], @ is a constant depending on the type of
photochemistry, I is the light intensity [W-m™2], and f is a
constant depending on the photon flux.

For low light intensities (<around 200—250 W-m™2), 3 is
equal to 1.0 indicating a linear increase of the reaction rate
constant with increasing light intensities (Figure 2).% Since
there is no thermal component in this equation, photochemical
reaction rates can be carried out at room temperature and
readily tuned by simply varying the light intensity. From a
safety perspective, it is interesting to note that most
photochemical reactions can be easily quenched by switching
off the light.

At a certain moment, a further increase in light intensity will
not result in an enhancement of the reaction rate. The reaction
becomes ultimately independent of the photon flux ( = 0). At
that point, the photocatalyst is constantly active and the
reaction medium is completely saturated with photons.
Additional photons will not be productively absorbed any-
more. Notably, it can be easily understood that the linear part
of this correlation can be extended by increasing the catalyst
loading (or by increasing the concentration of the photon-
absorbing species). These important insights have their

k=al’
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repercussions on the energy efficiency of the photochemical
process, and it is therefore important to carefully balance the
catalyst loading with the light intensity.

2.2, Laws of Photochemistry

When a reaction mixture is irradiated, only a fraction of the
light will be absorbed as a significant amount of the incoming
light will be scattered, transmitted, or reflected.>” However, it
is only the absorbed light that will be able to induce a
photochemical transformation. This insight is known as the
first law of photochemistry (also called the Grotthiis—Draper
law). For example, a reaction mixture can be irradiated with
visible light, and no reaction will typically occur as most
organic molecules are transparent to such irradiation.
However, organic dyes and some transition metal complexes
can be added to absorb the light and subsequently transfer that
excited state energy via single electron transfer (SET, e.g,
photoredox catalysis),”**~ %’ hydrogen atom transfer
(HAT),**® proton-coupled electron transfer (PCET)* or
collision (energy transfer, photosensitization).' "~

Since photochemistry is chromoselective, it is critical to
maximize the overlap between the emission wavelength of the
light source and the absorption characteristics of the photon-
absorbing molecules. Often the absorption maximum (A,
that is, the wavelength at which the absorbing species displays
maximum absorbance, is selected or, alternatively, a wave-
length region where no-competitive photochemical-induced
side reactions occur (so-called chromatically orthogonality). As
a consequence, light sources with a sufficiently narrow
spectrum are preferred (such as LEDs) to avoid excitation of
nontargeted functional groups or components in the reaction
mixtures, which could lead to undesired side-product
formation or solvent heating. It is fair to say that wave-
length-selective light sources lead to more selective photo-
chemical reactions.”” Hence, the light quality of the used light
source is a key reaction design factor and can be more
important than the total emitted light intensity. A high
intensity light source with a broad emission spectrum wastes a

https://doi.org/10.1021/acs.chemrev.1c00332
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lot of energy to wavelengths which are not relevant for the
targeted reaction. In addition, because of slight variations
during their construction, there are no two light sources which
are identical (even LEDs differ slightly in color and
intensity).”" It is, therefore, important that all light sources
are carefully calibrated using an integrating sphere, which is a
device for measuring and quantifying the intensity and spectral
range of optical radiation. Such detailed information on the
used light sources should be mentioned in the supporting
information of scientific articles.

The positioning of the light source is also a crucial reactor
design aspect. According to the inverse-square law of light, the
light intensity is inversely proportional to the square of the
distance (eq 3) (Figure 3). In other words, the further the light
source is positioned from the reactor, the more light is lost and
the lower the intensity will be in the reaction medium. Kuhn et
al. have shown that for a microfluidic channel an optimal and
uniform irradiance (~90%) could be obtained in the reaction
mixture when the distance between the microchannel and the
LEDs was between 1 and 1.5 cm.”' The LEDs were positioned
along the length of the entire channel with an inter-LED
distance between 6.5 and 8 mm. In addition, light can be
further focused through use of mirrors or waveguides.

47r? (3)

The inverse-square law for light describes the light intensity
passing through a unit area and is inversely proportional to the
square of the distance from the light source, which is treated as
a point source with a defined source power, where I is the light
intensity that passed through a unit area [W-m™], S is the
source power of the light source [W], and r is the distance
between the reactor and the light source [m].

The second law of photochemistry is stated by the Einstein—
Stark law of photochemical equivalence. It specifies that one
photon can only activate a single molecule, and thus, a
photochemical reaction can be regarded as a one-quantum
process. It should be noted that the law only applies to primary
photochemical processes. Once the photon is absorbed the
molecule reaches an excited state, after which it can undergo a
chemical change or fall back to its original position through
loss of energy via, for example, fluorescence. This means that
the quantum yield (®) is often less than unity (® < 1).”
When free radicals are generated in the photochemical process,
a chain reaction can be initiated leading to apparent ® values
which are much larger than unity.”” From the perspective of
energy cost, such photoinduced radical-chain processes can
actually be advantageous as less photons are required to reach
full conversion.

® = number of molecules formed

/number of photons absorbed

(4)

When a beam of light is traveling through a solution, photons
will be absorbed leading to a gradual decrease in light intensity.
The Bouguer—Lambert—Beer law (eq 5) describes the extent
of this light extinction phenomenon, which depends on the
molar attenuation coeflicient of the absorbing molecules, the
concentration of this species and the light path length. As a
consequence, photochemical reactions are challenging to scale.
Larger-diameter reactors are not suitable as the highest light
intensities are observed at the reactor wall while the center of
the reactor will see little to no light (Figure 4). Since the
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Figure 4. Attenuation of light as a function of distance in a
photocatalytic reaction using Ru(bpy);Cl, (c = 0.5, 1, and 2 mM, € =
13000 cm™"-M™") utilizing the Bouguer—Lambert—Beer correlation
(eq 5).

reaction rate depends strongly on the local light intensity (eq
2), large variations in local reaction rates can be observed;
kinetic rates can easily be 2—3 orders of magnitude different
depending on the position in the reactor.”® Hence, reactors
with shallow dimensions provide equal reaction conditions
throughout the entire reaction medium and are consequently
the preferred vessels to scale photochemical transformations
(see section 3).

Iy

A=—log T=log T = ed (s)
where A is the light absorbance [-], T is the transmittance [-],
Iy is the light intensity received by the light-absorbing medium
[W-m™2], I is the light intensity after passing through the light-
absorbing medium [W-m™], & is the molar attenuation
coefficient or absorptivity of the light-absorbing species [L-
mol":em™], ¢ is the concentration of the light-absorbing
species [mol-L '], and I is the optical path length [cm].

If one photon converts one molecule into product, then
theoretically 1 mol of photons should be supplied to convert 1
mol of starting material. This insight is expressed by the
Bunsen—Roscoe Law of Reciprocity, which stipulates that only
the total energy dose (i, the total number of incident light
quanta) matters to convert a compound. Hence, the intensity
of the light multiplied with the exposure time should be kept

constant as shown in eq 6
(6)

where I is the light intensity [W-m™] and ¢ is the exposure
time [s].

This law has also proven its value in the scaling of
photochemical transformations. The required amount of
photon equivalents, which are defined as the ratio of absorbed
photons to the amount of substrate, needs to be kept equal at
each reaction scale. Researchers at Merck-MSD have used this
strategy to successfully scale a photocatalytic C—N cross-
coupling reaction from milligram scale in batch to multikilo-
gram scale in flow.”* However, it is important to realize that
this law has its limitations and is only valid when there is no
follow-up reaction possible. If follow-up reactions are possible
(e.g, photochemical oxidation reactions), larger diameter

I-t = constant
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photochemical reactors would result in local regions with high
light intensities, typically at the reactor wall. In those regions, it
will be more likely that the formed product will be able to
absorb another photon and be converted to (undesired) side-
products than in regions where the light intensity is lower.

2.3. The Importance of Selecting the Right Light Source

The energy of a photon can be related to the wavelength (or
the frequency) of the light, according to the Planck—Einstein
law (eq 7). A mole of photons (corresponding to 6.022 X 10>
photons) is called an Einstein.

c
E=hv=h 2 @)
where E is the energy of a single photon [kcal'mol™],  is
Planck’s constant [1.58 X 1077 kcal's], v is the frequency of
light [Hz or s™'], 4 is the wavelength of light [nm], and c is the
speed of light in vacuum [3.0 X 10" nm-s™']

Following eq 7, the energy of photons may be calculated
from the wavelength associated with the photon (see Table 1).

Table 1. Relationship between the Type of Radiation, Its
Wavelength, and the Frequency

type of radiation wavelength [ in nm]  energy [E in kcal'mol™]

UV-C 100—280 286—102
UV-B 280—-31S 102—-90.8
UV-A 315—400 90.8—71.5
blue ~450 63.6
green ~500 572

red ~650 44
near-infrared (NIR) 780—2500 37-11

The range of wavelengths which is of interest to organic
chemists is limited between 200 and 1000 nm and the limits
are determined by practical considerations. In the UV-region,
transparent reactor materials are required and the higher the
energy of photons, the more it is absorbed by the reactor
material itself. The limit in the near-infrared (NIR) region is
determined by the ability to induce synthetically relevant
electronic excitations of organic molecules.

UV-induced photochemistry has been and remains very
useful in synthetic organic chemistry, allowing the direct
excitation of organic molecules.”® Intriguing examples are [2 +
2] c_?rcloadditions yielding strained cyclobutanes in a single
step’® and Norrish-type photoreactions which allow for
homolytic cleavage of C—C bonds.”””® However, because of
the high energy associated with UV irradiation, the likelihood
of byproduct formation increases from UV-A to UV-C. This is
especially true for densely functionalized organic molecules,
such as active pharmaceutical ingredients. Nevertheless,
strategies have been developed to combine low and selective
UV-induced photochemical conversions in combination with a
recycling of the unreacted starting material.”” In comparison to
visible light sources, the options for UV photochemistry are
rather limited.”” Medium- and low-pressure mercury lamps can
be used for UV-A and UV-B applications. High-pressure
mercury light sources emit a broad range of UV and visible
wavelengths along with heat which requires adequate cooling.
For such broad wavelength distribution light sources, wave-
length-specific optical filters can be used to remove any
undesired wavelengths,*”®" which potentially cause byproduct
formation leading to reduced energy efficiencies.*” These
issues can be solved by using light sources which emit light in a
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narrow spectral range. In this regard, LEDs have received a lot
of attention.*” They are fabricated from layered crystalline
semiconductor material, where at the interface of two types of
semiconductor a p—n junction is formed. Upon recombination
of the electrically generated electrons and holes, light is
emitted (i.e., electroluminescence) and the wavelength
depends on the material characteristics (and, thus, the energy
band gap). A single LED chip has a narrow emission spectrum
(10—30 nm), and because of their small size, they can be
perfectly aligned with chemical reactor technology (Figure SA
and B). For UV-B and UV-C applications, the emission of
LEDs can be tuned over the entire spectral range by alloying
GaN with AIN.**~*° However, these LEDs are often plagued
by their low intensity, poor lifetime stability and low wall-plug
efficiency (WPE ~ 1—3%), which is a measure that describes
how efliciently the input power is converted into optical light
power. Nevertheless, because of their use in the disinfection
industry, a lot of research is dedicated to develop higher
performance LEDs.***® The 2020 SARS-COV-2 pandemic
resulted in an increase of the UV-C market from $144 million
in 2019 to $308 million in 2020. This value increase could
even have been higher but was limited due to limitations in
production capacity. It is predicted that the UV-C industry will
further expand to $2.5 billion in 2025.%” Consequently, it can
be anticipated that the quality of these light sources will
increase substantially and will make them available for
photochemical applications in the near future. In sharp
contrast, high quality and high intensity (up to 160 W) UV-
A LEDs (>365 nm) are available and are based on well-
established GaN and InGaN on sapphire technology (Figure
SC). The UV-A-LEDs are highly advanced as it utilizes
essentially the same materials as blue LEDs and due to their
widespread use in the UV-induced polymer curing indus-
try.gg’89 As an alternative to LEDs, excimer lamps can be used,
where specific excimer molecules emit the UV light as intense
and narrow bands (spectral full-width at half-maximum from 2
to 15 nm).”””" Depending on the selected excimer, the
emission wavelength can be tuned from UV-C (e.g, KrCl for
222 nm) to UV-B (e.g, XeBr for 282 nm) and to UV-A (e.g,,
XeF for 351 nm).

The energy-content of visible light is often not sufficient to
cleave bonds and thus induce chemical reactions. However,
this issue can be bypassed by adding another molecule that
does absorb the radiation and subsequently exchanges energy
(photosensitization), electrons (photoredox catalysis), or
hydrogen atoms (hydrogen atom transfer photocatalysis)
with other organic molecules. While compact fluorescent
light sources are still frequently used for visible-light-induced
photocatalytic reactions in academic settings, the use of LEDs
is preferred because of their small size, energy efliciency, and
narrow emission bands. Interestingly, their intensity can be
easily tuned by changing the current.”” It is also important to
keep the operational temperature of LEDs constant due to
reduced light intensity and wavelength peak shifting at
increasing temperatures.”””” High-power LEDs are available
in nearly all colors and are of great value for the scale-up of
photocatalytic transformations. As an example, high power
blue LED chips can deliver a peak irradiance up to 2 X 105 W-
m~2nm™’. In contrast, high power green-yellow LEDs (510—
600 nm) are not available; this spectral range, also called the
“green %ap”, suffers from a significant drop in efliciency
(<50%).”"”° This issue can be solved using yellow or green
LED-pumped luminescent concentrators, which combine high
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Figure 5. (A) Microreactor with LEDs aligned along the length of the entire microchannel (Courtesy of Kuhn et al.). (B) DIY-assembled
photomicroreactor comprising a 3D-printed vessel in which a capillary microreactor is positioned and aligned with a blue LED strip. Reprinted with
permission from ref 98. Copyright 2016 American Chemical Society. (C) High-power 365 nm LED light source integrating 48 individual LEDs in a
single package, achieving 27.5 W of optical power. To the back of LED module, a heatsink is attached. (D) Schematic representation of the green
LED-pumped luminescent concentrators: high power LEDs pump blue photons into the green luminescent concentrator, which after absorption is
re-emitted as green light. Via total internal reflection, the light is waveguided to the edge, where it leaves the material as a highly intense light beam.
Bottom: Heat sinks are positioned on the other side of the luminescent concentrator to remove generated heat (Courtesy of Signify). (E) Picture of
an assembled green LED-pumped luminescent concentrator module (Courtesy of Signify).

power blue LEDs with a green emitting luminescent
concentrator (Figure SD and E).”*” Herein, a phosphor rod
is illuminated with blue LEDs positioned along its length. The
light is absorbed by the phosphor rod and down converted to
the desired wavelength. The luminescent light is subsequently
waveguided to the edge by total internal reflection where it
escapes the luminescent concentrator as a focused light beam.
In general, photons in the NIR region do not contain
enough energy to induce any synthetically relevant trans-
formations. Using up-conversion strategies, two or more low-
energy photons can be absorbed and converted 1nt0 a single
higher-energy photon (anti-Stokes emission).” The main
advantage of NIR is the higher penetration depth that can be
achieved through various media, including biological tissues.
This feature could be advantageous to overcome scale-up
limitations associated with the Beer—Lambert law and might
be useful for photocatalytic applications in live-cells. NIR light
has recently been used to enable photocatalytic reactions usmg
a triplet—triplet annihilation up-conversion strategy.'*""’
However, to become practical and economically viable, certain
limitations have to be overcome.'”> As two or more photons
need to be absorbed almost simultaneously, high photon fluxes
are needed, necessitating the use of NIR lasers. In addition, up-
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conversion quantum yields are still relatively low (®yc ~ 5.5%
in deaerated organic solvents).'”” Furthermore, oxygen should
be removed meticulously to avoid premature quenching of the
triplets, which reduces the @y even more.

From a sustainability and economical perspective, the use of
the solar energy for photochemical transformations is highly
appealing.'”> However, several challenges are associated with
the sun as a light source, including the polychromatic nature of
solar light, the day/night cycles, the variable light intensity
because of the passing clouds and the diffuse nature of solar
light caused by light scattering and reflections. Nevertheless,
progress has been made in recent years,104 195 and we refer to
section 3.1.1.3 for more information.

3. REACTOR DESIGN AND SCALE-UP

One of the main reasons why there is a clear lack of
photochemical transformations in the chemical industry is the
challenge associated with its scalability (i.e., mainly caused by
the attenuation effect).'’”'”” To produce small quantities,
most lab-scale flow-based setups suffice for on-demand
preparation of the targeted molecules (gram-scale), but the
quantities required for industry (kilogram- to ton scale) ask for
a more robust and reliable scale-up process.'”® This not only
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holds for photochemical applications but is also a highly
debated topic in continuous milli- and microflow chemistry in
general.'””™ """ Simply scaling up a flow reactor design to
increase production rate can be the most straightforward
approach, especially for tubular or capillary reactors, where
reactor volumes can be scaled up by three main strategies:
numbering up, sizing up by increasing the length of the
channel, and sizing up by increasing the channel diameter
(Figure 6).'%

Numbering up

Sizing up (Length) Sizing up (Diameter)

Lab scale
mg/h - g/day

Production scale
g/h - kg/day

Figure 6. Scale-up strategies for tubular flow reactors: numbering up,
sizing up by increasing channel length, and sizing up by increasing the
channel diameter. A tubular reactor volume can be calculated using
the given equation.

The numbering up strategy can be divided in two
conceptually different approaches: external and internal
numbering up. External numbering up can achieve an increase
in overall setup productivity by multiplying the exact same
setup in parallel. This way, additional units can be added until
the full system is scaled to produce the desired target amount.
A major disadvantage of this approach is the obvious high
investment cost when large quantities of a product are desired,
where for every setup individual equipment (e.g., pumps, mass
flow controllers) is required. Internal numbering up can offer
the same principle of scaling up through parallelization, but a
significant difference is that in this case some equipment is
shared between the instances. In the internal numbering-up
strategy, the reactor itself can be multiplied several times, while
still using a single feeding, collection, and monitoring section.
However, care needs to be taken to ensure equal flow
distribution over the different reactors, since slight differences
in pressure drop can cause flow maldistribution, which is
especially challenging in multiphase reactions, for example,
gas—liquid reactions where the gas is a reactant.''>~""*

One of the major drawbacks of scaling flow photochemistry
is the effect on the irradiated volume. Homogeneous photon
fluxes and controlled irradiation times can be achieved for the
irradiated volume for scales in the micro (and to some extent
the milli) range. Keeping the diameter as small as possible then
maximizes the photon flux over the entire cross section of the
reactor.' " Sizing up by increasing the length of the reactor has
the advantage that the surface-to-volume ratio remains
constant, but has the drawback of an increased pressure drop
along the reactor channel. On the other hand, simply sizing up
these reactor designs by increasing a channel or vessel diameter
can pose issues due to the Bouguer—Lambert—Beer law.
Inhomogeneous irradiation because of the attenuation of light
at larger dimensions can cause overirradiation (at the reactor
wall), slower overall reaction kinetics, and undesired byproduct
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formation.''® This strategy of sizing up also affects the flow
characteristics and heat transfer properties of the overall
system. For sizing up strategies, a reoptimization of the process
might be needed because of the change in flow characteristics
and, therefore, in the mass-transfer behavior.

The scale-up of photochemical reactors is, however, not
limited to the use of tubular/capillary reactors. In the past
decade, a diverse array of reactor designs have been proposed
(e.g., falling film reactors, vortex reactors, membrane reactors),
which all take advantage of the process intensification
conceept.43’52’110’117_129 Process intensification aims to intensify
mass, heat and photon transport phenomena with at least 2—3
orders of magnitude, leading to a significant reactor volume
reduction.”*® In the next section, attention will be devoted to
these novel photochemical reactor designs, differentiating
between passive and active reactor designs, and its successive
scale-up. These different design considerations and scale-up
strategies successfully and reliably increased productivity for
custom-made, as well as commercial reactor types.

3.1. Custom Reactors

Novel setups are oftentimes pursued in the laboratory
environment to explore new reactor concepts, or, alternatively,
to fine-tune a previously reported setup by tweaking the design
and operational parameters. This do-it-yourself (DIY)
approach can result in particularly interesting designs and
with the use of relatively cheap materials and parts flow
photochemistry is made easily accessible, partially explaining
the increased interest in recent years.

3.1.1. Custom Passive Reactors. The first category of
custom reactors discussed in this section is the passive reactor
type. In this context, the term passive indicates that no
additional mechanical energy is supplied to the process. Fluids
are introduced into the system and the flow profile is not
altered by moving parts or by any other external forces (e.g.,
ultrasound, stirring). In essence, this defines that the system
only requires a suitable way to introduce the reaction stream,
to irradiate and heat/cool the reaction mixture, and finally to
collect it.

3.1.1.1. Capillary Reactors. In 2005, Booker-Milburn,
Berry, and co-workers introduced a reactor design based on
an immersion well batch photochemical reactor, where a light
source is placed along the central axis of the immersion well."*’
An issue associated with this type of batch reactor is consistent
with the effect of the Bouguer—Lambert—Beer law, where only
the volume in proximity of the light source was irradiated
effectively. Alternatively, to optimally utilize the irradiation of
the central light source, the solvent-resistant fluorinated
ethylene propylene (FEP) tubing was coiled around the
immersion well (schematically shown in Figure 7A). Different
reactor designs were considered, consisting of one or multiple
layers (3, 4, or S) of coiled FEP tubing (either 0.7 mm ID/1.1
mm OD or 2.7 mm ID/3.1 mm OD) wrapped around a
commercial or custom-made glass (quartz, Pyrex, or Vycor)
immersion well. FEP is commonly used because of its
flexibility, good solvent-resistance and, especially important
for UV-photochemistry, its high UV-transmittance. The FEP
capillaries were irradiated with UV-light by a 400 W medium-
pressure mercury lamp and were cooled by directing water
through the cooling jacket of the immersion well. The 280 mL
custom Vycor immersion well, chosen because of its
transmittance in the UV-region, was better suited for the
targeted chemistry (Scheme 1) than the custom Pyrex
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Figure 7. Collection of several different photochemical reactors. (A) Schematic representation of a FEP-wrapped immersion well flow reactor. (B)
Immersion well batch reactor. (C) Three coiled FEP flow reactors in series. (B and C) Reprinted with permission from ref 132. Copyright 2018
Royal Society of Chemistry. (D) Schematic representation of the large-scale submerged PFA reactor. Cased cylindrical (E) and plate (F) capillary
reactor, with one of the two external LED panels for the plate reactor (G). (E—G) Reprinted with permission from ref 74. Copyright 2020 John

Wiley and Sons.

Scheme 1. [2 + 2] Photocycloaddition of Maleimide and 1-
Hexyne

O [ O
— nBu
S
| NH nBu—— NH
O O

Reaction conditions:

FEP tubing (0.7 or 2.7 mm ID)
Medium press. Hg lamp (400 W)
Solvent: CH;CN (0.1 M)

tg = 53 min, 82%
85g-d”

immersion well. This flow setup, equipped with three layers of
27 mm ID/3.1 mm OD FEP tubing, was tested on its
reliability in a 24 h continuous operation. The FEP tubes
showed no apparent coloration or material degradation, and no
overheating nor clogging due to byproduct formation was
observed. This resulted in a productivity of 85 g-day™" at full
conversion of the substrate, and a projected productivity of
more than 500 g-day ' using a 600 W lamp, higher substrate
concentration and higher flow rate.

Another, more recent, example of scale-up using coiled FEP
tubing is presented by Booker-Milburn et al.'*” Results
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obtained in an immersion well batch reactor (Figure 7B)
were used as benchmark information to calculate the optimal
flow rates for the upscaled setup (Figure 7C). The flow setup
was based on their previous design and consists of a single
quartz tube (360 mm length/48 mm OD) wrapped with FEP
tubing (2.7 mm ID/3.1 mm OD). A 36 W PL-L UV-C lamp
was inserted in the quartz tube, which was capped with
polytetrafluoroethylene (PTFE) end-caps.'>’ Three of these
capillary reactors, each consisting of approximately 90 mL
reactor volume and equipped with their own UV-C lamp, were
connected in series to produce the scaled setup (~270 mL
volume). The predicted optimal flow rate for this system was
calculated based on the reaction time and volume used in
batch, and the power of the light sources. This calculated value
generally differed less than 10% from the experimentally
determined optimal flow rate. Larger deviations observed in
some cases were hypothesized to be caused by inefficient
photon capture in the flow design, due to the shorter path
lengths compared to the batch system. The flow setup was
used to successfully scale the Norrish—Yang cyclization from
0.7 gh™! in the batch reactor to 4 g-h™ in flow, and the
formation of highly functionalized spirocycles from 0.089 g-h™"
in batch to 0.46 g-h™" in flow.
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FEP-coiled flow reactors were also used by Graham, Noonan
et al. to scale a Minisci reaction, used to prepare a
dichloroi)yrimidine intermediate for the cancer drug cerala-
sertib.'*" The batch reaction was performed in an EvoluChem
PhotoRedOx Box (HepatoChem) equipped with a 36 W 450
nm LED light source. This system could produce 105 mg of
desired product in 21 h (determined by crude NMR). Moving
to a small-scale flow reactor, a 10 mL Vapourtec UV-150
equipped with a 450 nm blue light LED light source (60 W
input/24 W radiant power), resulted in a significant increase in
productivity, producing a projected 32 g-day '. Next, larger
scale experiments were performed in a custom FEP-wound
immersion well flow reactor. Initial testing was done with FEP
tubing (4 mm ID/6 mm OD) wrapped around 450 nm blue
LEDs (100 W), which was later scaled to even larger diameter
tubing (8 mm ID/10 mm OD) to achieve a higher throughput.
Using this flow setup, a projected productivity of 65 g-day™
could be achieved.

Wrapping polymeric tubing around light sources is not
always done using FEP tubes; also perfluoro alkoxy alkane
(PFA) polymers are widely used in flow setups. PFA and FEP
are similar in chemical resistance, UV transmittance, and
nonsticky behavior (important to avoid, e.g, clogging'*®),
which is why both polymers are used almost interchangeably.
A large-scale application using PFA tubing was developed by
Stephenson et al. to enable the scaling of photochemical
triftuoromethylations."*® The assembled 150 mL flow setup
consists of 250 ft (76 m) of PFA tubing (1.6 mm ID/3.2 mm
OD), wrapped around a glass beaker. Three AquaDock Blue
MegaWatt LED light sources were positioned in the center of a
glass beaker and submerged into a stainless-steel housing filled
with deionized water, which was cooled by a stainless-steel
glycol-loop (schematically shown in Figure 7D). Using this
setup, 0.95 kg of trifluoromethylated product was isolated after
48 h operation, which corresponds to 87.2 mmol-h™),
surpassing both their batch (4.2 mmol'h™) and previous
flow (14.2 mmol-h™") productivities.

Another large-scale setup using PFA tubing was considered
by researchers at Merck.”* Their transformation from batch to
large-scale flow was investigated with the help of their newly
coined term “photon equivalents”. This method is similar to
the strategy used by Booker-Milburn et al. to determine the
optimal flow rate from batch results."*” In total, one batch
setup and four different flow reactors with increasing
dimensions were used to explore this new concept. Initially,
the batch C—N cross-coupling benchmark reaction (Scheme
2) was performed in a reaction vial irradiated by a 405 nm 260
mW radiant power laser. This reaction was then translated to
their smallest-scale flow reactor, that is, a Vapourtec UV-150
equipped with a 405 nm LED array (60 W input/9 W radiant
power). Yields of over 90% were achieved after 15 min

Scheme 2. Dual-Catalytic C—N Cross-Coupling Reaction

o™ ¥ 9

_—
Ru(bpy)s(PFe)2
Reaction conditions:

NiBry-3H,0 FsC

PFA tubing (1.6 or 3.2 mm ID)
UV-A LED (60 W, 158 W or 2300 W, A,,: 405 nm)
Solvent: DMSO (0.25 M)

tg = 20 min, 82%, 10 kg-d™'
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residence time, compared to the 88% yield in batch after 120
min reaction time. This large difference between the two
systems, caused by different geometry, light source, and
volume, was shown to correlate nicely when the yields were
compared based on the estimated amount of photon
equivalents absorbed by the reaction mixture (Figure 8A).
Their developed method for scaling photochemical reactions
used the equivalent number of photons absorbed per time-unit
to extrapolate yield for other scales. An important remark is the
required involvement of photons in the rate-limiting reaction
step, since additional photons in an already photon-saturated
system will not influence the reaction rate. Subsequent
experiments were performed in two custom flow reactors
with the same design principle. A 60 mL (1.6 mm ID/3.2 mm
OD) or a 150 mL (3.2 mm ID/4.8 mm OD) PFA tube was
wrapped around a glycol/water-cooled jacketed glass con-
denser. An aluminum housing lined with 405 nm LED arrays
(158 W) was positioned around the condenser (Figure 7E). As
the predicted yield showed nice agreement with the 10 mL
flow reactor (Figure 8B), the photon equivalent scaling
method was then applied to the largest 3.5 L flow reactor
setup. This setup consists of a 48 in. X 48 in. X 12 in. (i.e., 122
X 122 X 30.5 cm®) acrylic tank filled with water as coolant, in
which two posts were located. Around these posts, PFA tubing
(3.2 mm ID/4.8 mm OD) was wrapped and two 48 in. X 48
in. aluminum panels lined with 400 nm LED:s (totaling 2300 W
input power/644 W radiant power) were placed on either side
of the tank (Figure 7F and G). Again, using the concept of
absorbed photon equivalents, this scale-up successfully reached
high yield (82%, when the method predicted 90%, shown in
Figure 8B) and was able to produce 1.43 kg of product in 200
min, which corresponds to 430 g-h™' or 10 kg-day™".

An updated design of their 3.5 L flow reactor was developed
by researchers at Merck and validated in the same photo-
catalytic C—N cross-coupling reaction (Scheme 2)."*7 A
limitation of the previous design was the maximum flow rate
of 0.6 L'min~" because of the small diameter (3.2 mm ID) of
the PFA tube. At larger flow rates an increasingly large pressure
drop was observed, associated with the length of the PFA tube
amounting to about 0.4 km. Another disadvantage of the
previous reactor was its large footprint. For the new design, the
objective was to create a flow reactor that would fit within a
conventional fume hood. To this end, a 5.5 gallon (ie., 21 L)
aquarium was used. In a similar manner as the previous acrylic
tank, two LED-panels of 15 LEDs (440—450 nm, totaling 3000
W input power/790 W output power) were placed on opposite
ends of the tank. These plates were cooled by aluminum
heatsinks and additionally by water-cooling via copper piping
heat exchangers. The PFA tube was replaced by a larger
diameter FEP tube (7.9 mm ID/9.5 mm OD), resulting in a
reactor volume of 725 mL. The reactor was subsequently
submerged into the cooled, water-filled aquarium. The increase
in tube diameter in this system caused the transmittance to
drop from 59% to 27%, along with an increase in conversion to
67.8% compared to 36.2% in the smaller diameter design.
These diameter variation experiments were performed with
constant flow rate (212 mL-min~"), to keep the ratio between
the molar and photon flow rates constant. However, the
irradiated volume and the residence time are larger for the
reaction in larger tubing, since the reactor volume for the
smaller diameter case is only 195 mL (compared to 725 mL).
In the large-scale experiments, the internal reactor volume was
increased to 890 mL to make optimal use of the light source,

https://doi.org/10.1021/acs.chemrev.1c00332
Chem. Rev. 2022, 122, 2752—-2906


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch2&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews
A 100 .
[ ] ®
9 f 1
A® A
80 A
A A

= 7 o
8 A
5 60f
e 5ok @® Flow Reactor | |
B 4 A Batch Reactor
3
g a0t
a

30F

A
e
10+
0 1 2 3 4 5 6 7 8 9

Estimated Photon Equivalents

pubs.acs.org/CR
B 100 v '
o [ J
90 L
[ ] A ot ¢
A
80
s ®

= 70 o
=®
S A
® [ ]
> 50H
s |e*
8 40rm
a

30 F

® 10 mL Flow Reactor
2rg A 60 mL Flow Reactor
10 ® 150 mL Flow Reactor ]
l. 4 Preparatory Flow Reactor Estimate
0 . " : : n .
0 0.2 04 0.6 0.8 1 1.2

Absorbed Photon Equivalents
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and two cases were demonstrated: low- and high-throughput.
For the low-throughput, 1.14 kg of product was isolated after
130 min at 90% yield, giving a productivity of 12.6 kg-day .
For the high-throughput, 1.12 kg of product was isolated after
37.2 min at 41.5% yield, giving a productivity of 43.4 kg-day™".

Researchers from Amgen and Asymchem performed detailed
scale-up investigations toward the multikilogram production of
a cyclobutene scaffold using a [2 + 2] photocycloaddition
between maleic anhydride and ethylene in a large-scale
capillary flow reactor setup (Scheme 3)."*® Three flow reactor

Scheme 3. [2 + 2] Photocycloaddition of Maleic Anhydride
and Ethylene Gas

H

| o —_— 0
=
H o
tg = 1.9 h, 61% yield, 7 kg-d™!
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Reaction conditions:

FEP tubing (2 or 8 mm ID)

UV-ALED (4 x40 W, 3 x 300 W or 6 x 3 kW, Apax: 365 nm)
Photosensitizer: Benzophenone

Solvent: Acetone (0.31 M)

setups were assembled of increasing scale (0.25, 1.56, and
20.76 L reactor volume). Initial experiments to determine the
solvent and the reaction dependence on temperature, pressure
and photosensitizer concentration were performed in the
smallest-scale reactor (2 mm ID/3 mm OD FEP tubing,
wrapped around four 40 W 365 nm LED arrays). After
selection of the optimized reaction conditions, a setup of
intermediate scale was assembled to realize a productivity aim
of 500 g-day™'. This setup was able to reach the productivity
target using FEP tubing (8 mm ID/10 mm OD) and 365 nm
LED panels (3 X 300 W). A 51 h experiment showed to yield
continuously 91% "H-NMR yield, with a productivity of 646 g-
day™". With the desired productivity achieved, a new goal was
set to reach a productivity of over S kg per day. To this end, a
large-scale skid was assembled, consisting of three modules of
FEP tubing (8 mm ID/10 mm OD) placed in series, irradiated
by 365 nm LED panels (6 X 3 kW). With this setup,
engineering runs (24 h), a commissioning run (45 h) and a
single uninterrupted 1-week production run were performed.
Over 250 kg of cyclobutane was produced over multiple
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production batches. Notably, a total of 51.8 kg (~7 kg-day ™)
of product was isolated from the 1-week run, which exceeded
the S kg-day ™' productivity objective.

3.1.1.2. Tubular Reactors. 1t should be noted that in some
cases the photochemical flow reactors, the capillaries are
wrapped around the light source, whereas in other cases the
capillaries are surrounded by the light source. The immersion
well-type reactors use outward irradiation, and the inward-
irradiating setups are sometimes also called Rayonet-type
reactors. Despite this difference in the light source placement,
what these designs do have in common is the wrapping or
coiling of the capillaries, in which the photochemical
transformation takes place. However, another variation of the
immersion well-type, introduced by Booker-Milburn, Elliott,
and co-workers does not use these wrapped capillaries but
instead uses parallel-placed tubes."” This parallel tube flow
reactor (PTFR), also nick-named the Firefly reactor, was
designed to achieve the goal of producing more than 1 kg per
day, while simultaneously maintaining a small enough footprint
to fit inside a conventional fume hood. Another key design
specification was the replacement of the previously used FEP
tubes with a more durable and UV transparent materials. To
this end, the Firefly reactor was designed to use quartz glass
tubes, positioned in parallel around a central medium-pressure
mercury lamp. The individual tubes were subsequently
connected in series. A 60 mL prototype with a 400 W mercury
lamp was built (Figure 9A) and showed similar productivity to
their previous three-layered FEP reactor designs ' (3.41 g-h™
for the PTFR vs 3.62 g'h™! in the FEP reactor) for the same
photocycloaddition (Scheme 1) as previously reported but
with N-methyl maleimide instead of maleimide. The PTFR
prototype was used without its metal casing, which would serve
as a mirror to reflect the transmitted light back into the reactor.
The removal of the metal casing was needed to avoid
overheating of the reactor. The Firefly design (Figure 9B)
was, then, built to enable the necessary cooling of the setup,
where water-cooling was incorporated at the annular space
between the inner tube and the outer metal casing. Inside this
annular space the quartz tubes with a total internal volume of
120 mL are placed, thereby providing the quartz reactor-tubes
with water-cooling. Cooling of the mercury lamp was also
foreseen in this design, using a fan to blow air past the light
source. With this new design, sufficient heat can be dissipated,
and the metal casing could be used to reflect the light back into
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Figure 9. Collection of several different reactor designs. The prototype parallel tube flow reactor without casing (A) and schematic representation
of the Firefly reactor (B). (A and B) Reprinted with permission from ref 139. Copyright 2016 American Chemical Society. The FEP4 (C) and
PQT6 (D) reactors in the homemade Rayonet-type chambers. (C) Reprinted with permission from ref 140. Copyright 2018 American Chemical
Society. (D) Reprinted from ref 141. Published by MDPI. The schematic representation of the excimer lamp setup (E) and close-up of the
coldfinger quartz jacket design (F). (E and F) Reprinted with permission from ref 90. Published by Royal Society of Chemistry. Archimedean glass
spiral, view from the side (G) and front (H). (G and H) Reprinted with permission from ref 142. Copyright 2018 John Wiley and Sons.

the setup. Hence, UV-light was trapped more effectively inside
the cylindrical reactor, which is also advantageous from a safety
perspective. Using a 3 kW mercury lamp, instead of the 400 W
lamp in the prototype, yielded around a 10-fold increase in
productivity. One of the benchmark reactions is shown in
Scheme 4, which was performed with a 1.5 and a 3 kW light

Scheme 4. Formation of Cookson’s Dione from a Diels—
Alder Adduct

(o]
N
Al
A
o Reaction conditions: oo
Parallel quartz tubes tg = 3.3 min, 88%
8 kg-d™!

Medium press. Hg lamp (1.5 or 3 kW)
Solvent: CH;CN/EtOAc (1.0 M)

source, resulting in isolated yields of 387 g in 2.31 h and 1165
g in 3.47 h respectively, with projected productivities of 4 and
8 kg-day~". In total, another 3 different benchmark reactions
were performed using the Firefly reactor, showing the scale-up
possibilities and applicability with projected productivities
ranging from 1.2 to 4 kg-day .
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Afonso, Siopa, and co-workers developed three scalable
reactors using the same design principles as described before:
one with coiled FEP tubing and two parallel tube reactors
using quartz tubes.'** All three reactors were placed within a
homemade Rayonet chamber, irradiation provided by 254 nm
Philips UV-C lamps (16 X 8 W) (Figure 9C). The 302 mL
FEP reactor (called FEP4) consists of 23 m of 0.4 cm ID
capillary wrapped around a metal grid. The quartz reactors
consist of 32 parallel tubes of 0.2 cm ID (PQT2) and 24
parallel tubes of 0.4 cm ID (PQT4), resulting in irradiated
volumes of 23 and 68 mlL, respectively. After initial batch
testing, using the flow reactors in a batch mode operation, the
photochemical aziridination of pyridinium salts was done in a
flow mode (Scheme S). Both flow recirculation and single-pass
flow experiments were performed. The FEP reactor performed
better and provided the possibility of prolonged operation
times and larger capacity compared to the quartz tube reactors,
providing 2 g-day™' of the n-butyl-substituted product.
Recirculation was necessary for the quartz reactors since the
flexible tubes connecting the parallel quartz tubes in series
resulted in nonirradiated dead volume zones. The quartz
reactors, when operated in a recirculating flow mode, surpassed
the productivity of the FEP reactor, which was 0.3 g¢L™"h™",
with 3.3 g¢L7"h™" for PQT2 and 3.7 gL ™"h™! for PQT4.
Further process intensification of this reaction was later
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Scheme 5. Photochemical Transformation of Pyridinium
Salts to Bicyclic Aziridines
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Reaction conditions:

FEP tubing (0.4 cm ID) & PQT (0.2, 0.4 or 0.6 cm ID)
UV-C lamp (16 x 8 W, A ax: 254 nm)

Solvent: H,0 (20 mM)

Base: K,CO3

performed by the same group with an updated version of their
quartz tube reactor, the PQT6 (Figure 9D), consisting of 12
parallel tubes with 0.6 cm ID, length of 95 cm, and irradiation
with 24 lamps (compared to 23 cm length and 16 lamps
before).'*' This yielded a productivity of 3.1 g-day™' for the
allyl-substituted product.

Another reactor design using externally irradiated quartz was
introduced by George, Poliakoff, and co-workers, where
instead of using a tube, a quartz jacket was used.”” This
quartz jacket was inserted in the 16 mm bore of the used
excimer lamp casing, providing external irradiation by one of
the three interchangeable types of excimer lamps (222 nm
KrCl, 282 nm XeBr, and 308 nm XeCl, with radiant power of
21, 36, and 49 mW-cm™?, respectively) into the jacket. Inside
the quartz jacket a hollow and bored stainless-steel rod was
placed (Figure 9E and F). This rod, called the “cold finger”,
was cooled by internal recirculation of a coolant. The thin bore
at the center of the coldfinger is used as an inlet for the
substrate solution, and the reaction mixture passes through the
narrow annular gap (~120 ym) between the cooling finger and
the jacket wall. The total volume of the system is
approximately 10 mL, but the irradiated volume is much
smaller due to the narrow annular gap (~1.37 mL). An
interesting result of the design considerations is that the
irradiated light does not pass through the cooling medium,
because the coolant is recirculated inside the rod. The
performed photochemical transformation (Scheme 6) consists

Scheme 6. Photodecarboxylative Cyclization of a
Phthalimide, Followed by an Acid-Catalyzed Dehydration
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Reaction conditions:

Quartz jacket (16 mm OD, 120 ym annular gap)
Excimer lamps: KrCl (A,x: 222 nm), XeBr (Ayax: 282 nm), XeCl (Apax: 308 nm)
Solvent: Acetone/H,0 1:1 (0.2 M)

of two steps: the photodecarboxylative cyclization of a
phthalimide and its subsequent acid-catalyzed dehydration.
The highest space-time yield (STY) found for this system was
3.72 mmol'mL™"h~" with a yield of 28% using the XeBr lamp,
which translates to roughly 0.96 g-h™". High conversions were
reached for the 282 and 308 nm lamps at lower concentrations
and flow rates, but those productivities were considerably
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lower. Neither these high conversions nor higher productivities
were achieved for the 222 nm lamp, which is most likely due to
the lower spectral irradiance of this lamp compared to the
other two lamps. Overall, this system cannot be considered
large-scale, but the novelty and practicality of its design
specifications show promise for future scale-up possibilities.

Another quartz reactor that cannot be considered large-scale,
but where its novelty and unusual design makes it worth
noting, was introduced by Hessel, Escriba-Gelonch, and co-
workers for the production Vitamin D3.'** Especially the
irradiation of the reaction mixture is of interest, since, instead
of a regular capillary or annular gap configuration, a conical
Archimedean quartz spiral is used that is irradiated with a
narrow 50 mW 267 nm UV-laser along the spiral. The reason
that a tunable UV-laser is used is the need for short pulses
required to minimize the formation of undesired secondary
byproducts, where the pulses were in the nano- and
picosecond range (which was not feasible with the use of
LEDs). The Archimedean spiral (0.5 mm ID/3.2 mm OD)
enabled comparable irradiation along the spiral, since the first
half of the coil is irradiated directly, and scattering/reflection
effects ensure low irradiation losses within the system (Figure
9G and H). A conventional UV-lamp was placed to irradiate
the spiral from the side, which, in combination with the laser
irradiation, is called tandem irradiation. This process
intensification strategy achieved similar yields compared to
other studies but with significantly shorter irradiation times
because of the simultaneous and higher photon flux
irradiation,"*’ resulting in higher productivity.

3.1.1.3. 3D-Printing of Photochemical Reactors. Apart
from the use of reactor capillaries, tubes and vials, advances in
3D-printing have given a boost to the rapid prototyping of lab-
scale (micro) flow reactors."**~'*® Not only are reactors
fabricated using 3D-printing, but also other general lab
equipment, structured catalysts and parts required for a flow
setup (e.g., T-mixers, connectors, syringe adapters) can be
custom-made.'*'***** The low material costs and possibilities
for standardization of equipment and rapid prototyping make
3D-printing an attractive option for the lab-environment, and
several different additive-based manufacturing techniques can
be used."”"">

In 2013, Cronin et al. introduced a polypropylene (PP)
microfluidic device that was 3D-printed with the commonly
used fused deposition modeling (FDM) technique.*> FDM
comprises the extrusion of a molten polymer through a nozzle
on a surface, where an object is built layer-by-layer. Since then,
the use of additive manufacturing for microfluidic reactor
design in organic synthesis has gained traction. For the use of
additive manufacturing in photochemistry, additional care
needs to be taken in material selection. The used material must
not only possess good mechanical stability and chemical
resistance, but excellent transparency is also required.'>* Wipf
et al. recently developed a microfluidic reactor that was
specifically designed for application in photochemistry. The
reactor was printed using the FDM-technique, and PP was,
again, selected as a material that was suitable for performing
photochemical reactions.'*

Instead of printing the entire reactor structure, Noél et al.
recently exemplified a seemingly straightforward scale-up using
FDM to print custom molds to allow for fast production and
reproducibility of their reactors."*° The FDM-technique
enabled rapid prototyping to experiment with several different
design considerations. High-impact polystyrene was 3D-
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Figure 10. Light-harvesting photoreactor designs. (A) Printing, molding, and bonding of the PDMS layers. (B) 32-Channel LSC-PM with
bifurcated flow distributor and flow collection chamber. (A and B) Reprinted with permission from ref 156. Copyright 2017 American Chemical
Society. (C) Several different 3D-printed light/reaction channel designs for the FFPM: serpentine/serpentine (C.1), helix/straight (C.2), cylinder/
helix (C.3), and the scaled sandwich structure (C.4). (C.1—C.3) Reprinted with permission from ref 163. Copyright 2019 John Wiley and Sons.
(C.4) Reprinted with permission from ref 164. Copyright 2020 American Chemical Society.

printed on polystyrene plates to provide two reactor molds
(one with a thickness of 1 mm, the other of 2 mm). The
reactor channel design was controlled by 3D-printing. The
molds were subsequently filled by pouring a polydimethylsilox-
ane (PDMS) prepolymer mixture into the molds. After
degassing, PDMS curing, and peeling off the two separate
layers, they were treated with oxygen plasma and subsequently
bonded together into one 3 mm slab (Figure 10A). These
finalized reactors were based on their previous work on a leaf-
inspired luminescent solar concentrator photomicroreactor
(LSC-PM), inspired by the light-harvesting phenomena in
nature.””” An LSC-PM uses a luminophore dispersed in a
waveguide, a material that is capable of “guiding” light rays by
trapping them in the material. The waveguide with the
dispersed luminophore can effectively capture light via
absorption and re-emit the light for use in the desired
photocatalytic transformation.">® To ensure a high likelihood
of the re-emitted photon reaching the reaction mixture, the
reactor channels were placed within this waveguide. Careful
selection of the used luminophore-catalyst pair ensured
optimal overlap in the emission spectrum of the luminophore
and the absorption spectrum of the catalyst, thereby increasing
the fraction of irradiated light absorbed by the reaction
mixture. This down-conversion of light was recently also
exemplified by Liu, Du, and co-workers by applying a dip-
coated photoluminescent material to enhance light irradiation
in the UV-B region."”’

Using the LSC-PM, the singlet oxygen-mediated cyclo-
addition of 9,10-diphenylanthracene (DPA) to the correspond-
ing endoperoxide (Scheme 7) was performed as a benchmark
reaction. A metal halide solar simulator (1200 W) was used to
irradiate the reactor, to emulate the performance of the solar
photochemical application of the LSC-PM. Inside the PDMS
polymer, the organic dye Lumogen F Red 305 (LR30S) was
dispersed to match the emission of this dye with the
absorption of the photosensitizer methylene blue (MB). The
rapid prototyping by 3D-printing enabled the testing of several
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Scheme 7. Photocycloaddition of 9,10-Diphenylanthracene
to an Endoperoxide

Ph Ph
\\ ! ’/
o
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Ph Reaction conditions: Ph
LSC-PM (LR305, PDMS) ta=<15s

20-95% conversion

Solar simulator (1200 W)

Photosensitizer: MB
Solvent: CH;CN (0.2 mM)

reactor designs, where the interchannel distance, number of
channels and flow distribution, and collection sections were
optimized. For the flow distribution, a bifurcated flow
distributor was found to be most effective for the used internal
numbering up strategy. However, also using the bifurcated
design for flow collection caused leakages and deformation of
the reactor channels because of the large pressure drop in the
scaled devices. To prevent this undesired effect and
simultaneously decrease the footprint of the reactor, a
collection chamber was used. This system (Figure 10B), with
S mm interchannel spacing and 32 parallel channels was found
to partition flow equally within a standard deviation of less
than 10%.

Recently, Noél et al. have developed a new LSC-PM design
using a combination of commercially available poly(methyl
methacrylate) (PMMA) luminescent solar concentrator plates
and solvent-resistant PFA capillaries."®” The new reactors can
be made in various colors matching the absorption maxima of a
diverse set of visible light-absorbing photocatalysts. Notably,
the LSC-PM reactors can be used to harvest solar energy
efficiently.'”* Hereto, light fluctuations caused by passing
clouds can be addressed effectively using an Arduino-based
reaction control system which dynamically changes the
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residence time depending on the amount of light falling onto
the reactor at any given time,'*"1%>

Tao et al. introduced another light-harvesting design: the
fluorescent fluid photochemical microreactor (FFPM).'®® This
design also uses organic dyes to convert incident light to an
emission spectrum that is well-suited for the used photo-
sensitizer. However, this dye is not dispersed inside a polymer
matrix just as for the LSC-PM, but introduced into the “light
channel” as a fluid. A separate channel is used to provide the
reactor setup with the reaction mixture, and the placement and
structural design of the light channel can control the
distribution of the re-emitted light. Several reactor-design
prototypes (~6 cm length) were made by curing a 3D-printed
transparent photosensitive resin. This 3D-printing technique is
called stereolithography (SLA), where a liquid resin bath is
selectively polymerized by focused laser irradiation to form a
structure layer-by-layer.">"'** Using SLA, both the shapes of
the light channel and the reaction channel were varied (Figure
10C.1—C.3). To optimize the reactor design, a combination of
ray-tracing modeling, finite element simulation and the same
photocycloaddition of DPA benchmark reaction as for the
LSC-PM was used. The light channel was found to function
optimally with a cylindrical shape around the reaction channel,
providing homogeneous irradiation and the highest photon
flux. The reaction channel geometry was optimized as a helix,
to allow for fast mixing compared to the straight channel. The
scalability of this FFPM reactor concept was then investigated
by Zhang, Yu, and co-workers.'®* Instead of consisting of one
light- and one reaction channel, it was chosen to provide
irradiation to the reaction channel from the top and the
bottom, hereby introducing a sandwich structure (top and
bottom as a light channel, and a reaction channel in between)
and the channel geometry was changed to a serpentine design.
The scale-up was performed using the same benchmark
reaction as for the small-scale reactor designs, where irradiation
was provided by blue LEDs or a solar simulator. The final
reactor design (Figure 10C.4) took inspiration from the LSC-
PM scale-up'*® by using bifurcated flow distribution and a
collection chamber.

3.1.1.4. Photoreactors Based on Nebulizing and Scatter-
ing Effects. Drawing inspiration from another phenomenon in
nature, Vassilikogiannakis, Pergantis, and co-workers devel-
oped a flow reactor that mimics how oxidative photochemistry
takes place in clouds.'®> A nebulizer-based photooxygenation
system (NebPhotOX) was developed that effectively deals with
two issues found with this type of photochemistry: poor
oxygen solubility in organic solvents and light attenuation. The
proposed solution to these issues was the introduction of the
biphasic (gas—liquid) reaction mixture by way of nebulization.
Nebulization is the generation of an aerosol that consists of
small droplets (estimated ~60 ym droplet diameter) dispersed
in a gas, which drastically increases the gas—liquid interface
and the gas—liquid mass transfer. A pneumatic nebulizer was
used to nebulize the reaction solution with oxygen gas into a
cylindrical Pyrex glass chamber (37 cm length, 6.5 cm
diameter). Around this glass chamber, a plastic cylinder lined
with neutral white LED strips (10 W-m™’, no total power usage
was reported) was placed around the chamber to provide
irradiation. Two collection vessels were attached in series,
where the glass chamber was positioned at a slight downward
angle toward the first collection vessel to ensure that all
solution was drained. The second vessel was equipped with a
condenser to ensure capture of all product (Figure 11A). The
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Figure 11. (A) The cloud-inspired nebulizer-based NebPhotOX
photoreactor. Reprinted with permission from ref 165. Copyright
2017 John Wiley and Sons. (B) Schematic representation of the
cloud-inspired glass bead packed bed reactor. Reprinted from ref 166.
Published by Royal Society of Chemistry.

photooxygenation of p-citronellol to the hydroperoxide
products A and B with photosensitizer Rose Bengal (RB)
(Scheme 8) was performed inside the NebPhotOX reactor by

Scheme 8. Photooxidation of #-Citronellol to Two
Hydroperoxide Products A and B
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Reaction conditions:

Glass chamber (37 cm length, 6.5 cm diameter)
Neutral white LEDs (10 W-m)
Photosensitizer: RB

Solvent: CH;0H (0.25-1.25 M)

0.5-1.0 mL-min"’'
>70% conversion
214 g-d!

nebulizing the solution flow (0.5—1.0 mL-min~") with oxygen
or air as nebulizing gas. The back pressure of the nebulizing gas
was varied between 20 and 60 psi (~1.4—4.1 bar). It is
important to note that, because of the nature of the
nebulization process, the flow rate can vary between different
experiments, so the actual flow rate was calculated based on
the measured nebulization time for S mL of solution. The
highest productivity was found with 1.25 M of citronellol, at a
flow rate of 0.80 mL-min~' with 3.4 bar of oxygen
backpressure. The combined productivity of products A and
B was 0.79 mmol-min~', which is 214 g-day~" (A:B molar ratio
of 1:1.15). The substrate conversions were consistently around
90%, but at higher substrate concentrations, this dropped to
~80%. When oxygen as the nebulizing gas was exchanged for
air, comparable results were observed, where the conversion
differences at low concentrations were negligible. However, at
higher concentrations conversions dropped to ~70%. None-
theless, using air still provided a maximum productivity of 171
g-day~'. Another set of experiments that was performed in the
NebPhotOX, the photooxidation of a-terpinene to ascaridole
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Figure 12. (A) Microstructured falling film reactor with the magnetically attached LED arrays to the inspection window. Reprinted with permission
from ref 172. Published by Royal Society of Chemistry (Copyright Fraunhofer IMM). (B) 3D-printed flowmeter reactor, CAD-design, and reactor
lid: pre- and postabsorption of TPP. Reprinted with permission from ref 175. Copyright 2020 American Chemical Society.

with RB, almost doubled the maximum productivity to 1.41
mmol-min~"' (342 g-day ™) of ascaridole.

The NebPhotOX was recently used for the scale-up of other
reactions, such as the photooxygenation of furan substrates to
cyclopent-2-enones,'” the in situ production of reactive N-acyl
iminium ions,'®® and the photooxygenation of furans.'® For
the latter two cases, the glass chamber was placed vertically,
spraying the aerosol downward to minimize droplet-wall
interactions encountered with the horizontal or tilted
orientations. This effectively prolonged the lifetime of the
nebula and simultaneously assisted with collection in the
product vessel. Recently, another photoreactor design was
reported that also used nebulization to produce aerosols to
efficiently harvest the irradiated light.'”” The general concept
of this reactor was very similar to the NebPhotOX, but a key
difference in reactor operation was the light irradiation.
Whereas the NebPhotOX used external irradiation, this design
consists of an immersion well-type jacketed glass vessel where
a UV-A lamp was placed in the center and the aerosol was
passed through the annular hole (the jacket). This way even
backscattered light could be absorbed by the aerosol droplets.

Similarly to the development of the NebPhotOX, Khan, Wu,
and co-workers drew inspiration for a novel photoreactor
design from atmospheric photochemistry inside a cloud’s water
droplets.'®® Especially of interest was the increased photon
path length within clouds, which is caused by multiple
scattering, refracting and reflecting events at the gas—liquid
interface that effectively trap photons inside the cloud. The
goal of their reactor design was to scale a microreactor to the
mesoscale without the necessity of a more powerful light
source, as is commonly the case for scale-up, but only by
optimizing the light-harvesting of a low power light-source. To
recreate the desired effect found in clouds, small glass beads
(~7S5 um) were introduced into PFA capillaries of increasing
diameter (1, S, and 10 mm ID), to create three packed bed
reactor tubes (Figure 11B). These tubes were placed in the
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center of a glass cylinder (9 cm ID) that was wrapped with a
blue LED strip (S W, 460 nm). The resulting photoreactors
were tested with a visible-light-promoted E/Z isomerization
and the production rates, normalized to the same reactor tube
lengths, were then evaluated. From the smallest to the largest
diameter tubes, the projected production rates increased from
25 to 430 mg-day ' and, finally, 1700 mg-day '. The reactor
with the highest productivity, the 10 mm ID packed bed tube,
was then compared to a S mm ID single-phase tube (without
glass beads) to show the improvement due to the increased
path length in the packed bed tube. This single-phase tube was
chosen because it holds the same amount of liquid volume per
length unit as the larger packed bed tube, where ~75% of the
volume is occupied by the glass beads. In comparison, the
single-phase tube was found to produce 1000 mg-day™’,
showing that the packed glass beads provide an increase in
productivity of 70% for the same irradiated volume.

3.1.1.5. Photoreactors with Immobilized Photocatalysts.
In the previous example, a glass bead packed bed design was
used to improve light-harvesting by scattering, but another
possible application of packed bed reactors in photochemistry
is the immobilization of photocatalysts. Continuous-flow
designs in photochemistry often use homogeneous catalysts,
such as dissolved photosensitizers, instead of heterogeneous
catalysts. However, the use of heterogeneous catalysts can
generally simplify separation and product workup, thereby
reducing production costs. This is especially of importance
when production is increased to an industrial scale. There are
several ways heterogeneous catalysts can be incorporated, such
as by introducing the catalyst as a slurry or by immobilization.
To keep the catalyst in suspension often requires external
mechanical energy to prevent catalyst deposition or even
clogging. Immobilization has the advantage that these external
influences are not required and that the separation of the
reaction mixture of the catalyst, for example, by filtration, is not
necessary, provided there is no leaching.
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Gupton, Belecki, Ahmad, and co-workers considered the
benefits of easy separation and additional reusability of
heterogeneous catalysts in the development of a new packed
bed photoreactor.'”" The photosensitizer RB was immobilized
onto polystyrene and introduced as a preswollen slurry into an
Omnifit column (6.6 mm ID, 150 mm length). The resulting
functionalized polystyrene packed bed reactor was designed for
use in singlet oxygen heterogeneous photocatalysis and could
now also be used with RB-insoluble solvents. Furthermore, the
immobilized RB was found to be more resistant to photo-
bleaching and agglomeration compared to its homogeneous
counterpart, enabling reusability without the need for column
repacking. A metal framework was placed around the column
reactor, providing LED irradiation (580 and 530 nm, 90 W
total input power) around the entire column. Initial
optimization was done with the photooxidation of a-terpinene
to ascaridole, which maintained a yield of 94% for the
continuous 10 h run. The 0.1 mL-min™" solution flow (and 5.0
mL-min~' O, flow) with 15 mM substrate concentration
yielded a productivity of 0.34 g-day™'. Further investigation in
the substrate scope was done with similar operating conditions.
Comparable productivities were obtained, showing that this
immobilization on a packed bed reactor concept is widely
applicable.

Rehm, Rueping, and co-workers also implemented the
immobilization of a photocatalyst in another reactor type, a
microstructured falling film microreactor (FFMR) (Figure
12A)."7% A previous design of this reactor was already used
with an immobilized catalyst coating for nonphotochemical
reactions,’”” and another design was used for homogeneous
photocatalytic reactions,'”* but the immobilization of a catalyst
in the FFMR for use in flow photochemistry was recently
developed. The FFMR consists of a stainless-steel reaction
plate with 32 microchannels (600 ym width, 200 gm depth, 78
mm length) that was placed inside the reactor casing. This
casing has an “inspection window” to which an LED array (455
nm, 2.4 W input power) can be magnetically attached to
supply the channels with photons. The surface of these
channels is coated with an immobilized layer of titanium
dioxide. The liquid flow was introduced at the top of the
stainless-steel plate and allowed to flow downward along the
channels on the plate by gravity, hereby effectively creating a
thin film of reaction solution. This thin film, being
concentrated on a catalytically active surface, combined with
the irradiation, makes this reactor concept ideal for increasing
reaction rates in flow photochemistry. Where falling film
reactors are commonly used to promote the gas—liquid
interface as well, in this case no gas was required for the
chosen chemistry. Nonetheless, an inert gas (N,) was used to
allow for successful draining of the reactor. To investigate the
productivity of this reactor, the formation of 2-(4-
chlorophenyl)pyridine from 4-chlorobenzenediazonium salt
(0.05 M in ethanol) and pyridine was selected. Using a flow
rate of 0.5 mL-min~’, the obtained yield after purification was
99%, resulting in a productivity of 36 mmol-day ' or 6.8 g-
day™.

Surface-functionalization with an immobilized photosensi-
tizer was also done by Griesbeck et al.'”> The goal was to
develop an experiment for students to incorporate 3D-printing
into a flow photochemical reaction. To this end, a flowmeter-
like small-scale PP reactor was 3D-printed using the FDM-
technique (Figure 12B). Immobilization of the photosensitizer
was achieved by immersing the reactor lid in a solution
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containing the photosensitizer tetraphenylporphyrin (TPP)
and drying it overnight. The lid was then screwed on the
reactor, resulting in the finalized reactor (external dimensions
~S cm diameter, ~1.5 cm height) that could be irradiated with
a white LED (30 W, 590 nm) from the bottom. This was done
from the bottom to allow more transmittance into the reaction
mixture. The experiments used the photooxygenation of
citronellol (Scheme 8) by circulating the reaction mixture,
and full conversion (1.4 mmol) was reached after 10 h of
circulation.

Griesbeck et al. also reported the use of “4D-printing”,
where the functionalization of the surface with an immobilized
catalyst is part of the printing process.'’® Their previous
flowmeter-like reactor design was used, but instead of printing
with PP, a hybrid resin is used to print the structure. This is
done with SLA- and digital light processing (DLP) techniques.
Both are stereolithographic techniques that use a resin bath,
but whereas SLA uses a laser that moves across the 2D-plane
to polymerize one layer, DLP uses projection of one entire
layer at a time to polymerize the structure layer-by-layer. After
3D-printing, there were free isocyanate groups available on the
reactor surface, which were readily functionalized with
immobilized photosensitizers or even with water to create
urea bonds at the surface, allowing for good chemical
resistance to solvents while maintaining its transparency.
Recently, surface functionalization introduced during the 3D-
printing process was also reported by Xuan, Vilela, and co-
workers for flow reactor components, exemplified by the
incorporation of a photocatalytic monomer in the resin for
their SLA-printed monoliths."”” This novel field in flow
photochemistry is still in its infancy but can have a major
impact on future scale-up of passive photochemical flow
reactors toward industrial scale, where the increased photo-
sensitizer stability, chemical resistance, and ease of separation
can make this an attractive option.

3.1.2. Custom Active Reactors. In photochemical
reactors, the dimensions affect the reactor performances
significantly, owing to the implications of the Bouguer—
Lambert—Beer law. Small dimensions enable a homogeneous
irradiation of the reaction medium and result in accelerated
kinetics, reduced reaction times, and high reaction selectivities.
These small dimensions can be reached not only through the
use of small, confined spaces, such as capillaries and annular
gaps, but also by the generation of thin films. The generation of
thin films can be achieved in a number of ways, for instance by
gravity in falling film reactors but notably also by the
introduction of fluid onto a rotating surface, where centrifugal
forces stretch this film across the rotating surface. Academic
interest in various reactor designs that utilize this thin film
generation is apparent due to the additional advantages of
these films, including large surface areas, enhanced heat- and
mass transfer, micromixing, and high shearing rates. The high
shearing rates and vortices formed with high-speed rotation
can also drastically increase the surface areas and mixing by
bubble dispersion into the liquid, and therefore, several designs
have been published for this type of reactor (e.g., vortex fluidic
devices,'”® rotating disk reactors'””). This section, devoted to
custom active reactors, will focus on how reactor designs use
agitation of the reaction mixture, the generation of thin films
by high-shear rotation, and how they utilize these generated
films and supplied mechanical energy for photochemical
purposes.

https://doi.org/10.1021/acs.chemrev.1c00332
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Figure 13. (A) Schematic representation of the pRS-SDR and (B) top-view image of the operational pRS-SDR with photosensitizer MB. Reprinted
from ref 180. Published by Elsevier. (C) Flow scheme and schematic representation of the vortex reactor. Reprinted with permission from ref 183.
Copyright 2017 American Chemical Society. (D) Schematic representation of the large-scale vortex reactor. Reprinted with permission from ref

184. Copyright 2020 American Chemical Society.

3.1.2.1. Rotor-Stator Reactors. A recent example of a
reactor design that used external mechanical energy to increase
mixing and throughput is the photo rotor-stator spinning disk
reactor (pRS-SDR) developed by Van der Schaaf, Noél, and
co-workers."®” This design combined the advantages of rotor-
stator spinning disk reactor technology'®"'®* to achieve high
mass transfer with a small penetration depth for light
irradiation of the reaction mixture. The reactor consists of a
rotating disk encased by the stator, leaving an axial and radial
gap of 2 mm between the rotor and the stator. The top of the
stator is equipped with a quartz window through which the
reaction mixture can be irradiated (Figure 13A and B). The
reactor has two operation modes where the gas—liquid mixture
can be supplied either through the center of the rotor, or from
the bottom of the stator. The former operation mode (thin
film mode) provides the rotor with a thin liquid film that is
stretched outward over the circular plate. The latter mode
(dispersed mode) introduces the gas—liquid mixture in such a
way that the gas-phase is subsequently dispersed in the liquid
as bubbles by the fast rotation. Since the thin film mode only
enabled relatively low throughputs, the dispersed mode was
preferred for the large-scale experiments. To demonstrate the
potential of this reactor setup, the photooxidation of a-
terpinene to ascaridole (Scheme 9) was used as a benchmark.
The reaction mixture was irradiated through the quartz
window by a 120 W white LED light source, which provided
the reactor with an irradiated volume of 27 mL (of the 64 mL
total volume). The rotational speed was varied between 0 and
3000 rpm (rpm). By increasing the rotational speed, the size of
the dispersed droplets decreased, effectively increasing the
interfacial surface area. This way, intensification of mixing
could be tuned independently of the used flow rates. For a
residence time of only 27 s, 1.1 kg-day™ (270 mmol-h™")
productivity was reached (liquid flow rate of 60 mL-min~",
yield of 75%). Both the yield and selectivity toward ascaridole
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Scheme 9. Photooxidation of a-Terpinene to Ascaridole (A)
and the Common Byproduct p-Cymene (B)
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Solvent: CH3;0H (0.1 M)

increased with increasing rotational speeds, where increasing
this further than 2000 rpm yielded no additional improvement.
At this rotational speed, the energy consumption for the rotor
was only 15 W, which is approximately 11% of the total energy
consumption, showing that the light source remains the most
expensive part of continuous production. The reactor perform-
ance was compared to a capillary microreactor and, to get the
same productivity as the pRS-SDR, 71 microreactors would
have to be operated in parallel.

Another reactor design that uses a rotating structure with
stationary surroundings is the lab-scale vortex reactor
introduced by George, Poliakoff et al.'"®’ The design of this
reactor is similar in style to their previous reactor design,90 that
used a stationary bored rod. This new design consists of a
suspended bored stainless-steel rod (18 mm diameter) that
functions as the rotor. The rod is placed inside a custom
jacketed glass tube (20 mm ID) and the annular space between
these (~1 mm) functions as the irradiated volume (8 mL),
irradiated by three blocks equipped with 5 white LEDs each
(total input power ~ 195 W) (Figure 13C). Liquid was fed
into the system through the narrow bore inside the rod, and
the required gaseous phase was drawn in by the lower pressure
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additional gas-feed was necessary, which was made possible by
keeping the top of the reactor open to air. The rotating rod
caused high shear-rates and generated Taylor—Couette
vortices in the liquid, finely dispersing the gas-phase as bubbles
into the liquid and providing rotating-dependent mixing. The
production of ascaridole was used as a benchmark gas—liquid
photochemical reaction (Scheme 9), where the rotational
speed was varied and found to be optimal at 3000 rpm. At
higher speeds, the competing oxidation to p-cymene was
promoted and the yield of ascaridole dropped. A flow rate of
0.5 mL'min™' (0.1 M a-terpinene in ethanol) at 3000 rpm
resulted in a productivity of 2.73 mmol-h™" (11.0 g-day™") with
91% yield of ascaridole.

Starting from the small-scale vortex reactor, George,
Poliakoff et al. developed a scale-up version of this reactor
concept.'®* Instead of the air being drawn in, a gaseous flow
into the reactor was implemented to allow for more precise
control of the gas-feed. The rotor was changed from a
suspended stainless-steel rod to a polyether ether ketone
(PEEK) rod (96 mm diameter) that was attached to both the
reactor base and cap, to ensure mechanical stability. This rod
was placed inside an open-ended jacketed glass filter tube (100
mm ID) that was closed off by the base and cap (Figure 13D).
Both the liquid- and gas-inlets were placed at the base, whereas
the outlets are located inside the cap. Irradiation of the annular
space (~2 mm, 280 mL) was provided by two curved white
LED-blocks for visible-light (totalling 720 W input power),
and one or two medium-pressure mercury arc lamps for UV-
light (1.4 or 2.0 kW input power). Because tangential velocity
(angular velocity multiplied with the radius) of a rotating
object increases with an increasing radius, the larger-sized rotor
required lower rotational speeds to provide the same Taylor—
Couette vortex behavior as the small-scale reactor (1300 vs
4000 rpm). The photooxidation of f-citronellol (previously
shown in Scheme 8) was performed in both the small and
large-scale vortex reactor. The total productivity of both
products for the small-scale reactor (4000 rpm) was <10 g-
day ™!, whereas the large-scale reactor (660 rpm) was reported
to be capable of producing >1.6 kg-day™". To show the UV-
capabilities of both reactors, a previously discussed UV—
photochemical reaction was performed (Scheme 4, using ethyl
acetate as solvent), where, most importantly, the reactors were
operated in single-phase without gas. The small-scale reactor
(4000 rpm) reached 0.5 kg-day™' productivity at full
conversion and selectivity but could be pushed toward 0.9
kg-day ' by using a quartz vessel instead of a borosilicate glass
one. This did provide a wider irradiation spectrum (190 nm vs
280 nm cutoff), but it came at the cost of the selectivity and
caused fouling of the reactor. The large-scale reactor (660
rpm), using only borosilicate glass, showed a maximum
projected productivity of 7.5 kg-day™" (2 X 2.0 kW).

3.1.2.2. Thin Film Reactors. The pRS-SDR and the vortex
reactor design both use a combination of mechanical rotation
and a narrow gap cell between the rotor and stator. This
narrow gap allows to enhance mixing and dispersion effects
and ensures efficient irradiation of the reaction mixture.

A thin film can also be generated solely by rotation. George,
Poliakoff, and co-workers developed a photochemical reactor,
called the “PhotoVap”, based on conventional rotary
evaporator technology (Figure 14A)."®> The traditional rotary
evaporator was modified for use as a reactor by inserting two
PTFE tubes to allow for a reaction solution to be pumped in
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Figure 14. Thin film rotational reactors. (A) Schematic representa-
tion of the PhotoVap setup. (B) Film formation for the PhotoVap:
(B.1) liquid pool at 50 rpm, (B.2) liquid pool and thin film at 150
rpm, and (B.3) band formation at 200 rpm. (A and B) Reprinted with
permission from ref 185. Copyright 2016 American Chemical Society.
(C) Schematic representation and photograph of the rotating film
reactor setup (ruler indicates cm). Reprinted with permission from ref
187. Copyright 2016 Royal Society of Chemistry..

and out of the flask. The flask was irradiated by two white LED
blocks (total power for low intensity ~145 W and for high
intensity ~350 W) placed at 2 cm distance from where the
thinnest generated films were observed. The reactor was
automatically operated semicontinuously by a computer that
ran sequential batch cycles. This cycle consisted of filling the
flask, irradiating the reaction mixture, and emptying the flask.
By bubbling oxygen or air through an additional PTFE tube,
the photooxidation of a-terpinene (Scheme 9) yielded
productivities ~125 mg-min~' using a 1 L rotating flask (5
mL irradiated volume, 175 rpm) and low intensity light. Using
different flask sizes filled with more solution yielded
comparable productivities but switching to high light intensity
almost tripled the productivity (~370 mg:min~"). The effect of
the thin film was demonstrated by an experiment where the
flask was kept stationary, which resulted in a productivity of
only ~17 mg-min~'. However, the effect of the rotational
speed on the film thickness showed that increasing rotational
speed was not always beneficial. At low rotational speeds (50—
175 rpm), a liquid pool was present at the bottom of the flask
that improved mixing and the film thickness was measured
between 0.1 and 0.7 mm. For higher speeds (>200 rpm), this
pool disappeared and a thicker, less uniform, band was formed,
negating the increased mixing and benefits of the thin film
(Figure 14B).

The advantage of such PhotoVap reactors is that it can be
rapidly assembled from the readily available rotary evaporator
equipment. Feringa et al. used such a strategy to scale the
selective photooxygenation of furfural."*® Using a 1 L flask (10
mL irradiated volume, 175 rpm) irradiated by white LEDs (10
X 80 W LEDs), a productivity of 30 mmol-h™" (3.0 g-h™") was
reached, enabling the production of over 1 kg of product.

The PhotoVap applicability was extended by George,
Poliakoff, and co-workers to the UV—PhotoVaP, by making
the setup compatible with UV-light irradiation. ** The white
light LEDs were replaced with medium-pressure mercury
lamps (combination of one or two 1.4—2.0 kW lamps). An
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inert gas (N,) was delivered into the flask to prevent undesired
side-reactions with oxygen. Two cycloadditions (Schemes 1
and 4), both in single and sequential batch mode, were
performed in 1 L quartz or borosilicate flasks (150 rpm).
Cooling the reaction solutions with the rotary evaporator’s
water bath was not sufficient to keep the reaction temperature
constant during high-power irradiation, but the temperature
increase (3.5 °C-min™") did not seem to affect performance.
The productivity of Cookson’s dione was ~55 g-h™" in the
quartz flask (30 mL irradiated volume), which dropped to 22
gh™ in the borosilicate flask due to the lower UV-
transmittance. Increasing the irradiated volume to 100 mL
yielded productivities >200 g-h™ in the quartz flask. In
contrast, the [2 + 2] photocycloaddition of maleimide and 1-
hexyne suffered from overirradiation and byproduct formation,
resulting in lower yields (~40%) and more fouling of the used
flasks. Again, a change to borosilicate was found to reduce
overall yield and increasing the irradiated volume to 100 mL
(from 30 mL) improved mixing and reduced fouling/
overirradiation. Moderate productivities for this reaction
were reported, ranging from ~5—14 g-h™.

Another reactor design that incorporates thin film
generation is the rotating film reactor, introduced by Konig
et al."®” This reactor consists of a rotating glass vial irradiated
by 4 blue LEDs (455 nm, 28.1 mW-cm™2) placed on an
aluminum frame around the vial (Figure 14C). The reactor
was operated in batch mode by rotating the vial with a KPG
stirrer (1200 rpm), which created a thin film (0.26 mm) of
solvent-free reaction mixture. This reactor design was based on
a rod mill apparatus that Konig et al. had previously
introduced.®” In this design, the primary focus was the use
of ball milling for the combination of photocatalysis and
mechanochemistry.'”°~""* The setup used 5 LEDs for
irradiation of a glass vial, instead of 4, where the additional
fifth LED was placed at the bottom of the vial. A glass rod was
rotated (80 rpm) inside the vial containing a heterogeneous
(solvent-free) mixture, which created a thin film in the annular
space. Another novel batch reactor design that combined
mechanochemistry and photocatalysis was introduced by
Hernandez, which used ball milling in a transparent PMMA
milling jar, irradiated by blue and green LEDs.'”® The
advantage of using these reactor types, despite currently
being reported only in batch operation mode, is the possibility
to use neat, heterogeneous reaction mixtures, where side-
reactions with the solvent or poor solubility of one of the
components can be avoided.'”" Spreading out the reaction
mixture in a thin film can also allow for higher concentrations
of light-absorbing species, because of the small penetration
depth.

3.1.2.3. Solids Handling in Flow. In principle there are two
main reactor types for continuous processing: the CSTR
(continuous stirred-tank reactor) and the PFR (plug flow
reactor), both schematically shown in Figure 15. The majority
of the discussed reactor designs that used PFA, FEP, and glass
tubes or capillaries are examples of the PFR-type reactors,
chosen due to their excellent residence time control and
because generally a smaller volume is required to achieve high
conversions in comparison to CSTRs. An advantage of CSTRs
is that solids handling generally poses less issues as compared
to PFRs, where the tubes used are of small dimensions and
therefore prone to clogging.195 Additionally, since the inlet
feed in a CSTR is rapidly quenched by the large reaction
volume this can provide safety when working with toxic or
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Figure 15. Commonly used schematic representations of a CSTR (A)
and a PFR (B).

highly concentrated reactor feeds. In theory the behavior of a
PFR can be approximated by placing an infinite amount of
CSTRs in series. Selection of a PFR, CSTR, or CSTRs in series
for a process depends on a multitude of factors (e.g., heat and
mass transfer, residence time control, reaction kinetics).196

Researchers from AbbVie developed a photochemical CSTR
approach that was capable of managing heterogeneous reaction
mixtures in continuous-flow."”” In this example, a high-power
fiber optic laser (25 W, 450 nm) was used to irradiate the
entire CSTR vessel. The reaction mixture in the cylindrical 100
mL reactor (5 cm solution depth) was agitated with a magnetic
stirring bar and irradiated at the top surface by a laser that
passes through a beam expander to ensure irradiation across of
the entire cross section and solution depth (Figure 16A). The
inlet was placed close to the bottom of the vessel, and the
outlet was placed as far away as possible: on the opposite side
and near the surface of the reactor volume. With this setup in
place, an almost ideal CSTR residence time distribution was
observed as shown by the performed tracer-experiments. The
reactor was benchmarked in a C—N cross-coupling reaction,
previously shown in Scheme 2 (an iridium-based photocatalyst
is used instead). With a 20 min residence time, excellent
productivity was achieved after 32 h of continuous production,
resulting in 1.85 kg of isolated aryl bromide product. This
translates to a productivity of 1.16 kg-day '. The energy
efficiency of the CSTR is a big advantage (~46 g-W' -day™").
Furthermore, it was proposed that two CSTR modules in
series (100 and 38 mL respectively), with a combined
residence time of 8 min, can even achieve a 3-fold increase
of productivity to 3.9 kg-day™' at 90% predicted conversion
(using 2 X 25 W lasers, ~78 g-W'"-day™"). This prediction was
done using a Levenspiel analysis that accurately described their
CSTR module. Some solids deposition on the reactor walls
was observed, however, the large vessel encountered no flow-
related problems, indicating an advantage of the CSTR design
compared to narrow tubular/capillary reactors, and the top-
surface irradiation was not influenced (e.g, by scattering) by
this deposition.

Jensen et al. developed a CSTR cascade reactor that benefits
from the solids-handling capabilities of CSTRs.'”® This
cascade is a connection of 5 small CSTRs in series (13 mm
diameter, 9 mm depth, 5.3 mL total volume) to emulate
reactor performance of a PFR. The reactor consists of a PTFE
block, enclosed by aluminum housing and a glass window
(Figure 16B and C). The separate CSTR chambers are
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connected by holes drilled into the PTFE (CSTRI: 2.5 mm
ID, or CSTR2: 0.7 mm ID) and in each chamber a magnetic
stirring bar is placed. The CSTRs were irradiated by blue LEDs
(440 nm, 3 X 40 W), focused onto the glass surface with
condenser lenses. A custom slurry pump was used to supply
the reactor with the heterogeneous reaction mixture. The
CSTR cascade CSTRI was at lower risk of clogging, but some
back-mixing between the individual chambers was observed.
The risk of clogging was higher for CSTR2, but this did reduce
back-mixing. The residence time distribution was extensively
studied and CSTRI1 showed larger deviation from ideal
(CSTRs in series) behavior than CSTR2, due to the extensive
back-mixing, making it more difficult to achieve full conversion
with CSTR1. Therefore, a 13 h production run (cross-coupling
of 4-bromotetrahydropyran and methyl-4-bromobenzoate) was
demonstrated using CSTR2, which resulted in a productivity
of 80 mg-h™" (58% yield, 99% conversion). The CSTR2 setup
was operated continuously without observation of any clogging
events.

Another approach to solids handling is the use of ultrasonic
irradiation (sonication). Submersion of flow reactors in
conventional ultrasonic baths has previously been used to
prevent the bridging and constriction mechanisms that cause
clogging of capillaries.”*>**" Horie et al. reported a photo-
chemical reactor setup for the dimerization of maleic
anhydride, where FEP tubing was wrapped around the external
surface of a beaker that was submerged in an ultrasonic
bath.””> A medium-pressure mercury lamp was placed in the
center of beaker to provide light irradiation of the capillary,
while ultrasonic irradiation successfully kept the reaction
mixture in suspension. A more direct way to provide acoustic
irradiation to a reactor, where sound did not have to travel
through a medium (e.g, water in an ultrasonic bath), was
developed by Jensen et al.”*® Their microreactor, not suited for
photochemistry due to absence of transparent windows,
consists of stacked layers of PTFE with an integrated
piezoelectric actuator. This actuator, operated at sufficient
load power, provided the microchannel with ultrasonic
irradiation and generated cavitation bubbles capable of
breaking up particle agglomerates. These cavitation bubbles
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are formed by locally concentrated low pressure regions,
created by the traveling soundwave.

Recently, Noél et al. introduced an ultrasonic milli-reactor
that applied direct ultrasonic irradiation for photochemical
purposes (Figure 16D)."”” This reactor consists of an
ultrasonic transducer that generates the ultrasonic soundwave,
a sonotrode, and an irradiating cylinder. The generated
soundwave forms standing waves in the longitudinal direction
of the sonotrode and radial direction of the cylinder. A glass
capillary (2.2 mm ID/3.9 mm OD) was coiled around this
cylinder, where the soundwave is efficiently transported into
the capillary. The resulting reactor structure (working
frequency of 22.6 kHz, ultrasound load power 60 W, irradiated
volume of 12.88 mL) was irradiated by a Rayonet-type
chamber, lined with an LED strip (365 nm, 65 W) and cooled
with compressed air. The effects of ultrasound on the three-
phase flow (oxygen, acetonitrile, titanium dioxide) were
extensively investigated, where oscillations of the gas slug
and cavitation bubbles were observed. Continuous sonication
resulted in a substantial temperature increase (~+11 °C), so
pulsed sonication was applied, significantly reducing this
temperature increase (~+3 °C). The reactor was benchmarked
with the photooxidation of 4-(trifluoromethyl)benzyl alcohol
to the corresponding aldehyde using titanium dioxide as
photocatalyst. An increase in conversion by a factor of ~3—4
was found when comparing sonication to nonsonicated
operation of the reactor, which could be attributed to an
increase in mixing due to the formation of the cavitation

bubbles.

3.2. Commercial Reactors—Driven by the Need for
Standardization

With the wide variety in custom photoreactors, researchers can
select a reactor that suits their specific needs. Custom reactors
are often cheap to assemble compared to the investment costs
associated with commercially available reactors, which can be a
strong incentive to go for custom ones. This is especially true
for academic laboratories where funding can be a bottleneck.
However, when custom reactor designs are adopted and
copied in other laboratories, this can lead to unforeseen
complications. Slight differences (e.g., used light sources and
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materials, light-reactor distance, reactor cooling) in the reactor
design can cause significant deviations from the reported
results. Consequently, standardization of the reactor design can
offer consistency of reactor operation and interlaboratory
reproducibility of obtained results; this is a feature, which is
valued highly in the industry. Successful implementation of
standardization requires ease of use, robust design, and a wide
applicability range. Realizing this in practice calls for clear
documentation and user-friendly interfaces to facilitate ease of
operation and parameter control. Modular and interchangeable
reactor parts, combined with a robust design, allow for a wide
range of applications and universal practicality of a reactor
design. A collection of commercially available batch and flow
photoreactors is presented here and provides an overview of
what is currently available in this field.

3.2.1. Commercial Batch Reactors. Researchers at Merck
introduced an integrated photoreactor that allows for
reproducible and fast photochemical batch reactions to be
performed (Figure 17A).°°* The reactor contains of an
integrated cooling system, LED irradiation, a reflector
chamber, a user-interface and a modular vial holder (2—40
mL). A collection of 8 photochemical reactions was carried out
using this setup and validated across multiple Merck sites to
show the achieved standardization. Another integrated photo-
reactor system that was 3D-printed was developed by
researchers from Boehringer Ingelheim.”” This reactor setup
was built from commercially available parts, and the 3D
designs have been made available as open-access (Figure 17B).
The reactor offers exchangeability of light sources, variable
light intensities, exchangeable holders for vials, flasks and
capillary flow units, temperature control and a user-interface.
There are several companies that offer different types of

photoreactors, all with their own specifications. HepatoChem
offers the EvoluChem PhotoRedOx Box, a batch photo-
chemical reactor (for 0.3—20 mL vials), equipped with a
cooling fan, possibility to run 32 reactions simultaneously and
compatible with a common magnetic stirring plate and several
light sources (Figure 17C).2%° Additionally, versions with
double capacity, a temperature control unit and a flow module
are available as well. The Photoreactor M2, offered by Penn
PHD, supports vials of multiple sizes (2—40 mL) and use of
different light sources (365, 420, and 450 nm) because of its
modular design (Figure 17D).”” The M2 is a newer version of
the M1 model, made in collaboration with Merck. The reactor
can be controlled with the user-interface, that can be used to
vary temperature, light intensity and stirring speed. The light
shield prevents users from exposure to the irradiation. Pacer
developed the Photochemistry LED Illuminator (nicknamed
PHIL)** for high-throughput screening, demonstrated by
researchers at GlaxoSmithKline (Figure 17E).**” This reactor
uses LED cassettes that allow for interchangeable mono-
chromatic LEDs (365, 385, 405, 420, 450, and 525 nm) and
the LED driver module allows for variable output power and
operation modes (continuous and pulsed). The well plate that
is irradiated can hold up to 48 vials to be irradiated
simultaneously and is cooled by a plate cooler. The
PhotoCube, available at ThalesNano, can be applied for
batch, but also offers flow, stop-flow and CSTR configurations
(Figure 17F).”"” The module can hold glass batch vials (8 x 4
and 4 X 30 mL) and capillaries (2—20 mL) of both FEP and
PFA. LEDs of 7 different wavelength are available (365, 395,
457, 500, 523, 595, and 623 nm), as well as white LEDs, which
can be applied simultaneously and will be turned off
automatically when the reactor chamber is opened. Further-
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FutureChemistry.216 (D) KeyChem-Lumino by YMC.*'” (E) Two of the Corning AFR reactors: G1 Photo Reactor (top) and G3 Photo Reactor
(bottom) designs, with the heart-shaped fluidic modules.”"? (F) HANU 2X 5 (lab-scale), HANU 2X 15 (process development) and HANU HX

150 flow reactor (pilot/production-scale)**° (Courtesy of Creaflow).

more, light intensity, stirring speed, and fan-cooling can be
user-controlled.

3.2.2. Commercial Dedicated Flow Reactors. Apart
from the photoreactors for both batch and flow applications,
there are also dedicated flow photoreactors commercially
available. One such reactor is the Vapourtec UV-150 (Figure
18A).>"" This flow reactor is compatible with their R-Series
and E-Series modular flow systems. The setup can be equipped
with differently sized coiled reactors (2, S, and 10 mL) and be
irradiated by several different light sources. These include
monochromatic LEDs (13 types between 365 and 535 nm,
standard 60 W, some high power 150 W available), low-
pressure mercury lamps (254, 310, and 370 nm) and a broad
range medium-pressure mercury lamps (75—150 W), which
can be combined with modular wavelength filters. There is no
light leakage during operation and the LEDs automatically shut
off when the reactor is opened. The Vapourtec UV-150 reactor
was one of the first commercially available systems and is
therefore one of the most used flow-based photoreactors in the
flow chemistry literature.”*> Another photoreactor module is
the PhotoSyn by Unigsis Ltd. (Figure 18B).”"* This high-
power LED module (tunable up to 700 W) can be operated
with multiple light sources (e.g, UV-A, blue, green and
custom), is fan-cooled and is compatible with the other
available FlowSyn systems. The closed design ensures no light
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leakage and autoshutdown occurs when the casing is opened
during operation. This module was used by Ley et al. with
reactor several different PFA coil volumes (S, 20, and 50
mL).”'**"> Two photochemistry modules are available for the
FlowStart Evo system by FutureChemistry: the standard and
Deep UV Photochemistry Module (Figure 18C).”'® Both
modules are compatible with the FlowStart Evo system, where
the standard module is intended for wavelengths >365 nm and
uses LEDs, and the Deep UV module uses a mercury—xenon
lamp (possible to use in combination with available filters).
Users can vary light-intensity and further parameters (e.g.,
reactor volume, material, temperature) are determined by the
FlowStart Evo system specifications. Another available system
is the KeyChem-Lumino by YMC (Figure 18D).”'” This
system offers customization of microchannel materials (e.g.,
quartz glass, PTFE) and adjustable light sources (365 nm LED,
medium-pressure mercury lamp) to meet specific needs of the
customer. Commercial photoreactors that are tuned to meet
specific desires of the customer are also offered by Snapdragon
Chemistry.”'® Additionally, they offer a multiwavelength
photoreactor (365, 385, 405, and 457 nm) with adjustable
light intensity and the ability for precise temperature control
through the use of external circulators.

Photoreactors ranging from lab-scale, to process develop-
ment and large-scale are offered by Corning.”'” Their reactors
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reaction.

consist of typical fluidic modules (e.g,, Lab Reactor ~2.7 mL,
G1 Photo Reactor ~9 mL, and G3 Photo Reactor ~60 mL),
with the patented heart-shaped designs (Figure 18E). This
shape is used in the reactors available of their Advanced-Flow
Reactor (AFR) products because it enhances heat- and mass
transfer (e.g., for scaling gas—liquid reactions”*"). The modules
can be irradiated by the available (monochromatic) LEDs from
both sides, and multiple modules can be connected to scale up
total reactor volume and throughput.”**~>** Creaflow also
offers scalable flow reactors and the oscillatory flow HANU
reactors (5—150 mL) is especially designed for photochemistry
(Figure 18F).**° Oscillatory flow reactors superimpose a
symmetrical oscillation on the net flow, enhancing mixing
and heat transfer, additionally improving the PFR behavior.”*
The HANU flow reactors benefit from the three features,
including: continuous processing in a linear plate flow reactor,
the superimposed oscillatory flow (generated by a pulsator)
and the static mixing elements in the process channel.”*® This
allows for both homogeneous”” and heterogeneous”*~**
(e.g., slurry, solids-handling) photochemical applications, with
enhanced mixing independent of the net flow rate, enabling the
continuous single-pass operation of slower photochemical
reactions (i.e., without the need for recirculation). Further-
more, the reactors (with a temperature/pressure window of
150 °C and 25 bar) are equipped with heat exchangers and are
available with dedicated water-cooled high-power LED arrays
(9 exchangeable strips in the 365—625 nm range) but can also
be used with low-pressure and excimer lamps enabling
operation with both UV (254—351 nm) and visible light.
Complete PLC-controlled turnkey systems (e.g., the MPDSE-
VO developed together with Peschl Ultraviolet®") with
integrated HANU reactors are also available for process
development.

4. HIGH-THROUGHPUT EXPERIMENTATION

High-throughput experimentation (HTE) is a crucial tool for
modern pharmaceutical development and synthetic method-
ology work-flow.”**">*® As the hunt for novel drugs becomes
more difficult every year, new methods for the screening of
growing libraries of molecules has become of vital importance
to both hit to lead discovery and lead optimization.”*’~**’
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While HTE has traditionally remained in the purview of
industry, increasingly, it is being implemented in an academic
setting.240 HTE work-flows range from advanced robotized
systems screening thousands of reactions a day at nanomole
. L . 241-244 .
scale to simple parallelization techniques. Increasingly,
this technique is being coupled with machine learning and
artificial intelligence to extract huge amounts of data on broad
. 245—247 .

chemical spaces. Laboratory automation has long been a
goal in the chemical industry to increase productivity,
reproducibility and safety.”**~>%°

Enabling technologies like flow photochemistry are being
used to screen reactions in an efficient manner.''®*' These
enabling technologies have allowed the coupling of closed-loop
chemical platforms to algorithms to produce self-optimizing
reaction platforms.”>> These methods have been apsplied to
many areas of chemistry, materials development,”” poly-

254 . 255 . . .

mers,”" and catalysis.”” Here we aim to give an overview of
how these technologies have been used to advance the known
photochemical space.

4.1. Batch-Based High-Throughput Experimentation
Work-Flows

High-throughput experimentation in chemistry is synonymous
with the parallelization in batch via well-plates. Here, reactions
take place on a small scale in parallel wells. This method has
been used to accelerate reaction discovery, increase the speed
of reaction optimization, for functional group tolerance
screening, mechanistic studies, and robustness screening.

In 2011, Macmillan et al. applied an automated high-
throughput experimental work-flow to rapidly identify photo-
redox transformations to accelerate the discovery of new
reactions by forced serendipity (Figure 19).°° A robotic
system (Chemspeed) was used to pair substrates from a
substrate pool with common, nonreactive functional groups in
96-well plates together with an inorganic photoredox catalyst.
To perform the reactions, the wells were irradiated by a 26 W
fluorescent lamp, followed by GC-MS analysis. This revealed a
hit combination for the reaction N,N-dimethylaniline and 1,4-
dicyanobenzene with the photocatalyst Ir(ppy),(dtbbpy)PFj
to form the @-amino cyanobenzene product in 11% vyield.
Optimizations on solvent, base and photocatalyst were further
carried out and yields of 85% were achieved. An extensive

https://doi.org/10.1021/acs.chemrev.1c00332
Chem. Rev. 2022, 122, 2752—-2906


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=fig19&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

1536 - well scree

Br

'S

0000000000000000
©0000000000000000
0000000000000000
0000000000000000
©0000000000000000
0000000000000000
©0000000000000000
©0000000000000000
0000000000000000
0000000000000000
©0000000000000000
0000000000000000
0000000000000000
©0000000000000000
0000000000000000
0000000000000000
©0000000000000000
0000000000000000
©0000000000000000
©0000000000000000
0000000000000000
0000000000000000
©0000000000000000
0000000000000000

additives

ning

simple + complex

simple (single-functional)

<

complex (poly-functional)

example poison additives

J

~— automated sample prep

irradiation

Figure 20. High-throughput screening by Merck in conjunction with MALDI-TOF MS for the screening of nanomole scale reprinted with
permission from ref 257. Copyright 2018 American Association for the Advancement of Science.

scope was then performed. For the amine part, the reaction
could tolerate pyrrolidine, piperidine, morpholine N-Boc
piperazine, and azepane rings, as well as an acyclic amine.
The reaction also performed well with electron-deficient arenes
(ester, amide, phosphonate esters of benzonitriles) and
heteroaromatics (cyano pyridines, triazole, and azaindoles).
Finally, direct derivatization of linezolid was achieved using the
optimized conditions to afford the heteroarylated product in
58% yield.

A nanomole-scale HTE screening platform combined with
the use of matrix-assisted laser desorption/ionization-time-of-
flight mass spectrometry (MALDI-TOF MS) was reported by
researchers at Merck.”>’ Photoredox C—N cross-coupling
reactions were carried out using either iridium- or ruthenium-
based photocatalysts and a nickel cocatalyst. Both simple and
complex additives, which represent functional groups com-
monly found in drug-like molecules, were added to reactions
so a full reaction/substrate suitability profile could be
developed for a wide range of molecules (Figure 20). Robotic
liquid handling (Mosquito HTS) was utilized to make up
reaction conditions in 1536-well plates, which could then be
directly analyzed from the well-plates using MALDI-TOF. This
quick analysis method yielded whole 1536-well plate readout
in under 10 min.

To evaluate a range of photocatalysts and oxidants for the
photoredox catalyzed hydroxymethylation of heteroaromatic
bases, researchers at Merck used a high-throughput screening
method.”® Experiments took place in a 96-well plate, where
each well was charged with a photocatalyst and an oxidant. The
96-well plate was sealed and illuminated with blue light (13
mA on array of 96 LEDs) for 16 h at room temperature.
Highest photocatalytic activity for this reaction was observed
for [Ir(dF(CF;)ppy),]PF¢. Concerning the oxidants, tert-butyl
peracetate (TBPA) and tert-butylperoxy 2-ethylhexyl carbonate
(TBEC) both gave mixtures of hydroxymethylated product
(A) and methylated product (B). In contrast, high selectivity
was observed with ammonium persulfate or benzoyl peroxide
(BPO) as oxidant, resulting in excellent yields of hydrox-
ymethylated product (A) (up to 99%) (Figure 21).
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Figure 21. Heat map for the high-throughput screening of the
photoredox catalyzed hydroxymethylation of heteroaromatic bases.

A well-plate based high-throughput experimentation opti-
mization was also performed by Rovis, Lehnherr, and co-
workers during the discovery of a photocatalyzed concurrent
tandem reaction to synthesize hindered primary amines.”’
Figure 22 showcases the 5 X 9 assay which was carried out
with a range of photocatalysts, solvents, and either diisopropyl-
amine (DIPA) or diisopropylethylamine (DIPEA) as reduc-
tants. The well-plate was irradiated for 20 h and each reaction
analyzed by UPLC with yields quantified using a calibrated
method. Results indicate that the highest yields were obtained
with DMSO as solvent and DIPA as reductant and either
[Ir(dF(Me)ppy),(dtbbpy) JPFs (71% yield) or [Ir(dF(H)-
ppy),(dtbbpy) JPF4(68% 7yield) as catalyst. Notably, even
though DIPEA is easier to oxidize than DIPA, a secondary
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Figure 22. Heat map for the high-throughput screening of the optimal
conditions for the concurrent tandem synthesis of primary amines.

a-amino radical was generated when DIPEA was used as a
reductant. The a-amino radical itself was able to couple with 4-
cyanopyridine, resulting in reduced yields.

To perform the late-stage methylation of biologically active
heterocycles, researchers at Merck employed a HTE assay with
a custom 96-well reactor.”*® Each well was irradiated with an
independent LED, which improved the consistency of
irradiation across conditions and reaction locations. Reactions
were carried out at 10 gmol scale with 8 solvent and 12
photocatalyst combinations (Figure 23) and irradiated with
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Figure 23. Heat map for the 96-well plate high-throughput screening
toward the photoredox catalysis enabled late-stage methylation of
lepidine.

blue LEDs. Reactions were analyzed for conversion based on
UPLC-MS using an internal standard. Results showed that
[Ir(dF(CF;)ppy),(dtbbpy) ]PF¢ was the best catalyst for the
transformation of lepidine and tert-butyl peracetate (TBPA)
with trifluoroacetic acid as an additive (10 equiv). Moreover, it
was the most robust catalyst, showing conversion in all but two
of the solvent systems and achieving high yields in acetonitrile
(72%), dichloroethane (71%), acetic acid (75%), and acetic
acid/water (74%). No product was formed in the control wells
containing no photocatalyst. When other peroxides were used
(di-tert-butyl peroxide and tert-butyl hydroperoxide), no
product was found, indicating that the carbonyl motif on
TBPA was necessary for the targeted reactivity.

A high-throughput screening approach was employed by
Knowles, DiRocco, and co-workers for the optimization of a
photoredox-mediated dehydrogenation of indoline toward the
synthesis of elbasvir.”®' A 96-well plate was used and the
reactions at 2.5 ymol scale were irradiated for 24 h with blue
LEDs (465 nm). Reactions were screened for oxidant, solvent
and catalyst (Figure 24) and yields were obtained by HPLC
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Figure 24. Heat map for the 96-well plate high-throughput screening
toward the photoredox-mediated dehydrogenation of indoline.

analysis with respect to an internal standard. Results indicated
that nitromethane and tert-butyl peracetate were good
stoichiometric oxidants and the most active catalyst was
[Ir(dF(CF;)ppy),(dtbbpy) PF, ([Ir—F]) with yields of up to
62%. The modest yields can be attributed to product
decomposition due to overirradiation and can be avoided
with shorter irradiation times. For scale-up, a flow-based
approach was chosen. The flow reaction was optimized for
catalyst loading, use of one of two peracetate oxidants (TBPA
or tert-butyl perbenzoate (TBPB)), residence time, and
temperature. With optimal conditions, a scale-up was
completed in a flow reactor (3.2 mm or 1/8 in. ID, 150 mL,
tg = 60 min, —10 °C, 0.04 mol-h™!) with TBPB as oxidant.
After 5 h, 100 g of product was processed with 88% isolated
yield and 99.8% ee.

Similarly, a high-throughput experimentation was performed
by researchers at Merck in their profiling of the photoredox
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Figure 25. 240 nanomole scale reaction for the photoredox/nickel catalyzed peptide C(sp*)-oxygen cross-coupling.

nickel-catalyzed peptide C(sp®)-oxygen cross-coupling,*** 240
nanomole scale reactions were carried out in well-plates in an
automated manner and analyzed by UPLC-MS, similar to the
groups previous work on high-throughput experimentation.”**
The reaction wells were irradiated for 24 h with blue LEDs
(450 nm) and optimal conditions were investigated for
photocatalyst, quinuclidine loading, ligand, solvent, and base
(Figure 25). The best results were obtained with the organic
dye 4DPAIPN, with NiBr,-glyme, the ligand dtbbpy, K,CO;, §
mol % quinuclidine, and N-methyl-2-pyrrolidone (NMP) as
solvent, which was found to afford the product in 66% yield.

A high-throughput work-flow was used by Britton,
researchers at Merck et al. for the investigation of a new
synthetic step en route to Odanacatib, mediated by the direct
photocatalytic C—H fluorination of leucine methyl ester
(Figure 26).°®® Reactions took place in a 96-well plate
photochemical screening platform at a 10 umol scale,
parameters, such as amino acid salt, catalyst, catalyst loading,
solvent composition, and concentration, were investigated. In
general sodium decatungstate was superior to TBADT in
catalyzing the reaction. HCI salts performed the poorest due to
a competitive chlorination reaction, especially at lower
concentrations of water. These competitive chlorination
reactions were avoided with the use of mesylate (MSA) and
bisulfate salts. The optimized conditions indicated in the figure
gave the highest response factor by UPLC-MS and were
reproduced on a 20 mg scale to provide 97% assay yield after
18 h of irradiation. Next, a scale-up was performed in flow
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Figure 26. High-throughput screening of the direct C—H fluorination
of leucine methyl ester on the route to Odanacatib.

using the same conditions and 44.7 g (90%) of the product was
isolated by precipitation from 2-MeTHF.
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Figure 27. High-throughput screening of aryl amination of drug scaffolds using ligand free nickel(II) salts and a selection of photoredox catalysts.

Macmillan, Buchwald, and co-workers also utilized a high-
throughput experimentation work-flow in their pioneering
work on the discovery of photoredox mediated C—N cross-
coupling protocol using ligand-free nickel(II) salts.”** Cou-
pling reactions with piperidine were carried out on a 2.5 ymol
scale in 96-well plates, which were irradiated for 16 h. A
screening was performed for a selection of organic and
inorganic photocatalysts and 18 drug-like coupling partners
(Figure 27). Yields were determined by UPLC-MS. Notably,
78% of the scaffolds underwent photocatalytic cross-coupling
with a single photocatalyst [Ir(dF(CF;)ppy),(dtbbpy)]PF,.
According to the authors, this represented one of the most
successful catalysis platforms that had been evaluated by
Merck.

Macmillan et al. developed a microscale flow simulation
(FLOSIM) high-throughput experimentation platform for the
translation of photochemical batch HTE to commercially
available photo flow chemistry systems (Figure 28).%° First,
extensive testing was performed to prove the homogeneous
irradiation of the platform’s wells. Next, four model photo-
chemical reactions (decarboxylative arylation, decarboxylative
alkylation of N-nucleopbhiles, cross-electrophile coupling, C—O
coupling) were investigated in the platform with a total of
>2000 reaction conditions over the four reactions. The
FLOSIM device was designed to replicate the internal diameter
of a flow device for easy translation to flow. Flow reactions
were then run in commercial photoflow reactors (UV-150
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Vapourtec E-Series and PhotoSyn flow photoreactor by
Unigsis) to compare with the results obtained in the FLOSIM
device. Interestingly, the FLOSIM device was found to give
accurate HTE vyield and reaction time predictions for all
conditions (low yield, moderate yielding, and high yielding),
enabling the quick identification of ideal flow reaction
conditions through HTE in batch.

Researchers at Bristol Meyers Squibb and Princeton used a
high-throughput experimentation approach in the discovery of
a photocatalytic decarboxylative intramolecular arene alkyla-
tion of N-(acyloxy)phthalimides.”*® Reactions took place in 1
mL glass vials (0.01 mmol scale) within a 96-well photoredox
block. The vials were irradiated by a Lumidox 96-well LED
array for 15—19 h, and parameters, such as photocatalyst, acid
additive, LED wavelength, and solvent, were varied (Scheme
10). First, a screening of iridium, ruthenium, and organic
photocatalysts was undertaken under blue light irradiation.
Ruthenium and most organocatalysts proved to be ineffective
for the reaction, as low conversions were observed. In contrast,
the organocatalyst 4CzIPN, as well as iridium-based photo-
catalysts, proved to be effective catalyst and both were used for
further screening. Next, a screening of LED wavelength
indicated that both green and white light gave sluggish
reactivity, but that purple light (415 nm) gave comparable
yields to blue LEDs (465 nm) with a notably increased rate.
Therefore, purple light was chosen for the proceeding
experiments. Additionally, acid additives were crucial for high
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Chem. Rev. 2022, 122, 2752—-2906


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=fig27&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

pubs.acs.org/CR

Chemical Reviews
A
Top of Stand for
FLOSIM i Fan 96-Well Plat
FLOSIM OSIM device ell Plate
platform

96-Well  Dispersion Kessil Bottom of
Plate lens lamp FLOSIM device
_____________________________________________ .!
C B _\*/_ 0 :
A =
_—
B base :
r COMe  solvent i
photocatalyst CO,Me,
trimethylsilane |
(. . N
i. Base/solvent screening 1
o |
@ & & @
@Qe}o @OQ,\O Q@\ &0@ O®v OQ(O Q@Q «g i
me OO O0OO0O0000 i
uise @ @ @ @ @ @ @ @ i
o cide @ O O O O O @ O i
©
2w Q0000000 |
|
v OO0 000000 !
1
e QO OO @O OO0 !
ii. Photocatalyst/base/water loading screening E
base i
& 0 4/0\0/ N !
& & FREF” !
ro..OOOOequ\v !_
1
[IrF] < O . . O O O 10 equiv :
- |
O..OOOZOequiv i
1
\O . O O O O 50 equiv :
-
O0.0000equ\'V i
O0.00010equiv :
4CzIPN < I
Z O..OOOZOequiv S :
2 © |
% \O O O O O O 50 equiv % :
o |
£ (OO0 @00 Qo 5 ||
= OO0 @00 0w |1
4CzPN < i
O ©® O O O O 2weqi :
LO O O O O O soequv E
(O © O O O O oeqiv |
|
OOOOOOTOequiv :
4CZTPN < |
O OO O O O weqi :
|
\O O O O O O 50 equiv :
‘high .med Olow J :
1

N
| solvent |
Boc CF3 nickel source Boc
photocatalyst

B *
SV
N COOH \©\ base

CF3

-
i. Base/solvent screening
N

®®

<
eee@
e00-

6‘@Q

CYCXCRN

2

00«

DMF

DMA

0009,
0005
0@
e0 @,

DMSO:DMF

solvent

O0O00O00O00O0

ii. Ni source/solvent/photocatalyst/base loading screening

DMA DMSO:DMF
N

2.5eq TMG

dioxane

r
1.5eq TMG 1.5eq TMG 1.5eq TMG

|
|
|
|

2CzPN

sczen @
i @
ir-arne] @

A
z

photocatalyst

;0000

€

()
N
»

‘8%
0000
0000
0000
0000
0000
0000
0000
0000
,0@®O0
0000

(o]

A
S

64, Szo 6, 4,

0 % 7
ii. Photocatalyst/Nickel loading screening (TMG base)

R
]

% %
£ K3

R

5
%o

5
(¢}

~
»

Photocatalyst loading

02mol% 04mol% 06mol% 0.8mol% 1.0mol%  1.2mol%

1 mol%
5 mol%

10 mol%

nickel loading

15 mol%

| R |
HO’(an\XMe ] he *

1 1y, :

| M _—

0 e: base

! 1 solvent

1

, Me : photocatalyst
! 1

Br O—R

i. Base/solvent screening

o
D
»
(]

(/O %
(e
%

CHCRCROACRCRCROLN
OC@ OO0 00O~

%,
)
R
2

CXCHONCAONCRONOL S

%,

1

¢
OOOOOOOO%@

0000000,

%

Lo
.

acetonitrile

acetone

ethyl acetate

2Me-THF

solvent

DMF

DMA

dioxane

OC0000000,
O00O0O00O0O0

CNCHCNCNCRONONOI
CACRCRCRNCRORORCLN
OO0OO0OO0OO0 00O«
O00O0O00O0O0

CNCHONONONORONOEX

DME

I
@rish @med Q) tow

.

Figure 28. (A) FLOSIM device. (B) Selected HTE results from decarboxylative arylation. (C) Selected HTE results from the cross-electrophile
coupling. (D) Selected HTE results from C—O coupling adapted with permission from ref 265. Copyright 2021 American Chemical Society.

yields and a number of acids were shown to be effective. Best
results were obtained with 10 equiv of TFA when using the
organo-photocatalyst and with 1 equiv of TFA when using the

iridium-based photocatalytic system. A solvent screen was then

2780

performed with other polar solvents, which indicated that
DMSO was indeed the most effective. The best reaction
system contained the 4CzIPN catalyst with TFA (10 equiv)
and purple LEDs, resulting in 81% yield of the intramolecularly
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Scheme 10. Selected Results from High-Throughput
Screening of the Photocatalyst Mediated Decarboxylative
Intramolecular Arene Alkylation Using N-

(Acyloxy)phthalimides
(@)
o] ?é >S; o o]
[e) _N '*
o _—
O  photocatalyst E:ij ©)§
acid Me
solvent

A B

Photocatalyst acid light (nm) A (%) A:B
[Ir(dF(CF3)ppy),(dtbbpy)]PFg TFA 470 74 88:12
4CzIPN TFA 470 74 88:12
4CzIPN TFA 470 73 87:13
4CzIPN TFA 527 15 86:14
4CzIPN TFA white 64 88:12
4CzIPN TFA 415 73 87:13
4CzIPN BF; OEt, 470 59 87:13
4CzIPN BF 3 OEt, 415 72 86:14
4CzIPN TFA 415 67 85:15

4CzIPN TFA 415 61 937

4CzIPN TFA 415 81 94:6
[Ir(dF(Me)ppy)(dtbbpy)]PFg TFA 415 80 91:9
4CzIPN none 415 23 77:23

none TFA 415 <5 n/a

none none 415 <5 n/a

cyclized product and a product ratio of 94:6 (A:B). Scale-up to
0.5 and 2.0 mmol using the optimal conditions from the high-
throughput screening was completed in a flow reactor (10 mL,
tg = 70 min, 34 °C, 60 W) with corresponding yields of 72%
and 65%, respectively.

A high-throughput experimentation work-flow was used by
Collins et al. for the discovery and optimization of heteroleptic
copper(I)-based complexes for photocatalysis with single
electron transfer (SET), energy transfer (ET) and proton-
coupled electron transfer (PCET)-based transformations.”” A
library of 50 copper catalysts with a broad range of
bisphosphine and diamine ligands (Figure 29) were prepared
and the visible-light decarboxylative fragmentation of N-
(acyloxy)phthalimides was first evaluated. Results indicate
that the 2,2’-biquinoline ligand (dq) was most effective for the
coupling reaction with Cu(dq)(BINAP)BF,, (BINAP = 2,2'-
bis(diphenylphosphino)-1,1’-binaphthyl) providing the highest
yield (87%). Second, the homolytic activation of ketones was
investigated. The ligands 1,10-phenanthroline (phen) and
trimethoxy-2—2/-bipyridine (tmp) performed well for this
reaction and again Cu(dq)(BINAP)BF, was found to be one
of the most effective catalysts for the reaction providing a yield
of 71%. Triazole-based ligands also proved effective with
Cu(quintri) (Xantphos)BF,(quintri = 2-(1-(p-tolyl)-1H-1,2,3-
triazol-4-yl)quinoline, Xantphos 4,5-Bis-
(diphenylphosphino)-9,9-dimethylxanthene) resulting in 79%
yield. Finally, the visible light sensitization of vinyl azides was
investigated. All dual ligand-copper catalysts provided product,
and six catalysts provided excellent yields of >95%.

Scheidt et al. used a high-throughput screening work-flow
for the photoredox mediated reductive arylation of arylidene
malonates (Figure 30).268 Reactions were carried out at §
umol scale in a Lumidox 96-well plate under blue LED
irradiation (456 nm) for 18 h. The choice of photocatalyst,
solvent and reductant, as well as presence of a Lewis acid (LA)
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Figure 29. High-throughput experimentation work-flow for the
discovery and optimization of heteroleptic copper(I)-based complexes
for photocatalysis with single electron transfer (SET), energy transfer
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formations.

J

were investigated. The photocatalyst loading and reaction
concentration were held constant at 3 mol % and 0.1 M
respectively. The optimized conditions called for 4DPAIPN
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Figure 30. High-throughput workflow for the photoredox mediated
reductive arylation of arylidene malonates.

and 2.5 equiv of NEt; in CH;CN, which afforded the product
in 85% vyield. A trend in the results indicated that photo-
catalysts which were both strong oxidants and reductants were
most efficient (4DPAIPN, Ir(ppy), dtbpy), whereas strong
oxidants and mild reductants (Ph-MesAcr) afforded no
product and strong reductants/mild oxidants (Ir(ppy);) lead
to the dimerization of the starting arylidene malonate. Tertiary
amines were shown to be superior terminal reductants in
comparison to Hantzsch ester (HE), which only afforded the
product in trace amounts even with the strongest catalyst
system. Tertiary amines form 2-center/3-electron systems
upon single-electron reduction, which results in the amine first
serving as the reductant, and after it has been oxidized the
amine acts as a Lewis acid necessary for the reaction to occur.
This explains why the reactions that contain no Lewis acid but
do contain a tertiary amine show increased efficiency
compared to reactions where an exogenous Lewis acid additive
is used. The tertiary amine acts as the necessary Lewis acid
once oxidized during the reaction and exhibits a much simpler
reaction profile leading to comparatively higher yields. Further
scope exploration for the reaction was performed using the
optimized conditions with electron-rich and electron-poor
variations of arylidene malonate and a number of variations of
cyanoarene (pyridines, pyrmidines, pyrroles, and indoles)
resulting in yields of 62—88%.

A dual photoredox/nickel catalysis method was developed
by researchers at Pfizer for the decarboxylative coupling of a-
amino acids with DNA-tagged aryl halides in aqueous
medium.”® The great potential of the method for the
generation of DNA encoded libraries was further exemplified
by performing the reactions in a 96-well plate reactor. The
reaction wells were irradiated with a blue LED array and were
degassed and sealed by an inflatable enclosure under inert
atmosphere. Reactions were carried out at 20 pmol scale, were
irradiated for 3 h for a range of 26 carboxylic acids (Figure 31),
and were, subsequently, analyzed by UPLC. Reactions that
were carried out in 96-well plates were found to produce yields
between S and 10% lower than reactions carried out in glass
vials in batch.

Researchers at Astex Pharmaceuticals developed a high-
throughput experimentation platform using 1536-well micro-
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NHBoc

Figure 31. Parallel synthesis for the direct decarboxylative arylation of
DNA by dual photoredox/nickel catalysis.

titer plates (MTPs).”’" The HTE protocol employed liquid
handling robots to screen suitable reaction conditions for the
direct cross-dehydrogenative coupling between S5-bromoiso-
quinoline and N-Boc morpholine on a 768 nmol-scale, using a
selection of iridium, ruthenium, copper and organo-photo-
catalysts. Two sets of 192 discrete reaction conditions were
performed, with one set subjected to white light and the
duplicate subjected to blue light. The heat map (Figure 32)
indicated that 3 of the reactions gave significant conversions
and yields as shown by HPLC analysis using an internal
standard method. With the optimal reaction conditions from
the high-throughput screening, a scale-up was carried out in a
continuous-flow photoreactor (1/16 in. OD, 0.05 in. ID, 10
mL volume, 420 nm, 17 W, tg = 10 min). Using the flow
strategy, the target compound could be isolated in 58% yield
(13 g).

An example of how high-throughput experimentation can
aid drug discovery programs in the development of a versatile
and broad method, is given by Leonori et al.,, who employed a
HTE work-flow for the late-stage amination of dextro-
methorphan (Robitussin) with a range of alkyl amines.””!
Reactions were carried out in a commercial 24-plate photo-
reactor at 25 umol scale and irradiated at 0 °C for 2—4 h to
achieve yields of up to 99% (Figure 33).

Over the past few years, Glorius et al. have reported a
number of “mechanism-based”, additive-based and functional
group tolerance screening approaches.””” In Figure 34, an
overview of a mechanism-based approach is shown, which
attempts to directly gain a better understanding of a
mechanistic step common to a class of reactions in three
stages. In the first stage, a library of 100 potential quenchers
was tested on the ability to quench the widely used
photocatalyst [Ir(dF(CF,)ppy),(dtbbpy)]PF¢ ([Ir—F]). Of
the 100 potential quenchers studied a total of 7 produced
fluorescence quenching of >25%, among which 2 were known
quenchers that were planted to validate the screening method.
Another 2 were widely known to act as quenchers in other
reported visible-light-mediated reactions; and 1 other quencher
was shown to have a strong absorbance at the wavelength of
interest. These were removed from further evaluation, leaving a
benzotriazole and a phenol, which were identified as the lead
compounds for further quenching evaluation. Next, fac-Ir(ppy)
was selected as the lead catalyst to design two new
photocatalytic transformations involving the new quenchers:
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Figure 32. High-throughput screening using a liquid handling robot for the photoredox-mediated cross-dehydrogenative heteroarylation of cyclic

amines.

namely the visible-light catalyzed denitrogenation of benzo-
triazoles by phenyl anhydrides and bromination of phenols.

When further investigating the denitrogenation of benzo-
triazoles with alkynes to synthesize 2-substituted indoles,
Glorius et al. further utilized an additive-based robustness
screening.””> This screening evaluates the ability of a given
reaction to tolerate a series of exogenous additives which gives
a sense of the robustness of the reaction, as well as the
functional group preservation of the molecules in the reaction.
Reactions were carried out in Schlenk tubes in a custom-made
photoreactor and results indicate that a high number of
additives were well tolerated (Figure 35). All but two reactions
proceeded with comparable yields for the product to control
reactions containing no additive, in most cases the additives
were recovered with an average yield of 80%. The reaction was
then scaled to 3.0 mmol and a yield of 61% was obtained.
Notably, when the solvent was changed from DMSO to
CH,;CN a chemodivergent switch was observed, with the (Z)-
stilbene derivative being obtained in preference to the 2-
substituted indole.

Next, Glorius et al. utilized the same approach to indicate
the robustness and functional group tolerance of a previously
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reported photocatalytic decarboxylative trifluoromethylthiola-
tion (Figure 36).””"*”° Reactions were again carried out in
Schlenk tubes and irradiated for 4 h with 365 or 455 nm LEDs;
yields were calculated by YE.NMR. In total, 41 additives were
screened, covering a wide breadth of functional groups and
reactivities (i.e., basic, acidic, nucleophilic, and electrophilic).
Reactions show a similar robustness under both conditions,
giving nearly identical yields (63% and 65%). However, the
functional group preservation was markedly better for
condition B (455 nm) than those of condition A (365 nm),
which is showcased by the lower recovery of additives. This
lower functional group preservation was suggested to be due to
decomposition with the higher energy light, which was
confirmed with an additive stability investigation under 365
nm light.

Moreover, Glorius et al. also explored a mechanism based
approach to discover visible light promoted functionalization
of benzotriazoles by o-thiolation, o-borylation, and alkylation
to afford aniline derivatives (Scheme 11).27¢ Together with a
scope investigation, an additive-based robustness screening was
performed as previously described. The results indicated that
the transformation tolerated any kind of additives, with aniline
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Figure 34. Mechanism-based screening approach for the discovery of
new quencher classes and subsequent discovery of new reactivity of
benzotriazole and phenol derivatives.

being the only exception. The same process was also employed
to assess the generality of the photocatalyzed denitrogenation
of benzotriazoles followed by the radical addition of alkynes
yielding 2-substituted indoles. Finally, by Stern—Volmer
analysis, the three functionalizations were proven to proceed
via single electron transfer.
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Figure 35. Synthesis of 2-substituted indoles from benzotriazoles and
alkynes by photoinitiated denitrogenation and robustness and
functional group tolerance screening.

In another example, Glorius, Guldi, and co-workers used a
the mechanism-based approach in the investigation of an
energy-transfer-enabled biocompatible disulfide—ene reaction
(Scheme 12).””7 The ability of dimethyl disulfide to quench a
series of iridium or ruthenium based photocatalysts with
different triplet excited state energies was investigated. [Ir—F]
was found to be the most efficient quencher with a quenching
fraction of 42%, which corresponds to a yield of 58%. The
efficiency of luminescence quenching was directly correlated to
the excited state energy of the catalyst, with [Ir—F] having the
highest triplet excited state energy of the catalysts investigated.
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Scheme 11. Exploration of o-Thiolated, Borylated, and
Alkylated N-Arylbenzamide Aniline Derivatives by Visible
Light-Mediated Functionalization
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Glorius et al. later improved on this approach by combining
the mechanism—based screening”’” with a previously reported
reaction-based screening approach,””” which allowed to reduce
the drawbacks associated with each approach (Figure 37).””*
First, a mechanism-based luminescence screen was carried out
on 25 randomly selected potential quenchers using [Ir—F] as
photocatalyst. A high quenching fraction was achieved with 6
of the potential quenchers. Phenylsydnone was found to have
the highest quenching fraction (91%) was carried through to
the reaction-based screening. A phosphorus-based MS tag was
installed covalently on phenylsydnone, and this quencher was
added to a 96-well plate along with [Ir—F] and a diverse range
of chemical reagents. The reactions were subsequently
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Scheme 12. Results for the Mechanism Based Photocatalyst
Screening of a Disulfide—ene Reaction
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Figure 37. Combined mechanism-based and reaction-based using
mass spectrometry toward the discovery of diacylhadrazides from
phenylsyndones and carboxylic acids.

analyzed by electrospray ionization mass spectrometry (ESI-
MS). The presence of additional peaks after irradiation were
indicated as a “hit”. Using this strategy, it was observed that
reaction conditions containing carboxylic acid motifs reacted
readily and produced new ESI-MS signals. To test this
observation, the reaction of untagged phenylsydnone and
cyclohexanecarboxylic acid was scaled to 0.3 mmol and after
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irradiation and purification, the formation of diacylhydrazide
was identified as a previously unknown transformation.
Similarly, an additive-based robustness screening was
performed by Gouverneur et al. to evaluate tolerance toward
various functional groups during their discovery of an
organophotoredox mediated hydrodefluorination of trifluor-
omethylarenes (Figure 38).””” Experiments were carried out
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Figure 38. Additive based robustness screening for a photocatalyzed
hydrodefluorination of trifluoromethylarenes.

on 2.5 pmol scale in 96-well plates. Common pharmacophoric
functional groups were investigated, such as para-substituted
toluenes, 2-pyridines, S-pyrimidines, 3-pyridazines, 2-pyrazines,
isoxazoles, pyrazoles, pyrazolopyridines, benzooxazoles, benzo-
thiazoles, indazoles, and benzimidazoles. Reactions containing
para-substituted toluenes proved to be the most robust with 6
of the derivatives obtaining yields >90%. In contrast, 3-
pyridazines and 2-pyrazines were poorly tolerated.

Lin, Lehnherr, Kalyani, and co-workers developed the HTe-
Chem, a high-throughput microscale electrochemical reactor
to accelerate the discovery of electrochemical reactions.”*’ In
particular, they were able to use the platform for the high-
throughput screening of the photoelectrochemically mediated
oxidative C—H amination of mesitylene with pyrazole. Three
voltages, three electrolytes and two reaction times were
screened, as well as a number of nonstandard reaction
conditions in a 24-well plate configuration (Figure 39). Yields
of up to 78% were obtained in 24 h using LiClO, as an
electrolyte and 1.75 V on a 0.4 mmol scale. To prove the
reproducibility of the system across each reaction chamber, the
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Figure 39. High-throughput microscale electrochemical reactor to
accelerate the discovery of photoelectrochemical reactions. Reprinted
from ref 280. Copyright 2021 The Authors (CC BY NC ND 4.0
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optimized conditions were used in each of the 24 wells and
gave an average yield of 75% with a standard deviation of 5.2%.

Bernhard et al. performed a high-throughput screening of
dual catalytic Eosin Y with cobalt complexes for the reduction
of water and lproduction of hydrogen gas using visible light
(Figure 40).”*" Parallelized experimentation allowed for a large
amount of cobalt catalysts containing two dimethylglyoxime-
type ligands (GL1) and an axial monodentate ligand (L)
(Co(GL1),(L)CI). First, the reaction condition optimization
reactions were performed using eosin Y and Co(dmg-BF,),
pyCl in water and 2-ethoxyethanol, triethanolamine was used
as a sacrificial reductant. Optimized reaction conditions were
screened using HTE with ranges of photocatalyst concen-
tration (0—1.5 mM) cobalt catalyst loading (0—5 mM), pH
(7.5—14), and water volume fraction (0.09—0.5). A custom
photoreactor was used and colorimetric tape sensitive to
hydrogen was placed above the reaction vials. Reactions were
irradiated for 16 h using blue LEDs and progress was
monitored by photography. A picture was taken every 10
min while the experiment was running, and hydrogen
evolution could be tracked by the color change of the
colorimetric tape. Mathematica was used to digitize the color
of the tape at each time-interval and this was plotted vs
reaction time and the optimal conditions found from the
resulting graph. Results indicated that the optimal catalyst/
water molar ratio was 1:7000. A further screening using the
same HTE of 46 ligands revealed that alkyl-substituted
glyoximes were needed for the reaction to proceed. A further
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Figure 40. High-throughput screening of hydrogen evolution from
the reduction of water by dual eosin Y and cobaloxime catalysis
adapted with permission from ref 281. Copyright 2021 American
Chemical Society. (a) LED strips and camera, (b) 108 reaction vial
assay, (c) 2 X 100 W blue LED chips and (d) HTE experiment results
unprocessed.

screening of 616 cobaloxime catalysts gave promising hits for
two potential catalysts, namely, the hydroxyquinoline deriva-
tive Co(GL1)-(HQ2)pyCl and pyridine/pyrazole-containing
derivative Co(GL1)-(NH4)pyCL

Furthermore, Bernhard et al. developed a parallelized
screening platform for the colorimetric detection of hydrogen
evolution from water splitting by bimetallic cocatalysts.”** The
platform was capable of screening up to 96 reactions in parallel.
Reactions took place in vials with chemosensory colorimetric
H,-sensitive tape on top and irradiation by LEDs through the
bottom of the vials. First, the system was calibrated using
known amounts of atmospheric pressure H,. Pictures were
taken of the tape from the top down view before and after
(Figure 41) and the green and red values were extracted. When

Figure 41. Parallelized screening platform for the colorimetric
detection of hydrogen evolution from water splitting by bimetallic
cocatalysts: (A) experimental platform, (B) experiment preirradiation,
(C) experiment postexperimentation, and (D) data visualization.
Adapted with permission from ref 282. Copyright 2021 American
Chemical Society.
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plotted, the change in color of the colorimetric tape was
directly correlated to H, concentration added. With this
knowledge in hand, the catalytic activities of over 700
bimetallic water-reducing catalysts were investigated.

Rohrer et al. developed a high-throughput experimentation
system for the measurement of hydrogen evolution for an
investigation of the influence of pH when using BaTiO5/TiO,
core/shell photocatalysts (Figure 42).”** Similarly to the work

H,O

-
L 4

v 4
: .;-’
Figure 42. High-throughput experimentation platform for the
measurement of hydrogen evolution for an investigation of the
influence of pH when using BaTiO;/TiO, core/shell photocatalysts:
(A) experimental platform, (B) experiment preirradiation, (C)

experiment postexperimentation, and (D) data visualization. Adapted
from ref 283. Published by Elsevier.

of Bernhard et al,”*"*® the system used chemosensory

colorimetric H,-sensitive tape, and a camera was used to
visualize the evolution of hydrogen over time. Reactions took
place in parallel in sets of 96. At lower pH values (3—9)
changes in the rate of hydrogen evolution are directly
proportional to the pH of the system because of the effect of
pH on surface potential. At pH > 9, the rate of hydrogen
evolution decreases to its minimum.

Konig et al. developed a colorimetric indicator method for
the detection and quantification of byproducts in 96 parallel
photocatalytic reactions.”® These byproducts correlate
strongly with both yield and conversion and thus a
quantification can be ascertained. The photooxidation of
benzyl alcohols and benzylamines to benzaldehyde by
riboflavin tetraacetate (RFTA) was investigated. Potassium
iodide and starch were used to indicate the presence and
evolution of hydrogen peroxide indicating a successful
reaction. Three benzyl alcohols and all the amines were
successfully oxidized, and yields could be estimated by the
color change (Figure 43).

Cooper, Sprick, Zwijnenburg, and co-workers developed a
high-throughput robotic platform for the screening of 170
organic copolymers for the photocatalytic hydrogen generation
from water.”®> A diverse selection of dibromoarene building
blocks were coupled with either diboronic arene acids or esters,
resulting in a library of 706 candidate dibromoarenes and 9
diboronic acids/esters (6354 combinations in total). These
were first screened computationally and a subsection of 127
dibromides were synthesized by microwave-assisted Suzuki—
Miyaura polycondensation using a robotic formulation plat-
form (Figure 44) and brought forward for automated
screening, leading to the discovery of new polymers with
hydrogen evolution rates (HERs) of more than 6 mmol-g™'
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Figure 43. High-throughput experimentation platform for the
colorimetric indicated quantification of the photooxidation of benzyl
alcohols and benzylamines to benzaldehyde by RFTA.
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Figure 44. High-throughput robotic platform for the screening of
organic copolymers for the photocatalytic hydrogen generation from
water adapted with permission from ref 285. Copyright 2019
American Chemical Society.

h™'. Machine learning was applied to the resulting data sets
and four variables (electron affinity, ionization potential
(predicted), optical gap, and dispersibility of polymer particles
in solution) could successfully describe up to 68% of the
polymer-to-polymer variation in the HER data.

The same authors developed a high-throughput work-flow to
screen a structurally diverse family of 39 covalent triazine-
based framework materials (CTFs) for photocatalytic water
splitting.”*° The Chemspeed SWING robotic platform was
utilized for the automation of the screening section. Degassed
solvents (triethylamine and methanol) and a stock solution of
H,PtCl; were loaded onto the platform (Figure 45). Crimp top
vials were charged with S mg of polymer powder and
transferred to the platform. Under inert conditions, 1.7 mL
of degassed water, aqueous H,PtCly solution, triethylamine, or
methanol was added; vials were crimped and shaken for S s
and irradiated by a solar simulator with an output of 1.0 sun
equivalent. This screening led to the discovery of two high-
performing CTFs based on benzonitriles and dibenzo[b,d]-
thiophene sulfone linkers with catalytic activity that is among
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the highest in their material class. Two variables (electron
affinity and dispersibility) were found to be the best predictors
of ability to evolve hydrogen from the splitting of water.

4.2. Flow-Based Automated Platforms

A versatile, modular photoreactor platform was developed by
Edwards et al. capable of high-throughput experimentation,
batch reactions, and continuous processing called the Photo-
chemistry LED Illuminator (PHIL) (Figure 46).”"" With the
ability to tune for wavelength, light intensity, and very precise
temperature control, the platform can deal with a broad range
of photochemical transformations. The HTE module has the
ability to screen up to 48 reactions simultaneously over a range
of 6 wavelengths (365—525 nm). First, photochemical
actinometry was carried out in the HTE platform using
rhodamine-6G as a photocatalyst for the coupling of a pyrrole
with a bromothiophene. Surprisingly, the reaction outcome
was independent from both the applied wavelength and the
presence of the photocatalyst, indicating that a homolytic
cleavage of the C—Br bond is occurring. Next, the intra-
molecular [2 + 2] cycloaddition of maleimide with an alkyne
was analyzed. The reaction proved to be sluggish at all
wavelengths tested so benzophenone (10 mol %) was added
leading to a large increase in the rate observed with reactions
going to completion in 10 min. Further to this, a number of
other reactions were investigated including and intramolecular
[2 + 2] cycloaddition, a Norrish type 1 reaction with [1.1.1]-
propellane, the biocatalyzed hydroxylation of ethylbenzene,
and a cross-coupling of aryl iodides.

A photochemical cascade CSTR platform (Freactor) was
developed by Bourne et al. for the auto-optimization of
multiphasic and mass transfer limited photochemical reactions
(Figure 47).”*” Because of the constant agitation, the reactor is
resistant to clogging and fouling. First, to get a greater
understanding of the Freactor, chemical actinometry was
carried out by the photochemical transformation of o-
nitrobenzaldehyde (NBA) to o-nitrobenzoic acid using 365
nm light. The photon flux obtained was found to be ~10X
higher than batch systems in the literature.”®® Next, automated
reaction optimization was carried out on the aerobic oxidation
of tetralin with benzophenone as a catalyst using a hybrid
algorithm. The hybrid algorithm consisted of the coupling of
three distinct algorithms (global optimization by SNOBFIT,
surrogate Gaussian process modeling, and a central composite
face-centered (CCF) designed screening). The reactor was run
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. . M. s
chemical reactions. ( )
fac-Ir(ppy)s BrCF,CO,Et 0.992 1.84 x 108
. fac-Ir Cinnamic Acid 0.995 3.37 x 108
for a total of 36 h and 61 experiments were performed (38 PPY)s ,
. . . fac-Ir trans-cinnamate 0.999 1.24 x 10
SNOBFIT, 12 Gaussian screenings, and 11 CCF experiments). °PY)s
A total y1e1d of 6 5% was obtained for tetralone’ Wlth a B Decarboxylative alkylation of N-containing heteroarenes with N-(Acyloxy)phtalimides

residence time of 18.3 min and 4.69 oxygen equivalents.

0 ., N
A fully autonomous continuous-flow platform for fluores- Q ’*’ _N
cence quenching studies and Stern—Volmer analysis was N—-O + ©® ,
developed by Noél et al. using Python-based code and inline =N
O
Cc

UV—vis spectroscopy (Figure 48).”*” The use of automation
and flow has a number of defined benefits, such as improved
consistency, accuracy and reproducibility. The repetitive tasks
of performing this reaction manually can lead to reproduci- Photocatalyst A B B+ TFA TFA
bility issues which are mainly associated with oxygen

A B

interference and human error. The system utilizes small "PPy)s >%0 <% >80 <%
sample volumes, which is especially useful when screening Ru(opy)s*” %5 %5 >%0 %5
expensive catalysts. Two benchmark reactions were carried out Mes-Acr* <2 <2 <2 <2
in order to test the system: the photocatalytic decarboxylation 20PN <2 <2 750 <2
of a,f-unsaturated carboxylic acids and the photocatalytic 4C2PN @ @ >0 @
decarboxylative alkylation of N-containing heteroarenes with Figure 48. Fluorescence quenching studies and Stern—Volmer
N-(Acyloxy)phthalimides. Overall, the system leads to better, analysis using a fully automated platform showcased by the
more reproducible results in comparison to manual and photocatalytic decarboxylation of a,f-unsaturated carboxylic acids
produced data within 15 min for analysis. and the decarboxylative alkylation of N-containing heteroarenes.

A self-optimizing, segmented flow reactor was reported by
Jensen, Robinson, and co-workers for the optimization of
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Figure 49. Platform for the auto-optimization of photocatalytic decarboxylative coupling.

iridium—nickel photoredox decarboxylative arylation cross-
coupling (Figure 49).””° A liquid handling robot was used to
make each experimental condition automatically from a set of
stock solutions. The system utilized an oscillatory flow reactor
integrated with a photochemistry module, equipped with a 34
W blue LED that had the ability to operate at a range of
temperatures between 20 and 70 °C. The selected
optimization algorithm could handle both discrete parameters
(bases, photocatalysts, and nickel catalysts) and continuous
parameters (reaction temperature and reaction stoichiometry).
The system used online-HPLC for analysis, the results of
which could be interpreted by the algorithm in order for it to
decide a new set of reaction parameters to subsequently try.
Each microslug (~1S5 pL) acts as a discrete experimental
condition and could be determined by the auto-optimization
algorithm.

Utilizing a similar system attached to an LC-MS, Jensen et
al. also devised a comparable microfluidic platform for
exploratory studies of visible light photoredox catalysis.””!
Three distinct photocatalyzed reactions were studied. The
oxidation of 9,10-diphenylathracene (DPA) served as a
chemical actinometer to better understand the irradiation
characteristics of the flow platform. By measuring the
consumption of DPA throughout the reaction with online
UV—vis spectroscopy, photon fluxes for the platform across a
range of light intensities could be measured. Second, visible
light catalyzed oxidative hydroxylation of arylboronic acids to
phenols were carried out to demonstrate the versatility of
platform. Third, the dimerization of thiophenol to diphenyldi-
sulfide was investigated. Reactions could be screened for
continuous variables (residence time, reaction temperature and
light intensity) and discrete variables (e.g., substrates). Over
150 reaction conditions were explored using a total volume of
4.5 mL, with the results being directly transferable to flow
systems.

An autonomous self-optimizing reactor platform was
reported by Junkers et al. for the photoiniferter polymerization
of methacrylates (Figure 50).””” The program LabVIEW was
chosen to interact with the setup. The algorithm selected the
reaction parameters, which were then implemented by the
LabVIEW program to optimize chemical process in a closed-
loop feedback system. Size exclusion chromatography (SEC)
was utilized as the online PAT for the system, as it allows to
measure and optimize critical polymer parameters, such as
weight-average (M,,), number-average (M,), and peak
molecular weight (M,). The system was tested by completing
a sequence of three number-averaged molecular weights of
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Figure 50. Self-optimizing reactor using online SEC for the auto-
optimization of the photoiniferter polymerization of methacrylates.

5000, 7500, and 10000 g‘mol_l. Accuracies achieved were
within a 1% deviation of average molecular weight at 80%
conversion.

A HTE platform to optimize photocatalytic transformations
on the picomole scale was reported by Stephenson et al. using
flow photochemistry (Figure 51).*”* The pump system was
used in an oscillatory manner with a constant forward flow-rate
to sustain the beneficial flow properties (e.g., increased heat/
mass transfer) along with the ability to use extended residence
times (1 h). They tested and validated the HTE system on
radical trifluoromethylation reactions using four small molecule
drug candidates. Reaction droplets of 4 nL were interspersed
with 8 nL of perfluorodecalin as the carrier phase. By looking
at the ESI-MS data, they could validate the capability of the
platform to perform rapid analysis and categorize a reaction
into a “hit” or “nonhit”. Results were consistent and relative
standard deviations between 1% and 19% were obtained. The
authors then moved on to investigate photoredox reactions,
specifically visible-light driven alkene aminoarylations. Hereto,
10 sulfonylacetamides and 10 alkenes were selected for the
screen. Of the 100 possible combinations, 37 were identified as
possible hit conditions. Of these hits, 9 were scaled up to the
0.01 and 0.1 mmol scale using continuous-flow processing.
Finally, 7 of these potential hits were isolated and strong
correlating yields were observed between the HTE results and
the large scale conditions.

Lemaire, Luxen, Genicot, and co-workers developed an
automated flow photoredox '*F-radiolabeled difluoromethyla-
tion of acyclovir using a commercially available AllinOne
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amine containing drug scaffolds and alkene aminoarylations.

synthesizer (Trasis) (Figure 52).””* Automation of the process
is important to minimize the amount of exposure to radiation
and for better reducibility. The process was automated in two
stages, the two-step synthesis of the '*F-difluoromethylation
agent, followed by the direct '*F-difluoromethyl incorporation
to acyclovir. Both stages required an automated isolation using
preparative HPLC. After optimization of stage one, the highest
radiochemical yields (RCY) (11.9%) were obtained using
['®F]KF, aminopolyether (K,,,), K,CO; in acetonitrile at 85
°C, followed by oxidation using NalO, and RuCl;. Next the
conditions for the flow photoredox '*F-difluoromethylation of
acyclovir were optimized, giving photocatalyst 4CzIPN, 1.2 mL
total volume, blue LEDs (Kessil, 32 W), t; = 1 min as the
optimal conditions. Finally, both stages were combined in
series with a high activity batch of ['*F]fluoride using the
optimized conditions with the radiolabeled acyclovir being
obtained with 1.4 + 0.1% RCY.

A machine-assisted self-optimizing reaction system for
continuous-flow photochemical reactions was developed by
Rueping et al. by utilizing flow-react-IR for the optimization of
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Figure S53. Auto-optimization platform using react-IR for the
optimization of the photocatalyzed Paterno—Biichi reaction of
benzophenone and furan. Reprinted with permission from ref 295.
Copyright 2018 Elsevier.

The modified simplex algorithm (MSIM) was used and the
HPLC pumps were controlled by LabView. To investigate the
influence of concentration, both benzophenone dissolved in
furan and neat furan were pumped individually into the
photomicroreactor, while the algorithm incrementally changed
the flow rates of both solutions. The intensity of the carbonyl
peak at 1662 cm™ was optimized, as it gives an indication of
consumption of starting materials, whereas the yields were
calculated later using GC. The system self-optimized over the
course of 25 experiments, bringing the conversion from 16% in
the initial conditions up to 90%.

A flow radial synthesizer was developed by Gilmore et al.
with inline monitoring by flow NMR spectroscopy (Figure
54).”°° The system can run both linear and convergent
strategies for the development of single or multistep reactions.
A 16-way valve at the center of the radial synthesizer directs
reactions toward storage, reactors (including a photoreactor)
and in-line analytics. In order to expand the scope of the
system, dual nickel/photoredox C—C and C—N cross-coupling
were investigated. A full optimization of the coupling of
pyrrolidine and 4-bromobenzonitrile was performed as a two-
step process using a 420 nm photoreactor module.

Jensen, Jamison, and co-workers described a reconfigurable
platform for the development of diverse chemical reactions.”””
The system consisted of 5 distinct bays in which standardized
reconfigurable modules could be added and removed quickly.

the Paterno—Biichi reaction of benzophenone (Figure 53).”” The modules consist of units to perform synthetic steps (e.g.,
4 \
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Figure 52. AllinOne synthesis platform for the photocatalyzed incorporation of '*F-difluoromethyl onto acyclovir.
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Figure 54. Radial synthesizer platform developed by Gilmore et al. for the automation of photoredox enabled C—N cross-coupling adapted with

permission from ref 296. Copyright 2020 Springer Nature.

photochemical, thermal control) or separations (e.g,, in-line
membrane separators). Autonomous optimization was per-
formed by utilizing in-line HPLC for quantification coupled
with a black-box algorithm. The SNOBFIT algorithm was
chosen for its ability to reach the global minima of a search
space and its lowered probabilit;r of encountering local minima
with algorithms like Simplex.””® The algorithm iteratively
performed local optimizations around the best conditions
while also searching other areas far removed in order to ensure
the global optimum is found. The bounds for the reaction
parameters were hardcoded into the experiment by a chemist
with knowledge of the system being optimized. To test the
ability for the platform, the previously reported trapping of
1,2,3,4-tetrahydroquinoline with an iminium ion under photo-
catalysis was investigated.””” Two modules were installed in
the system, the photoreactor followed by a temperature control
module. Four stock solutions were prepared (tetrahydroquino-
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line, the internal standard, Ru(bpy);PF, and sodium cyanide).
The objective function of the algorithm was set to maximize
the conversion of the tetrahydroquinoline vs the internal
standard, optimizing three flow rate variables. The system
reached the optimized conditions in a total of 7 h, which called
for a total residence time of 4.28 min, catalyst loading of 1.89
mol % and 4 equiv of sodium cyanide and afforded an
optimized yield of 91% and a throughput of 223 mgh™
(Figure 55).

Further advances in transient flow-based systems have been
put forward by Tellarek et al. by utilizing online HLPC.**
When using process analytical tools (PAT), it is generally
accepted that one makes a trade-off between analytical
measurement time and the complexity of the analysis
undertaken. They attempted to decouple the time-scale of
the reaction and the time-scale of the analytical method, by
utilizing a system where they “park” (i.e., hold them stationary
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in capillary tubing) reaction samples prior to analysis by using
a novel multiple heart-cutting (MHC) interface (enables
platform to take reaction samples, to park these samples, and
to subsequently inject the samples into an online-coupled
HPLC/MS system) (Figure 56). The benefits of this approach
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Figure 56. HTE combined with a multiheart cutting interface to
decouple reaction time from analysis time showcased for the
optimization of the [2 + 2] cycloaddition between 1-methyl-2-
quinolinone and coumarin.

were the minimized reagent consumption associated with
transient flow systems while simultaneously resolving analytical
complexity in the form of HPLC analysis. As a model reaction,
the optimization of the reaction conditions for the [2 + 2]
cycloaddition between 1-methyl-2-quinolinone and coumarin
was used. Using the screening method, they were able to

2793

generate 400 individual data points in 75 h. However, because
of the use of the MHC interface, the reactor was only utilized
for 17 h. This example serves to highlight the ability to
decouple reaction time from analysis time. Automated data
processing was used in order to plot conversion against
reaction time and reaction concentration to give a DoE-type
model of the reaction space.

4.3. Alternative Methods

Researchers at Abbvie developed a method of parallelization
via catalyst encapsulation and applied it to the screening of
metallophotoredox mediated C—N cross-couplings.””' By
using the encapsulation method, broad substrate libraries
could be built up, easily stored for long periods, and screened
en masse in a parallelized fashion. Capsules containing an
iridium catalyst, NiBr,-glyme, and 1,4-diazabicyclo[2.2.2]-
octane (DABCO) were formed by first weighing and mixing
in a glovebox then simultaneously filling 100 hydroxypropyl
methylcellulose (HPMC) capsules (Figure 57). Capsules are

R1
|
N\Rz

Encapsulation

Figure $7. Parallelization of experiments through an encapsulation
work-flow for the screening of metallophotoredox mediated C—N
cross-couplings. Adapted with permission from ref 301. Copyright
2020 American Chemical Society.
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Figure 58. Chemical inkjet printing technology for the parallelization of experimentation for the discovery of M,;S/g-C;N, multicomponent
photocatalysts. Reprinted with permission from ref 301. Copyright 2015 John Wiley & Sons.

oxygen and water transmission resistant and possess a 2-year
shelf life. Ten reactions were set up in parallel by adding an
aryl bromide amine and capsule, followed by dimethylaceta-
mide and sparging with argon, saving time on the creation of
stock solutions. Reactions were irradiated overnight (16 h)
with blue LEDs and isolated by preparative HPLC. Good
yields of 51—85% were obtained, indicating that the HPMC
capsule did not interfere with the reaction.

Lee et al. utilized a high-throughput experimentation/UV
lithography technique to prepare a small footprint platform to
screen the photocatalytic decomposmon of organic pollutants
using fluorescence imaging.””” Each chip contained 1262
independent experimental conditions. The library of catalysts,
which consisted of polymetallic sulfides (M4S/MoS,, where M
= Cd, Zn, Ni, Sr, Ce, and Y) with nanoMoS, chosen as a
constant main catalyst pairing. To build up a material library,
inkjet printing (IJP) was utilized. The catalyst precursors were
applied and linked to cyan—magenta—yellow (CMY) values on
the IJP. The efficiency of the printed catalysts was tested by
calculating the degradation of sodium fluorescein (NaFl) by
365 nm light through its decrease of fluorescence over the
course of 40 min from each printed cell like structure, with the
darkest zones representing the zones of highest catalytic
activity. By creating a grayscale image subtracting the image at
0 min from the image at 40 min, an optical density
measurement could be evaluated for each cell on the chip.
The greater the optical density measurement, the greater
fluorescence quenching had been achieved in that cell. Four
metals, Ni, Ce, Y, and Cd, showed the most activity when
compared to the other two metals.

Lee et al. further iterated on this idea to test the
photocatalytic ability of (Zn, Cd, and Ni) sulfide modified
graphitic carbon nitride (g-C;N,) for the screening of a chip
containin M3S/ g-C;N, multicomponent photocatalysts (Fig-
ure 58).>" Fluorescence imaging technology and chemical IJP
technology were combined to perform 225 parallel independ-
ent microreaction experiments. Optical density measurements
were again utilized to evaluate the cells for the photocatalytic
ability of that reaction condition.

5. FLOW PHOTOCHEMISTRY

Flow chemistry takes advantage of microreactors to  carry out
(organic) reactions in continuously flowing streams.”** Micro-
reactors consist of coil and chip reactors with volumes ranging
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from micro- to mesoliter scale.*”*°**°° Flow chemistry
represents an important tool to overcome some typical
limitations of batch synthesis, such as slow heat and mass
transfer,””” and offers the ability to work at high pressures and
high temperature in a tightly controlled environment, as well as
to shorten reaction times and in some cases to increase
selectivities. Moreover, it facilitates scale-up and process
intensification.”® For these reasons, flow chemistry has
become an essential enabling technology for industry,
especially for drug development,'”***°~*"* but also for material
and catalyst manufacturing.’'* Continuous-flow photochemis-
try refers to the synergistic combination of photochemistry
with flow techniques to ensure uniform light irradiation'***">
and thus better performances, with the previously outlined
advantages of continuous processing. This field has witnessed a
tremendous expansion in research in recent years,116 3107319 5
was previously described in our review from 2016." The next
sections will try to cover in the most comprehensive way the
developments of photochemistry in flow.

5.1. Photocycloaddition

The photocycloaddition reaction is one of the oldest
photochemical transformations. However, even to this day, it
remains among the most popular ones, as is evident by the
increasing amount of publications appearing on the sub-
ject.>*7>** One of the reasons for its popularity is that
photocycloadditions give rapid access to complex carbo- and
heterocycles, such as cyclobutanes and oxetanes, in an atom-
efficient way, which is difficult to realize using traditional
synthetic methods.”***® In medicinal chemistry, for example,
the often one-step increase of three-dimensional character of
organic molecules is especially valued for the generation of new
drug candidates.**

The intramolecular [2 + 2] photocycloaddition of
unsaturated enones to either straight or bridged polycyclic
cyclobutanes was performed in a commercially available flow
reactor with high power UV-A LEDs (365 nm), resulting in a
higher reaction efficiency compared to batch (Scheme 13A).**
The ability to precisely control the reaction conditions in the
flow setup enabled the determination of highly accurate kinetic
data, indicating that straight polycyclic butanes were generated
faster than crossed ones. The reaction was second order in
enone and photocatalyst. Furthermore, the shorter path length
in the microflow reactor led to higher yields and shorter
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Scheme 13. Intramolecular [2 + 2] Photocycloaddition of
(A) Enones and (B) Enaminones
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Microflow conditions (A): Microflow conditions (B):

FEP tubing (2.7 mm ID, 105 mL)
UV-C lamp (55 W, Apax: 254 nm)
Solvent: CH3;CN (40 mM)

Glass microreactor (0.5 x 2.0 mm)
UV-A LED (230 mW cm? A,,: 365 nm)
Solvent: CH30H (37 mM)

reaction times in flow (96% yield after 2 h) compared to batch
(45% vyield after 4 h).

A similar intramolecular photocycloaddition was performed
by Rutjes et al,, starting from enaminones instead of enones
(Scheme 13B). 328 In contrast to the previous case, the bridged
product was preferentially formed over the straight product in
a 4:1 ratio for allyl substituted enaminones. Initial reaction
optimization was performed in a Rayonet RMR-600 photo-
chemical reactor (95—96% yield), followed by scale-up in a
self-fabricated reactor system. In this system, the reaction
mixture was pumped by HPLC through FEP tubing (2.7 mm
ID, 105 mL volume) coiled around a Philips PL-L 55§ W UV-C
lamp (254 nm). The tubing and lamp were surrounded by a
metal jacket, containing cooling water to dissipate heat
generated by the light source. The self-fabricated flow system
was capable of converting >100 g of enaminones per day and
was successfully applied to the target compounds in high
isolated yields.

A different complex ring system that can be formed through
intramolecular [2 + 2] photocycloaddition is the
bicyclo[3.2.1]octane ring system (Scheme 14).** This ring
system is an important scaffold in medicinal chemistry as
molecules with this scaffold can inhibit dopamine and
serotonine transporters and could thus serve as central nervous
system (CNS) drugs.”*® The photocycloaddition was per-
formed both in batch and in flow. In the flow scenario, the
desired photocycloaddition products were obtained in short
residence time and in moderate to high yields (6—12 min, 48—
95% yield), outperforming the results obtained in batch (5—15
h reaction time, 12—90% vyield). The higher productivity
obtained in flow is attributed to the enhanced heat and mass
transfer, more efficient irradiation, and higher substrate
concentrations than those applied in the batch reaction.

Monosubstituted 2,4-methanopyrrolidines were synthesized
on a kllogram scale using the parallel tube flow “Firefly”
reactor,*” and these photochemlcally generated scaffolds were
used for library generation.”' Also disubstituted 2,4-
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Scheme 14. Intramolecular [2 + 2] Photocycloaddition,
Formation of Bicyclo[3.2.1]octadienes

Microflow conditions:

FEP tubing (0.76 mm ID, 8.6 mL)
UV lamp (16 x 8 W, Aax: 300 or 350 nm)
Solvent: Toluene (93 mM)

Flow: tg = 6-12 min, 24-95%
Batch: tg = 5-15 h, 12-90%

methanopyrrolidines could be synthesized through intra-
molecular [2 + 2] photocycloaddition in flow (Scheme
15).**> These pyrrolidine analogues are more soluble in

Scheme 15. Photochemical Synthesis of 2,4-
Methanopyrrolidines through Intramolecular [2 + 2]
Photocycloaddition
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Reprinted with permission from ref 332. Copyright 2018 American
Chemical Society.

water and have a lower lipophilicity than pyrrolidines and
could, therefore, serve as more water-soluble structural
analogues of pyrrolidines. Initial optimization of the photo-
chemical reaction was performed in a S mL glass flask
irradiated by a UV-A light source (366 nm), followed by
reaction in flow on a kilogram scale. The easy scale-up in flow
generated sufficient 2,4-methanopyrrolidine material to form a
multitude of novel building blocks for medicinal chemistry

purposes.
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Photocycloadditions have the capability to significantly
reduce the number of steps required to form complex
structures, as compared to traditional chemistry methods.
This is shown in the total synthesis of solanoeclepin A
(Scheme 16). More specifically, 15 steps were required in the

Scheme 16. Intramolecular [2 + 2] Photocycloaddition of a
a,f-Unsaturated Ester to Form a Tricyclic Key Intermediate
in the Total Synthesis of Solanoeclepin A
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Microflow conditions:

FEP tubing (0.5 mm ID, 6.28 mL)
UV-A (2 x 18 W, Apax: 365 nm)
CH30H (0.025 M)

Solanoeclepin A

literature method to obtain the tricyclo[5.2.1.0"¢]decane
core,”*> whereas only six steps were needed when using a
photocycloaddition method in flow as a key step.*** This
crucial photocycloaddition step, starting from the a,f-
unsaturated ester, was performed in a flow reactor with FEP
tubing (0.5 mm ID, 6.28 mL volume) wrapped around two
365 nm UV-lamps (1.5 h residence time). Once more, the
continuous-flow method enabled the generation of sufficient
material to support further functionalization studies.

The synthesis of the highly strained dimethyl 1,4-
cubanedicarboxylate was achieved using an intramolecular [2
+ 2] photocycloaddition in flow as the key synthetic step
(Scheme 17).**>%%° The diagonal of the cubane scaffold (2.72
A) is close to that of benzene (2.79 A), making cubane an
interesting three-dimensional phenyl bioisostere. Additionally,
the ester groups on either side of dimethyl 1,4-cubanedicar-
boxylate allow for convenient functionalization or incorpo-
ration into complex molecules. The synthetic pathway toward
dimethyl 1,4-cubanedicarboxylate relies on an intramolecular
photocycloaddition step. This photocycloaddition was per-
formed by Tsanaktsidis et al. in a pilot-scale glass flow cell (6.4
L volume) equipped with a 2000 W medium-pressure mercury
lamp.**® The solution was recirculated for 7 days to perform
the cycloaddition at a 2.7 kg scale and generated the cubane
scaffold in 23% overall yield. Later, the photocycloaddition was
also applied and scaled up usin§ a diverse set of custom-built
flow reactors by Linclau et al.>*® Scale-up was performed by
increasing the length of the FEP capillary reactor (0.8 mm ID,
2—18 mL volume), by numbering-up from one to three
capillary coils (0.8 mm ID, 54 mL volume) and by increasing
the light intensity and wavelength of the UV-B light source (1
X 9 W broadband to 3 X 36 W, A, = 311 nm). With the
improved system a productivity of 3.4 g-h™" was reached for
the photocycloaddition and the desired dimethyl 1,4-
cubanedicarboxylate was obtained in 54% overall yield (12.8

g)-
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Scheme 17. Synthesis of Dimethyl 1,4-Cubanedicarboxylate
via Intramolecular [2 + 2] Photocycloaddition as Key Step
(A) in Glass Flow Cell and (B) in FEP Capillary Reactor

o

N Br Br
Br fy (CT— - . OH
; [
Br Br Br

o HO OH HO OH
tgr = 30 min, >99%, 3.4 g-h™!

4 stepsT l
[\ CO,Me

(e} (o}
MeO,C
54% overall yield (12.8 g)
Conditions: Microflow conditions:

Glass flow cell (6.4 L)
Medium press. Hg lamp (2000 W)
Solvent: CH;0H/H,0 85:15 (0.157 M)

FEP tubing (0.8 mm ID, 54 mL)
UV-B lamps (3 x 36 W, Aax: 311 nm)
Solvent: CH30H/H,0 85:15 (0.1 M)

D

Reprinted with permission from ref 33S. Copyright 2021 Georg
Thieme Verlag KG.

The photochemical synthesis of 1-aminonorbornanes from
aminocyclopropanes was performed via a formal intra-
molecular [3 + 2] cycloaddition, initiated by homolytic
fragmentation of amine radical cation intermediates (Scheme
18).*” Reactions were initially optimized in a batch, and
subsequently, the methodology was straightforwardly trans-
lated into a flow protocol with similar yields and significantly
shorter reaction time (79% over 12 h in batch and 78% over
6.2 min in flow). Importantly, in the flow reactor the formation
of 1l-aminonorbornanes could also be performed on a gram
scale.

Besides excellent irradiation of the reaction mixture,
intermolecular photocycloadditions can also benefit from
flow technology due to the associated short diffusion distances
resulting in an excellent contacting between the reaction
partners. This is especially the case for gas—liquid reactions,
such as the intermolecular [2 + 2] photocycloaddition using
gaseous reactants, like eth?flene as, to form functionalized
cyclobutanes (Scheme 19)./2%22%7%%

This transformation was initially carried out in batch by
researchers at Merck,>>® but the ineffective irradiation and the
biphasic nature of the reaction mixture led to very low
productivity. In contrast, switching to a continuous-flow
reactor provided the advantage of enhanced gas—liquid mass
transfer and more efficient irradiation. An additional advantage
of the flow reaction was the higher ethylene concentration that
could be obtained in solution by increasing the pressure.
Moreover, to improve the reaction outcome, benzophenone
was selected as photosensitizer, harnessing photons from the
365 nm LED source and transferring energy to the maleic
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Scheme 18. Formal [3 + 2] Cycloaddition Toward 1-
Aminonorbornanes
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Scheme 19. Biphasic [2 + 2] Photocycloaddition of
Ethylene and Maleic Anhydride Analogues
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anhydride substrate. This resulted in 95% conversion and a
productivity of 1.8 g-h™".

To further improve this biphasic photochemical reaction,
Kappe, Monbaliu, Mateos, and co-workers combined exper-
imental results with computational studies.”** For the
experimental part, a screening of different LED wavelengths
and light power in a plate-based photoreactor was performed,
while the triplet energy levels (Ey) of various sensitizers and
anhydride substrates were calculated using density functional
theory (DFT). The results show that matching the triplet
energies of substrate and sensitizer, together with the light
source emission wavelength, is crucial for achieving high
conversions. This example shows that light quality is in fact
more important than light quantity. One example of ineffective
matching was given by the photocycloaddition of maleic
anhydride (E; = 65.8 kcal'mol™) and ethylene with
thioxanthone (E;r = 65.5 kcal'mol™) as photosensitizer
(Scheme 19). Instead, a positive example is represented by
the reaction between ethylene and the methyl-substituted
citraconic acid (Ep = 62.6 kcal'mol ™!, space-time-yield of 759
g'L™"h™"). The cycloaddition of citraconic acid and ethylene
with thioxanthone was seamlessly scaled up in a Corning Gl
reactor and showed high productivity of >100 g over 10 h
reaction time, without the need for reoptimization at larger
scale.

Apart from the bimolecular photocycloaddition with ethyl-
ene, the photodimerization of maleic anhydride was performed
in continuous-flow as well.”*” An additional challenge of this
transformation is the risk of reactor clogging due to the
insolubility of the cyclobutanetetracarboxylic dianhydride
product. This challenge was previously addressed in a quartz
glass photoflow reactor by the combination of ultrasonic waves
and the addition of a N, stream to create a segmented Taylor
flow.>* Using this approach, a further investigation into the
influence of various reaction parameters was executed, such as
internal diameter of the microcapillary tubing, power input of
the light source, gas—liquid ratio and flow rate. Best results
were obtained with a 0.5 mm ID capillary, 30 min residence
time and 500 W power input of the mercury lamp, resulting in
66% vyield of photodimerized product.

The synthesis of truxinic and truxillic acid derivatives via [2
+ 2] photodimerization is another transformation that has
received considerable attention in recent years.”**~>** For the
stereoselective synthesis of e-diaminotruxillic acid derivatives,
Urriolabeitia et al. developed a three-step approach,****
including an ortho-palladation, a [2 + 2] photodimerization,
and a hydrogenation step. The photodimerization was
performed in a continuous-flow photomicroreactor subjected
to low-energy LED irradiation, with a residence time of $—20
min. This flow method resulted in a much broader substrate
scope than previously reported,”*™>*" tolerating complete
stereoselectivity for the e-isomer and efficient photocycloaddi-
tion (10 examples, 34—41% overall yield).

A one-pot, metal-free method to access 1,3-diaminotruxillic
acids was developed by the same group.’*' The flow reactor
was irradiated with low power blue LEDs (1 W, 465 nm) and
in-line NMR spectroscopy was used to enable quick reaction
optimization. A reaction mechanism was proposed, with
stepwise formation of two new C—C bonds through a transient
diradical singlet intermediate. The e-isomer was preferentially
formed as it has the lowest activation barrier and is thus
kinetically favored during the rate limiting C—C bond
formation step (Scheme 20). Altogether, the new approach
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offers more operational convenience and higher overall yield
under mild conditions (9 examples, 75—100% yield, 30 min
residence time).

Scheme 20. Stereoselective Synthesis of £-Diaminotruxillic
Acid Derivatives by [2 + 2] Photodimerization
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Another example of a [2 + 2] photodimerization toward
cyclobutanes in continuous-flow is given by Wang et al., who
used a packed-bed reactor filled with heterogeneous carbon
nitride photocatalysts (Scheme 21).**® The catalysts were

Microflow conditions:

Glass microreactor (0.12 x 0.30 mm, 20 uL)
Blue LEDs (1 W, Apax: 465 nm)
Solvent: THF-dg (0.2 M)

Scheme 21. [2 + 2] Photocycloaddition in Packed Bed
Reactor with Carbon Nitride Immobilized on Glass Beads
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Microflow conditions:

Glass tube (7 mm ID, 7 cm length, 2.7 mL)
White LED (8.6 mW-cm™ A.,: 420 nm)
Solvent: CH;NO, (0.167 M)

Selected examples:
HO™,

MeO MeO

tg=24h, 80% te=24 h, 71%

Reprinted from ref 348. Published by Springer Nature.

immobilized on either glass fibers or glass beads to reach a
catalyst content of 1—1.2 wt %. The immobilized catalysts were
subsequently packed in a glass tube (7 mm ID, 7 cm length, 2.7
mL volume). In these reactors, a solution of a-asarone in
CH,NO, (0.167 M, 60 mL) was recirculated over the packed
bed for 48 h and irradiated with a white LED light source (8.6
mW-cm™' output power, 420 nm band-pass filter) to reach
81% isolated yield of the photodimerized cyclobutane. By
using an alternative photoreactor with six parallel glass tubes,
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the reaction time could be reduced from 48 to 8 h with slightly
improved yield for the desired magnosalin product (87%).
Interestingly, with a glass fiber support a decrease in activity
was observed over repeated runs, whereas yields remained
constant and high over five consecutive runs with carbon
nitride immobilized on glass beads. To further test the utility of
the developed system, the intermolecular [2 + 2] photo-
cycloaddition of anethole and various styrene derivatives was
performed resulting in 49—80% yield for 13 examples.

Booker-Milburn et al. have developed a continuous-flow
synthesis of tricyclic aziridines through [2 + 2] photo-
cycloaddition of substituted pyrroles. Notable reactions
performed with these aziridines are (i) a mild Tsuji—Trost
type ring-opening using carbon-nucleophiles, (ii) a new Pd-
catalyzed [3 + 2] cycloaddition of aldehydes and imines, and
(iii) a novel method toward tricyclic fused p-lactams.**
Furthermore, a short, S-step total synthesis of (+)-3-
demethoxyerythratidinone was performed with the formation
of the tricyclic aziridines as key step (Scheme 22).*° The use
of flow enabled easy access to sufficient material of these
strained photochemical products, which in turn enabled the
exploration of their reactivity.

Scheme 22. Functionalization of Photochemically
Generated Bicyclic Aziridines
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Photocycloadditions were also applied to the synthesis of
even more strained compounds than cyclobutanes, such as
cyclopropanes and cyclopropenes.”'™** Substituted cyclo-
propanes were synthesized from diiodomethylpinacol boronate
and stPrrene derivatives in a continuous-flow reactor (Scheme
23).*" The photolabile C—I bond is cleaved under UV-A
irradiation and the resulting carbene is added to the styrene
derivatives. The residence time inside the photoreactor could
be decreased from 3 to 1 h through the addition of 5 mol % of
xanthone as photosensitizer, while achieving similar yields
(76% and 78% yield respectively). When compared to a batch
system, unsurprisingly shorter irradiation times and higher
yield were observed in flow than in batch (78% after 1 h in
flow vs 58% yield after 18 h in batch). For a larger scale flow
reaction, two reactors were placed in series and the flow rate
was increased to maintain a 1 h residence time. This resulted in
a 19% increase in productivity, converting 4 mmol of starting
material in 1 h 25 min.
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Scheme 23. Synthesis of Substituted Cyclopropanes by [2 +
1] Photocycloaddition of Diiodomethylpinacol Borate and
Styrene Derivatives
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Cyclopropanes and cyclopropenes were also generated by
photolysis of aryl diazoacetates and subsequent coupling to
alkenes and alkynes, respectively (Scheme 24).%°*°%* The

Scheme 24. Cyclopropanes and Cyclopropenes from
Diazoacetates by Photolysis and [2 + 1] Photocycloaddition

to Alkenes and Alkynes
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Microflow conditions:

Glass microreactor (1 mL)
Blue light LED (24 W, Aax: 470 nm)
Solvent: CH,Cl, (0.1 M)

tg = 30 min, 97%
144 mg-h"!

reaction was first performed in a conventional batch reactor,
reaching full conversion after 16 h irradiation with blue light
LEDs (3 W). Then, the reaction was performed in flow in a
glass microreactor and a similar productivity was observed
when using the same light source (5 mg-h™ in flow versus 4
mg-h™" in batch). Eventually, to achieve higher productivity,
two microreactors were placed in series and were irradiated
with 8 LEDs (24 W), which had the desired effect of higher
productivity, as now 144 mg of cyclopropene was generated
per hour.

An example of how overirradiation issues can be circum-
vented by the use of continuous-flow technology is provided
by the synthesis of rocaglates through intermolecular [3 + 2]
photocycloaddition between hydroxyflavones and cinnamates
(Scheme 25). Rocaglates are a structural class of molecules
found in Aglaia plants that possess a cyclopenta[b]benzofuran
core structure. The synthesis goes via an excited-state
intramolecular proton transfer (ESIPT)-mediated [3 + 2]
photocycloaddition between 3-hydroxyflavones and cinnamate
derivatives. When expandlng the scope to N-containing
rocaglate analogues,”* the batch method proved to be
ineffective, as long reaction times (48 h) were needed and
overirradiation resulted in degradation of product. Productivity
could be significantly enhanced for the synthesis of both N-
alkyl and N—H substituted aza-rocaglates by switching to a
continuous-flow reactor, with reaction completion after 9 h
(46% yield, 89% yield based on recovered starting material).

For scale-up and library building purposes, a higher
productivity of a wide range of rocaglates was required. For
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Scheme 285. Synthesis of Rocaglates through [3 + 2]
Photocycloaddition between Hydroxyflavones and
Cinnamates

X =0, NH, NR

89% conversion

Proposed mechanism:

Microflow conditions:

(PTFE tubing (0.8 mm ID, 56 mL)
UV-A lamp (400 W, Aax: 350 nm), T=0 °C
\_Solvent: PhCF3/CF3CH,0H 7:3 (0.05 M)

this reason, Porco, Beeler, and co-workers performed the
synthesis of these compounds in a numbered-up photoflow
reactor setup.’>” Three photoreactors, with metal-halide lamp
(A > 330 nm), glycol cooling chamber, and total internal
volume of 37.5 mL, were placed in series. With a total
residence time of 35 min, flow rate of 1.07 mL-min~! and 36%
isolated yield, this resulted in a throughput of 1.16 g-h™'.
Performing the photocycloaddition reaction with a wide range
of substituted cinnamate analogues validated the usefulness of
the flow system for multigram scale synthesis of various
rocaglates. Additionally, the total synthesis of a number of
aglain natural products was achieved by performing the
photocycloaddition of hydroxyflavones with substituted
unsymmetric diphenyl butadienes.’*®

A similar flow reactor was designed to scale up a
photoinitiated dehydro-Diels—Alder reactions (PDDA) toward
macrocyclic naphthalenophanes (Scheme 26).”” Batch scale-
up required high dilutions of the reaction mixture and under

Scheme 26. Photoinitiated Dehydro-Diels—Alder Reaction
Towards Macrocyclic Naphthalenophanes
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Microflow conditions:

tg = 1.5 min, 30%
102.2 g-d™!

FEP tubing (0.8 mm ID, 3 x 13 mL)
UV-C lamps (3 x 36 W, Aax: 254 nm)
Solvent: CH,Cl, (10.4 mM)

https://doi.org/10.1021/acs.chemrev.1c00332
Chem. Rev. 2022, 122, 2752—-2906


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch26&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch26&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVE

these conditions, long irradiation times resulted in substantial
photodegradation of the product. To overcome this scale-up
limitation, a flow reactor was fabricated with (i) a metal casing,
(ii) a reaction and cooling zone, and (iii) an HPLC pump. The
reaction zone contains three 36 W UV-lamps (UV-A = 254
nm, UV-B = 310 nm, UV-C = 350 nm), with FEP tubing (0.8
mm ID, 3 X 13 mL volume) coiled around them. Additionally,
the tubing is wrapped with aluminum foil to reflect irradiation
and coiled with a water-cooling tube to cool the reaction
mixture. Different substrate concentrations, flow rates and light
sources (UV-A, UV-B, UV-C) were evaluated and a
productivity of 102.2 g-day ™' was reached. The photoinitiated
intramolecular Diels—Alder reaction was also applied by Li and
co-workers in the continuous-flow synthesis of naturally
occurring arylnaphtalene lignans and their analogs.***
Bridged lactones can be synthesized by a formal cyclo-
addition of czrcloalkanols and electron-deficient alkenes
(Scheme 27).*” The protocol benefits from the synergistic

Scheme 27. Bridged Lactones by Formal Cycloaddition of
Cycloalkanols and Electron-Deficient Alkenes

¥ 5.0

—_—

OH CO,Et

E()n MeOzC/[COZMe

MeO,C )
CeCly DPA n
CO,Me
80%, 5 mmol-h"!
(469)
o9 o 0
O\
MeO,C e H e Glu
COzMe iPr
Synthesized analogue Nepalactone A
DPA Ph
Microflow conditions:
Glass microreactor (10 x 0.45 mL) OOO
Blue LEDs (8 x 90 W, A,ax: 465 nm)
Solvent: PhCN (0.04 M) Ph

photocatalytic effect of CeCl; and 9,10-diphenylanthracene
(DPA) to harvest low energy blue light and is applicable to a
wide range of substrates. One example led to the polycyclic
core structure of the natural product nepalactone A, which
highlights the synthetic usefulness of the method. The practical
aspect of the method was highlighted by performing a 100-fold
scale-up of the batch reactions in ten glass microreactors
(Corning Low Flow) placed in series. The reaction mixture
was pumped through the total internal volume of 4.5 mL and
was illuminated with eight 90 W blue LED lamps. At a flow
rate of 3 mL-min™", this resulted in a productivity of S mmol-
h™

A diastereoselective [4 + 2] photocycloaddition was
performed in continuous-flow between 2-methylbenzophenone
and coumarin or chromone, forming valuable tetracyclic
molecules benzoxanthene and naphthochromenone under
complete diastereoselective control (Scheme 28).**°7*%* The
microfluidic photoreactor consisted of PFA tubing (0.75 mm
ID, 1.0 mL volume) irradiated by a 365 nm light bulb. With a
residence time of 35 min, quantitative yield and complete
diastereocontrol was achieved. Interestingly, the photochem-
ical reactions were unsuccessful under batch conditions, as low
conversions were observed at short reaction times and high

2800

Scheme 28. Diastereoselective [4 + 2] Photocycloaddition
Towards Benzoxanthene and Naphthochromenone

o

tg = 35 min, >98%, >20:1 dr

Microflow conditions:

FEP tubing (0.75 mm ID, 1 mL)
UV-C lamp (9 W, Apnax: 365 nm)
Solvent: Toluene (0.1 M)

amounts of unidentifiable side products were formed at longer
reaction times. Altogether, these results indicate how the use of
microflow technology was indispensable for the successful
execution of these transformations.

Heterocycles play a central role in organic synthesis and are
used in medicinal chemistry to tune pharmacokinetic and
pharmacodynamic properties of drug candidates.’®® An
efficient method for the synthesis of heterocycles is thus
highly valuable. The high atom economy and one-step
heterocycle generation of the Paterno—Biichi reaction makes
this photocycloaddition an ideal strategy for this purpose. The
Paterno—Biichi reaction has also been used to study the effect
of a segmented Taylor flow in continuous-flow reactors.”***%*

The Paterno—Biichi [2 + 2] photocycloaddition between an
enol ether and benzaldehyde delivered an oxetane precursor of
the cytotoxic lactone (+)-Goniofufurone (Scheme 29).%%° The

Scheme 29. Paterno—Biichi [2 + 2] Photocycloaddition in
the Total Synthesis of (+)-Goniofufurone
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Solvent: CH;CN (30 mM) (+)-Goniofufurone

initial batch protocol delivered a high yield (93%); however, in
batch, extended irradiation times and high dilutions were
required, complicating its scale-up. Therefore, for larger scale,
the Paterno—Biichi reaction was performed in a three-layer
FEP flow reactor irradiated with a 400 W lamp, generating 41 g
of the photocyclized product in a single 83 h run (97% yield).

The synthesis of 1,3,4-oxadiazoles was performed with a
photochemical Huisgen reaction in continuous-flow (Scheme
30).>7 To perform the reaction S-phenyl-1H-tetrazole and a
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Scheme 30. Photochemical Synthesis of 1,3,4-Oxadiazoles
from 5-Substituted Tetrazoles and Carboxylic Acids in
Continuous Flow
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Microflow conditions:

PTFE tubing (0.7 mm ID, 3.5 mL)
UV-B lamp (9W, A: 290-315 nm)
Solvent: CH,Cl,/DMF 9:1 (0.04 M)

Batch: tg =19 h, 50%
Flow: tg=1h, 85%

carboxylic acid were combined in a PTFE reactor (0.7 mm ID,
3.5 mL volume), and the resulting N-acyl tetrazole is activated
under irradiation with a UV-B lamp (9 W, 290—31S nm) to
form the nitrile imine intermediate. This intermediate
subsequently collapses via 1,5-dipolar electrocyclization to
the desired 1,3,4-oxadiazole with 85% yield in 1 h residence
time. A wide substrate scope was performed for both reaction
partners, exemplifying the robustness of the developed process.

Benzo-fused seven-membered ring sultam is another
example of a heterocyclic ring system that was photochemically
synthesized in batch and in flow (Scheme 31).°%® In contrast to
the multistep methods found in literature to access these

Scheme 31. Seven-Membered Ring Benzosultams through
Photocycloaddition
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FEP tubing (0.75 mm ID, 5.72 mL)
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Solvent: CH;0H (0.05 M), 2 eq. NaOH
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scaffolds, either via a radical cyclization using tributyltin
hydride** or via a Pd(0)-catalyzed Heck cyclization followed
by ozonolysis,”’’ photochemistry allows to reduce the
synthesis to one step. In flow, the reaction mixture with
saccharin sodium salt and 2 equiv of alkene was continuously
irradiated (300 nm), resulting in an isolated yield of 71% and a
productivity of 1.44 g-day™'. In comparison to batch, the
versatility of the flow transformation is broader as light-
absorbing olefins with aromatic substituents were well
tolerated, with faster reaction times and improved scalability.
A computational study revealed that upon irradiation the
saccharin anion is promoted to its singlet excited state, after
which the nitrogen atom performs a regioselective nucleophilic
attack on the terminal carbon of the alkene. It is suggested that
an anionic intermediate is generated, that collapses to the
azetidine [2 + 2] cycloaddition product and subsequently
undergoes ring expansion to form the targeted benzosultam.
Finally, 1,3-diazabicyclo[3.1.0]hexanes were synthesized
through a visible-light driven photocascade reaction, involving
photosensitization, photoredox catalysis, and [3 + 2] photo-
cycloaddition steps (Scheme 32).>”"*”> Through this photo-

Scheme 32. Photocascade with [3 + 2] Cycloaddition to
Form 1,3-Diazabicyclo[3.1.0]hexanes: (A) Fused f-
carbolines and (B) Bicyclic Aziridines
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Microflow conditions:

PFA tubing (0.76 mm ID, 6.8 mL)
White LED bulb (17 W)
Solvent: CH;CN (0.1 M)

cascade, various ff-carbolines and a-keto vinyl azides could be
coupled (18 examples), in which one new C—C bond and two
new C—N bonds were formed to generate fused f-carbolines
(Scheme 32A).%7" Similarly, bicyclic aziridines (20 examples)
were formed by coupling N,N-dimethylanilines and a-
azidochalcones through the same photocascade sequence
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Scheme 33. E—Z Isomerization to Yield trans-Cyclooctenes and In-Line Complexation with Ag"
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Conditions Fox et al. (2008) Bormans, Hessel, Noél et al. (2016) Rutjes et al. (2018) Mikula et al. (2016)

Reactor Round bottom flask FEP tubing FEP tubing Quartz glass tube

Dimensions 0.5mmID, 1 mL 2.7 mm ID, 105 mL 16 mm ID, 0.79 m length, 159 mL
Light source Low press. Hg lamp Low press. UV lamp UV-C LED Low press. Hg lamp

Light output 8x35W, Apax: 254 nm 10 W, Amax: 254 nm
Solvent 1:1 Et,0 / n-hexane (15 mM) 3:7 Et,0 / n-hexane (20 mM)
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(Scheme 32B).>”* In both cases, increased yields and
shortened reaction times were reported in flow compared to

batch.
5.2. Photoisomerizations

The absorption of light can provide the energy required for
organic substrates to isomerize.”’”*’* This can be applied in
organic synthesis to transform a compound into its geometrical
or structural isomer. Because of the simple mass balance of
photoisomerizations, these reactions are often used to validate
novel microreactor designs,375 or to perform reactor character-
ization experiments, such as visible light actinometry.*’**””

5.2.1. E-Z Isomerization. The E—Z isomerization to form
trans-cyclooctenes (TCOs) has received increased attention in
recent years. The reason for this is the ability of TCOs to
undergo quick inverse electron-demand Diels—Alder (IEDDA)
type cycloadditions with tetrazines under highly diluted
reaction conditions, making them interesting targets for
biorthogonal chemistry studies.””® The most common method
for accessing TCOs is by performing a sensitized E-to-Z
photoisomerization under UV light irradiation (Scheme
33).>”? At equilibrium, the trans isomer is the minor product
(10—23%), necessitating an efficient setup for achieving high
yields.**°

Such an efficient setup was proposed by Fox et al. (Figure
59).***% In a closed-loop photoreactor, the reaction mixture
was recirculated and in-flow separation was achieved through
the selective complexation of the desired trans isomer with Ag*
in packed beds containing AgNO;-impregnated silica gel. The
cis isomer was not retained and could be recycled to the

(A) (B)

B—j

AgNO3/SIO,| |7rans

Cis -4—F-

1

1

1
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1
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Figure 59. Photoreactor setup for the isomerization toward trans-
cyclooctenes with in-line complexation on a Ag" packed bed: (A) with
a round-bottom flask and (B) with FEP capillary coils and multiple
packed beds to enable continuous operation.

photoreactor until all substrate was converted to trans-
cyclooctene. After reaction, the trans-isomer was eluted from
the bed by directing a NH,OH solution over it. The trans-
isomer could be isolated in 52% to 77% yield.

The reactor setup was further improved by Bormans, Hessel,
Noél et al. to not only benefit from in-flow separation but also
from the more efficient irradiation under microflow con-
ditions.”®> The trans-for-cis photoisomerization step was
performed in two microflow reactors placed in parallel and
saturation of the packed beds was avoided by switching
between beds (after 30—90 min), allowing the process to be
run continuously. The two-step photoisomerization and
adsorption process was later optimized through a combined
experimental and theoretical effort,’** resulting in 90% trans-
for-cis conversion after 3 h recirculation time. Using this
method, new TCO derivatives with '®F-labeled polyethylene
glycol chains were synthesized for pretargeting PET imaging
studies.

Other continuous-flow setups for the trans-for-cis photo-
isomerization of cyclooctenes consisted of a long quartz glass
tube (16 mm ID, 790 mm length, 165 mL internal volume)
irradiated by two S5 W low-pressure mercury lamps**® or
contained a L—L extraction unit instead of a packed bed for
retention of the trans-cyclooctene product.’*® Also, Fox et al.
expanded their scope to form AgNO; complexes of the much
more labile trans-cycloheptenes and sila-trans-cycloheptenes in
a low-temperature flow photoreactor.*®’

The E—Z photoisomerization of 2-aminophenyl-enones was
performed in a continuous-flow reactor.”® With subsequent
cyclocondensation between the Z-enone and the free amine
group, the formation of substituted quinolines was achieved
(Scheme 34). When comparing light sources, the UV-C LED
(365 nm, 75 W) allowed for higher yields and productivity
than the medium-pressure mercury lamp (110 W). Impor-
tantly, the productivity in flow (9.5 mmol-h™") was a 100-fold
increase compared to a reported batch method (0.09 mmol-
h™1).**” Additionally, the tandem isomerization-cycloconden-
sation reaction was combined with a continuous-flow hydro-
genation step to form substituted tetrahydroquinolines in a
telescoped flow process. This way, the synthesis of the
antimalarial galipinine was performed in 72% overall yield.

The E—Z isomerization of 3-benzylidene-2-ones was
performed in a microfluidic photoreactor, both with an
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Scheme 34. Synthesis of Quinolines through E—Z
Isomerization of 2-Aminophenyl-enones and Subsequent
Cyclocondensation
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PFA tubing (0.76 mm ID, 10 mL)
UV-A LED (75 W, A ax: 365 nm)
Solvent: EtOH (0.22 M)
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Galipinine
2%

artificial light source and with solar irradiation (Scheme 35).*”

For optimization, the influence of solvent, residence time, light

Scheme 35. Solar Sensitized E—Z Isomerization of 3-
Benzylidene-2-ones with Inline Extraction

4
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Extraction  Micro-
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Microflow conditions:

Iz
Iz

PFA tubing (1.0 mm ID, 7.8 mL)
Sunlight (Blue PE film filter)
Solvent: DMF (0.25 M)

tg=1.3 h, 50%
0.166 g-h™

source and temperature were investigated on a milligram scale.
DMF was chosen as solvent and best results (76% LC-MS
yield, 71% isolated yield) were obtained when irradiating the
reaction mixture for 15.7 min with a medium-pressure mercury
lamp (250 W) at 10 °C. Longer residence times did not result
in higher yield (76% in 157 min). To facilitate workup, an in-
line extraction was performed by dropwise adding CH,Cl, and
water into the product stream, which was then efficiently
separated with a L—L microseparator. Finally, after completing
the optimization and validating the methodology for a number
of 3-benzylidene-2-one derivatives, the reaction was performed
under solar irradiation with a self-fabricated solar panel
microreactor. In this solar reactor, an isolated yield of 50%
was achieved, with a productivity of 0.166 g-h™".

A photochemical microchip reactor was used in combination
with an ion mobility spectrometer for the quick catalyst
screening of a photocatalyzed E—Z isomerization.””' The
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microchip with a total internal volume of 560 nL (20 ym
depth, 100 ym width) was irradiated by a 404 nm LED light
for the photocatalyzed E—Z isomerization of an ethyl-
cinnamate derivative (Scheme 36). The applied flow photo-

Scheme 36. Rapid Catalyst Screening for the E—Z
Isomerization of Ethyl Cinnamate Derivatives with an Ion
Mobility Spectrometer

Microflow conditions: N

. _CO,Et

Glass microchip (20 pm depth, 560 nL)
UV-A LED (16.5 mW, Aax: 404 nm)
Solvent: MeCN (5 mM)

—(IM spectrometerj

IR laser

Microchip reactor

chemical setup allowed for two major advantages compared to
standard batch setups: first, the real-time analysis and short
irradiation times needed for the reaction allowed for the
identification of the best catalysts in only minutes. Second,
because of the extremely small dimensions of the reactor, only
very small amounts of catalyst (2 nmol) were required per test,
significantly reducing costs.

5.2.2. Rearrangements. Apart from geometrical isomer-
izations (i.e., converting cis to trans isomers or vice versa),
several photochemical rearrangements have recently been
performed in flow leading to the formation of structural
isomers.

One example is given by the radical Smiles rearrangement of
2-aryl-oxybenzoic acids to aryl salicates (Scheme 37).*”* The
reaction was performed in batch and in flow with Mes-Acr* as
photocatalyst. To increase the scale of the reaction, a
continuous-flow reactor was employed resulting in similar
yields as in batch, but with improved productivities (0.010
mmol-h™ in batch, versus 0.172 mmol-h™ in flow). This
increase in productivity from batch to flow was attributed to

Scheme 37. Photochemical Smiles Rearrangement of Aryl-
oxybenzoic Acids to Aryl Salicates

(o] :*: o]
OH > OPh
oPh [Mes-Acr]* oH
Na,CO3
tg=1h
69-84%

Microflow conditions:

PFA tubing (0.76 mm ID, 1.14 mL)

Blue LEDs (12 x 1 W, Amax: 456 nm)
Solvent: MeCN/H,0 = 2:1 (0.1 M)

2.5 mol% [Mes-Acr]CIO,4, 20 mol% Na,CO;

Flow: 0.093-0.172 mmol-h""!

Batch: 0.009-0.010 mmol-h*!
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the more efficient light irradiation in the microcapillary
compared to batch.

Also the photo-Fries rearrangement of aryl benzoates was
performed in batch and in continuous-flow.””>*?* The
mechanism of the photo-Fries rearrangement involves the
generation of a singlet radical pair by homolytic cleavage of the
ArO—COR ester bond after photoexcitation. Depending on
the mobility of the singlet radicals, these can either rearrange
to form ortho- or para-hydroxyaryl phenone, or the phenoxy
radical can escape from the solvent cage to form phenol
(Scheme 38). Thus, the selectivity of the photorearrangement
can be tuned by limiting the mobility of the singlet radical pair.

Scheme 38. Photo-Fries Rearrangement of Aryl Benzoates
to Hydroxybenzophenone

0 o/@ o"o/©
/
(0

Singlet radical pair b

2-hydroxybenzophenone
ortho-isomer

4-hydroxybenzophenone
para-isomer

Solvent Viscosity (Pa's) Mode tz(min) Ratio o-/p- Conversion
Methanol 59x10* Batch 40 22 92%

Flow 5 1.68 100%

Flow  11.13 1.51 100%
Ethylene glycol 1.6 x 102 Batch 180 6.28 100%

Flow 10 272 100%

Flow 42.6 124 100%

Microflow conditions Kalkurni: Microflow conditions Wu:

Quartz coil (3 mm ID, 2.5 m, 50 mL)
Medium press. Hg (450 W)
Solvent: Ethylene glycol (10 mM)

FEP tubing (1.0 mm ID, 4.71 mL)
UV-C light (8 W)
Solvent: CH;CN (5 mM), 0.1 M CTAB

One method for limiting the radical mobility is the use of a
viscous solvent, as the radical pair is restrained in its position
by a solvent cage.”” In batch, a 4-fold increase in ortho/para
isomer ratio was achieved when moving from methanol to the
more viscous ethylene glycol as solvent. Additionally, in flow
the isomeric ratio was further increased to 12.4:1 ortho/para
ratio by increasing the irradiation time. Apart from the
improved ortho-selectivity, the flow reactor offered the

2804

advantage of better temperature control, more homogeneous
irradiation and shorter reaction times compared to batch (5
min in flow vs 40 min in batch).

Another method for reducing the radical pair mobility is the
application of aqueous micellar reaction conditions.””* Differ-
ent surfactants were compared, and best results were obtained
with CTAB (cetyl trimethylammonium bromide). Interest-
ingly, in this study the addition of surfactant had a more
significant effect on the amount of phenol formed than
changing the solvent viscosity.

The photo-Fries rearrangement of dihydropyrido[1,2a]-
indolone was also combined with the capture of the resulting
imine in continuous-flow for the preparation of several
monoterpene indole alkaloids.””> The synthetic utility of the
protocol was shown by the first total synthesis of
(+)-alsmaphorazine C and formal synthesis of (+)-strictamine.

Cyclobutene lactones are interesting building blocks in
synthetic chemistry as they offer access to differently
functionalized cyclobutanes and cyclobutenes. The batch
photochemical rearrangement to these cyclobutene lactones
starting from 2-pyrone’”® was translated into a photo flow
method by Kappe, Maulide, and co-workers (Scheme 39A).*"

Scheme 39. Photorearrangement of 2-Pyrone Analogues to
Bicyclic Cyclobutene Lactones
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Microflow conditions:

FEP tubing (0.75 mm ID, 10 mL)
High press. Hg lamp (400 or 450 W)
Solvent: CH;CN (0.05-0.1 M)

Compared to batch, the flow reaction resulted in reduced
reaction times (from 24 h to 10 min) and a significantly higher
throughput (from 14 to 21 to 144 mg-h™"). Reactor fouling on
the PFA tubing resulted in a decrease in productivity over time.
However, this loss in productivity could be minimized by
performing the reaction at 10 °C instead of 50 °C and to some
extent by decreasing the concentration from 50 mM to 25 mM.
Similarly, for the synthesis of 1,3-cyclobutanedicarboxylates,
alkyl coumalates were subjected to photoisomerization and
subseguent hydrogenation in a photo flow system (Scheme
39B).””® For the photoisomerization, a Pyrex immersion-well
with a high-pressure mercury lamp (400 or 450 W) was used
to irradiate a FEP capillary. While in batch high dilutions and
long irradiation times were typically needed, resulting in low
productivity;*** instead, scale-up of the reaction in flow could
be performed with minimal byproduct formation and
significant productivity (360 mg-h™" with 10 min residence
time). By performing the hydrogenation step with deuterium
gas, a high degree of deuteration could be achieved, making the
method useful for the preparation of internal standards for
drug candidate molecules in pharmacokinetic studies.*”’
Using the same photoisomerization reaction, 1,2-azaborines
were converted into their Dewar isomers, which were then
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further used as 4C + IN + 1B synthons for organic
synthesis.*”"**> More specifically, the 1,2-azaborine isomer
was converted into 1,2-disubstituted cyclobutanes with vicinal
boron and nitrogen containing substituents. By manipulating
the boron unit, differently functionalized cis-aminocyclobu-
tanes could then be prepared (Scheme 40). It was reasoned

Scheme 40. Photoisomerization of 1,2-Azaborines to Form
B,N-Substituted Cyclobutanes
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that a continuous-flow protocol was better suited for scale-up
of the photoisomerization, as the product was known to
undergo photodegradation after prolonged irradiation.*"!
Therefore, a continuous-flow reactor was fabricated consisting
of an FEP capillary coiled around a medium-pressure mercury
lamp. The residence time inside the photoreactor and the
substrate concentration were balanced to achieve both high
productivity (1.2 mmolh™) and high yield (83% isolated
yield). The product of this regio- and diastereoselective
photoisomerization was successfully derivatized to produce
functionalized aminocyclobutanes.

A photoinduced Beckmann rearrangement to convert
ketoximes to secondary amides was performed in a two-step
sequential flow process, with a Vilsmeier—Haack reagent being
formed by photoredox catalysis in a first reactor and a thermal
Beckmann rearrangement taking place in the second reactor
(Scheme 41).** By separating the photoredox and the thermal
process, optimal reaction conditions can be selected for each,
maximizing the overall reaction outcome. In the first reactor, a
solution of CBr, and photocatalyst in DMF were irradiated
with blue or green light at 0 °C to produce the Vilsmeier—
Haack reagent. The reaction mixture was subsequently merged
in a T-mixer with a solution of the oxime substrate and was
allowed to react to the amide product at 40 °C in the second
reactor, affording 95% HPLC vyield after 110 min total
residence time. A one-pot photochemical Beckmann rearrange-
ment was performed as well, in which the effect of varying
temperature was investigated. At low temperatures, the
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Scheme 41. Two-Step Beckmann Rearrangement of
Ketoximes to Secondary Amides in a Photochemical and
Thermal Flow Reactor
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Solvent: DMF (0.4 M)
50 mol% CBry 2 mol% Ru(bpy);Cl,

reaction rate of the Beckmann rearrangement was significantly
reduced. When the reaction was performed at 40 °C under
light irradiation, significant side-product formation was
observed. These results indicate the beneficial effect of
separating the photochemical and the thermal step, which is
easily achieved in flow.

The Schmidt or Beckmann rearrangements are useful
methods for generating ring-expanded lactams from cyclic
ketones. To induce chirality, however, these methods offer
insufficient directional control. A two-step enantioselective
variant to produce chiral lactams from prochiral ketones was
developed by Lattes and Aubé,"***** in which a prochiral
ketone is first converted into a chiral oxaziridine and
subsequently photochemically converted to a chiral lactam
(Scheme 42A). This photochemical Lattes—Aubé reaction of
chiral oxaziridines to chiral lactams was performed in
continuous-flow by irradiating an oxaziridine solution with a
medium-pressure mercury lamp as light source.”*° Significantly
higher reaction rates were observed when using the full UV
spectrum of the lamp, than when a Vycor filter was used (~220
nm UV cutoff). Compared to the batch method,*® the
reaction time could be significantly reduced from several hours
to 30 min in flow. Furthermore, the practical use of the flow
method was demonstrated by performing the reaction on a 20
g scale, achieving >80% yield for the desired lactam, and by
expanding the scope of the reaction to a bicyclic ring system.

The oxaziridine rearrangement to chiral lactams was later
also used to generate chiral bicyclic homopiperazines (Scheme
42B).*7 In a first attempt, a nonphotochemical method
involving a Schmidt rearrangement to the chiral lactams was
employed, but productivity and enantioselectivity to the
desired lactam were limited. Instead, more successful was the
photochemical Lattes—Aubeé reaction in a parallel tube reactor.
This flow reactor was constructed by threading PFA tubing
through the batch photochemical reactor, containing a 4 W
UV-C light bulb. During the flow reaction precipitation issues
were encountered, but these were solved by lowering the
reactant concentration and increasing the flow rate. Next, the
reactor was run for 42 h without interruption. Additionally, the
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Scheme 42. Lattes—Aubé Reaction of Chiral Oxaziridines to Chiral Lactams and Further Derivatization
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productivity was increased to 0.53 mmol-h™' by doubling the
length of the exposed tubing (32 tubes in parallel, V = 2178
#L, 4.80 m irradiation length) and further increasing the flow
rate to 1.20 mL-min~".

Isoxazoles can be directly converted into oxazoles, either by
a thermal pathway*®® or by a photochemical one.”*”*'’ The
general applicability of these methods is limited, as the thermal
process requires a phenolic moiety and the reported photo-
chemical processes in batch require long reaction times and
suffer from photodegradation.

Bracken and Baumann performed the photoisomerization of
various isoxazoles to their oxazole structural isomer in a
microflow reactor (Scheme 43).*'" This way, the reaction rate

Scheme 43. Isoxazole to Oxazole Rearrangement in
Continuous Flow
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Microflow conditions:

PFA tubing (0.76 mm ID, 10 mL)
Medium press. Hg lamp (150 W, Aax: 365 nm)
Solvent: CH;CN (20 mM)

tg = 20 min
73% yield, 0.125 g-h™!
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was significantly enhanced, as only 20 min residence time was
required to achieve conversions of 90% and higher, compared
to 4—8 h for reported batch methods. For the aryl-substituted
isoxazoles, higher yields were generally obtained with electron-
rich substrates than with electron-poor ones under the same
conditions. This was explained by the better overlap of
absorption maximum of the electron-rich substrates (4,,,, >
300 nm) with the emission spectrum of the medium-pressure
mercury lamp. Additionally, heteroaryl-substituted isoxazoles,
like furans, thiophenes, indoles, and pyrroles, were well
tolerated, and no N atom protecting groups were required.
The system proved to be robust and scalable as 1.5 g of oxazole
product was generated in 12 h operation time.
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Apart from the interconversion of isoxazoles to oxazoles,
other N,O-containing heterocycles were also generated in an
efficient photoisomerization method. More specifically, quino-
line scaffolds were converted into their ring-expanded benzo
[1,3] oxazepines, with first batch oxidation and C—-H
functionalization to 2-aryl quinoline N-oxide, followed by
flow photoisomerization (Scheme 44).*'> The flow reactor

Scheme 44. Ring-Expansion of Quinoline Scaffolds to
Benzo[1,3]oxazepanes
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PFA tubing (0.5 mm ID, 10 mL) .
tg =10 min

UV-B lamp (25 W, Aax: > 300 nm)
Solvent: Toluene (5 mM)

98% yield, 0.112 g-h™!

consisted of FEP tubing irradiated by a 25 W Exo Terra
UVB200 lamp. The use of this light source was found
particularly suitable for the transformation, as the quinoline N-
oxide absorption spectrum (4, = 346 nm) showed good
overlap with the broad emission band of the lamp (4, = 335
nm). In the flow reactor this resulted in near quantitative yield
(98%) of the benzo[1,3]oxazepane product in just 10 min
residence time, which is a significant improvement compared
to the batch method in terms of reaction time and side product
formation (73% yield, 18 h).

Similarly, a dearomative ring-expansion of N-ylides under
blue LED irradiation led to the formation of 7-membered ring
azepines (Scheme 45).*'% In the presence of a base, the
aromatic N-ylide is generated from its quaternary aromatic salt,
which upon irradiation rearranges to the azepine. The flow
reactions were performed in a self-assembled reactor,
consisting of an FEP capillary (1/16 in. or 1.59 mm OD,
4.75 mL volume) coiled around a glass beaker (7.6 cm OD),
which was placed over a hexagonal bar with 24 X 5 W blue
LEDs. Optimal results were obtained with 5 equiv of base and
2 h residence time, leading to 91% 'H NMR yield for the
model substrate. Under similar conditions in batch, only 46%
'H NMR yield was obtained. With the optimized conditions, a
range of pyridinium salts were successfully photorearranged in
the flow reactor, including pyridines, isoquinolines, quinoline
and phenanthridinine (23 examples). A combined thermal and
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Scheme 45. Photorearrangement of N-Ylides to Their Ring-

Expanded Azepines
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photochemical ring expansion method of 6- to 8-membered
nitrogen heterocycles was also developed by Harrowven et al.
throu%h [l,3]—sigmatropic rearrangement in continuous-
flow."™*

The classical photorearrangement of dienones involve 1,2-
addition, 1,4-addition, and dipolar cycloaddition. A non-
classical rearrangement of dienones and the natural product
Santonin, mediated by amines, was performed in a photo-
chemical flow reactor (Scheme 46).*"> This compact flow
reactor consisted of 0.8 mL of PFA tubing coiled in a
concentric circle, which was irradiated by an array of 365 nm
LEDs. The efficient irradiation of the reaction mixture (30 W
over 20 cm?) allowed for short reaction times (8 min) for the
nonclassical dienone rearrangements.

Interestingly, a different reaction outcome was observed,
depending on the solvent used. When irradiating a dichloro-
methane solution of the dienone substrate in the presence of
benzylamine, the main product was a ring-opened product
(72% "H NMR yield), with complete cis-selectivity (Scheme
46A). On the other hand, with the same protocol but
dimethoxyethane as solvent, the main product was a
cyclobutene-containing amide (Scheme 46B). Both reactions
could be performed with dienone and a range of amines in
similar yields (52—82% 'H NMR yield). Additionally,
Santonin was photorearranged in the presence of methylamine
to form two previously unknown structures.

[6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) is used
as an organic semiconductor material for organic photovoltaic
applications and can be synthesized via a [2 + 1] cycloaddition
of Cg, fullerene with diazoalkane and subsequent thermal or
photoisomerization. Both the thermal*'® and photoisomeriza-
tion*'” toward PCBM have been performed under continuous-
flow conditions. However, the photochemical ap7proach
suffered from limited productivity (up to 6 mgh™).*!

Ryu et al. combined the cycloaddition and photoisomeriza-
tion step in a telescoped flow process and achieved a higher
productivity in the photoisomerization step than the literature
method by a judicious choice of light source (Scheme 47).*'*
For the photoisomerization, a sodium lamp (589 nm, 360 W)
was selected as light source and full conversion of the fulleroid

Scheme 46. Nonclassical Photorearrangement of Dienones
and Santonin with Different Reaction Outcomes for
Different Solvents
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Reprinted with permission from ref 415. Copyright 2017 John Wiley
and Sons.

Scheme 47. Telescoped Thermal Cycloaddition and
Photoisomerization of Fullerene and Diazoalkane to PCBM

OMe

Telescoped process:
tg=2.5min
37% yield, 240 mg-h*!

Microflow conditions:

Glass microchip (0.5 mm x 2.0 mm, 3 mL)
0 Na lamp (360 W, A ,«: 589 nm), T = 55°C
N~ Solvent: 1,2,4-trimethylbenzene (12 mM)

substrate was achieved after just 45 s residence time in the
presence of 1 equiv of Cyy, which was assumed to act as a
photosensitizer for this reaction. After optimization of each
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step separately, the two steps were efficiently combined in a
continuous-flow setup to produce 0.79 g of PCBM over 3.3 h
(total residence time <2.5 min).

5.3. Photocyclizations

Photocyclizations offer quick access to complex carbo- and
heterocycles from often simple starting materials. A feature that
has recently proven its utility in the total synthesis of several
natural products with complex ring structures.””**~**3

An example of the ability of continuous-flow photo-
cyclizations to convert relatively simple starting materials
into highly complex heterocycles was shown by Tranmer et
al.”* A two-step flow process was developed, including an
amidation and photocyclization step, to convert 2-chloroben-
zoyl chlorides and anilines into tricyclic phenanthridinones
(Scheme 48). In the flow setup, the starting materials were

Scheme 48. Synthesis of Tricyclic Phenanthridinones from
Simple Starting Materials
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combined in a T-mixer and injected into a reactor loop. After
allowing the thermal condensation reaction toward 2-
chlorobenzamide to occur at 60 °C, the reaction mixture was
introduced into the photoreactor (FEP tubing, 10 mL) and
irradiated with a medium-pressure mercury lamp (112 W).
High conversions were achieved in the photocyclization step
(up to 99%) for a wide range of substrates (16 examples).
Interestingly, no intermediate purification between the two
reactions was required, allowing to simply connect the two
reactors in series. By exchanging the benzoyl chloride for
thiophenyl or pyridinyl chloride, the scope of the reaction was
later expanded to include different bioisosteres.*”> The simple
two-step method outperformed literature examples in terms of
substrate scope, atom efficiency, and yield.***~**

Complex carbo- and heterocycles with an exomethylene
group were also produced in a continuous-flow reactor through
a Cossy-type ghotocyclization of various alkynyl halides
(Scheme 49).**° The glass microreactor chip (0.2 mm channel
depth, 0.11 mL volume) was irradiated with a low-pressure
mercury lamp (1.2 W, 254 nm), affording the photocyclized
products in medium to high isolated yields (45—93%) in short
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Scheme 49. Cossy Photocyclization of Alkynyl Halides
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Microflow conditions: 4.03 g in 18 h processing time
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Low press. Hg lamp (2 x 6 W, A5, 254 nm)
Solvent: CH;CN/H,0 (0.1 M), 10 eq. Et;N

residence times (5—8 min). To elucidate the reaction
mechanism, a deuterium labeling study was performed,
supporting the SET reaction mechanism proposed by Cossy
et al,”' in which a triethylamine (TEA) cation serves as
sacrificial electron donor. The reaction was also performed in a
6 mL glass microreactor (tg = 20 min), generating 4 g of
product in 18 h processing time.

The synthesis of polycyclic heterocycles, including un-
protected carbazoles, indoles and pyrroles, through photo-
chemical azide activation and cyclization was performed by
Collins et al. under continuous-flow reaction conditions
(Scheme 50).*** Although the reaction proceeded well with

Scheme 50. Two-Step Photochemical Flow Process to
Substituted Carbazoles

N3

N
, CCR —
R O [

Microflow conditions:

R3

254 nm: 61% vyield in 10 min
395 nm: 81% yield in 4 h

FEP tubing (16 mL)

UV-C light (Apax: 254 nm)

or Purple LEDs (Ayax: 394 nm)
Solvent: THF (30 mM)

Ph” > BF,K
4CzIPN
NiCl, dme/dtbbpy

|
A

Ph H R2
N
S
R1

Reprinted with permission from ref 434. Copyright 2018 John Wiley
and Sons.

a UV-C lamp (254 nm) in just 10 min residence time,
increased yields and improved functional group tolerance were
observed when using purple LEDs (394 nm) instead. This can
be attributed to the lower energy light source which minimized
product degradation. However, because of the reduced spectral
overlap, longer residence times (2—4 h) were required to reach
full conversion. As a concrete example, higher isolated yields
were observed for a chlorinated carbazole with purple LEDs
(81% after 4 h reaction) than with UV-C light (61% after 10
min). Furthermore, the utility of the azide activation reaction
was further showcased in the synthesis of the carbazole-based
drug carprofen and compared with an existing photochemical
route using a copper-based sensitizer.*’” Interestingly, whereas
the copper-sensitized method resulted in a complex mixture of
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products, with different regioisomers and dechlorination
byproducts, the photochemical azide activation method
proceeded regioselectively without the need for transition
metal catalyst and without any dechlorination.

The method was also applied to a two-step photochemical
flow sequence toward the biologically active carbazole clausine
C.”* The photocyclization to carbazole under purple LED
irradiation was coupled with a photocatalytic/Ni-catalyzed
cross-coupling reaction with potassium trifluoroborate salts in
flow under blue LED irradiation (Scheme 50). Since no
additives, catalysts or reagents were required in the photo-
cyclization reaction, the outlet stream could directly be
introduced into the second photochemical reactor without
intermediate purification. This two-step process serves as an
interesting example on how photochemical processes, each
requiring their own specific set of reaction conditions, can be
promoted sequentially by light of different wavelengths.

The Norrish—Yang photocyclization is an efficient method
for the preparation of cyclobutanes from simple acyclic
ketones. This reaction has been carried out in flow for the
transformation of 2-amino ketones to 3-hydroxyazetidines
(Scheme 51A).**° As is often the case for photochemical
transformations, the reported batch methods require pro-
longed irradiation times and dilute substrate concentrations,
leading to the formation of photodegradation products and low
productivity.*** These problems were circumvented by
performing the reaction in a flow reactor (FEP tubing, 10

Scheme 51. Norrish—Yang Photocyclization Towards (A)
Hydroxyazetidines, (B) Hydroxycyclobutanones, and (C) as
a Key Step in the Total Synthesis of Zaragozic Acid C
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mL) irradiated by a medium-pressure mercury lamp (150 W,
365 nm). In the flow setup, a broad substrate scope was carried
out, revealing that electron-poor aryl groups were well
tolerated. In contrast, lower yields were observed for substrates
bearing electron-donating substituents. It should be noted
though that higher yields could be attained for the latter
compounds by carrying out a reoptimization of the reaction
conditions. It was proposed that this loss in reactivity for
electron-rich substrates was caused by a shift in light
absorption, causing a mismatch between absorption and the
peak emission of the light source. After defining the scope and
limitations of the photocyclization, a scale-up was performed,
converting 100 mmol of amino ketone in 11.5 h (60% isolated
yield).

Similarly, the Norrish—Yang photocyclization of 1,2-
diketones to 2-hydroxycyclobutanones was also done in flow
(Scheme 51B).**” A first exploration of the reaction in batch
afforded the desired product; however, long irradiation times
were required (16—24 h), and a number of side products were
formed, which were difficult to separate from the product. The
flow reactions were performed in a three-layered FEP capillary
reactor (32 m, 0.8 mm ID, 1.6 mm OD, 16 mL volume)
irradiated by 440 nm LEDs (8 X 10 W). In this flow setup,
4.35 g of 2-hydroxy-2-methylcyclobutanone was obtained in 8
h. Importantly, unreacted diketone was removed by evapo-
ration and the cyclobutanone product could be obtained
without further purification.

A flow Norrish—Yang photocyclization was also used in the
total synthesis of Zaragozic acid C (Scheme 51C).*** Crucial
for achieving high yields in this transformation was the use of a
light source that matched the substrates’ absorption spectrum
(A = 405—413 nm). With violet LED (4,,,, = 405 nm), 85%
"H NMR yield of the cis-fused bicycle was obtained, whereas
only 26% 'H NMR yield was achieved with blue LED (4,,,, =
46S nm).

Tin amine protocol (SnAP) and silicon amine protocol
(SLAP) reagents, as a tin-free alternative, were carried out in a
continuous-flow photoreactor for the synthesis of substituted
saturated N-heterocycles (Scheme 52).%***° The photo-
cyclization reactions were performed in a glass chip micro-
reactor (1 mm channel depth, 1.7 mL volume) subjected to
blue LED irradiation. For the reactions with SnAP reagents,
the stoichiometric copper promoter could be replaced by an
iridium photocatalyst, leading to a significantly easier work-
up.”” The reactions with SLAP reagents were also performed
photocatalytically; inexpensive 2,4,6-triphenylpyrylium tetra-
fluoroborate (TPPBF,)**' was used as a photocatalyst
resulting in a 'H NMR yield of 90% for the model reaction
in 17 min residence time.**" After reaction optimization, the
method was successfully applied to other substrates leading to
the formation of various substituted morpholines, benzomor-
pholines, oxazepanes, thiomorpholines, and thiazepanes. Addi-
tionally, a 30 mmol scale-up experiment was performed using
the optimized conditions, generating 5.5 g of product in 2 days,
which exemplifies the greater convenience and better
scalability of the photo flow method compared to the
previously reported batch method.***

Several recent publications reported on the synthesis of
sp'roc?rclic compounds through photocyclization reactions in
flow.* %% For example, the photocyclization of aryl
enamines to spiroindolines was performed by researchers at
Vertex Pharmaceuticals under batch and flow conditions
(Scheme 53).*"? The batch reactions suffered from extended
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Scheme 52. Application of SnAP and SLAP Reagents in the
Synthesis of Saturated Heterocycles
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Scheme 53. Photocyclization of Aryl Enamines to
Spiroindolines Enables the Short Total Synthesis of
(+)-Horsfiline
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irradiation times, modest yields and batch-to-batch variability
due to poor control over the reaction conditions. The best
results in batch were obtained by irradiation with UV-A light in
benzene, resulting in 45% spiroindoline after 16 h. In contrast,
the flow reactions proceeded smoothly, resulting in 82% yield
in 20 min residence time. Additionally, some aryl enamines
were completely unreactive in batch but converted in flow
quantitatively into the corresponding spiroindoline. The
synthetic utility of the protocol was further exemplified by a
shortened total synthesis of the natural product (+)-horsfiline,
compared to a previously reported method.***

Spiro derivatives were also obtained in a biomass valor-
ization strategy to synthesize y-butyrolactone scaffolds through
radical addition of alcohols to fumaric and itaconic acids and
subsequent cyclization (Scheme 54).*** A commercially
available mesofluidic reactor was used to perform the reaction.
In-line analysis with NMR spectroscopy allowed for a rapid
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Scheme 54. Biomass Valorization Strategy to y-
Butyrolactones
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parameter optimization. It was found that both an elevated
temperature (T = S5 °C) and an increase of the photo-
sensitizer loading from S to 40 mol % had a positive impact on
the reaction. The model reaction between fumaric acid and
isopropanol was scaled out to a pilot-scale mesofluidic reactor
(41 mL volume), affording 83 g of product per day with a
residence time of 10 min.

A diastereoselective ipso-cyclization toward a 6,6-spirocyclic
core structure was performed under blue LED irradiation in
continuous-flow. This reaction constitutes the key step in the
total synthesis of zephycarinatines (Scheme 55).** The crucial

Scheme 55. Diastereoselective ipso-Cyclization Towards the
6,6-Spirocyclic Core Structure of Zephycarinatine
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photocyclization step was first performed in batch with a 40 W
blue LED bulb in the presence of an iridium catalyst and base,
generating 58% of the desired isomer after 24 h. Switching to a
glass microreactor required the solubilization of the base to
avoid reactor clogging. After reoptimization of the reaction
conditions, 48% product could be isolated after 4 h reaction
time. The flow conditions were applied to a 0.5 mmol scale
reaction, allowing the investigation of further steps in the total
synthesis of zephycarinatines C and D.

Another example where a flow photocyclization enabled a
shorter or even a new total synthesis of a natural product is
provided by Porco et al.**" A regiodivergent photocyclization
strategy of dearomatized acylphloroglucinols was applied to
prepare (—)-nemorosone in 7 steps. This represents the
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shortest total synthesis reported to date, and the protocol also
allowed for the first total synthesis of (—)-6-epi-garcimulti-
florone A (Scheme 56). The photocyclization reactions were

Scheme 56. Short Total Synthesis of Dearomatized
Acylphloroglucinols with Photocyclization as a Key Step

Microflow conditions:

PFA tubing (0.76 mm ID, 1.34 mL)
Purple LED array (Apax: 390 nm)
Solvent: CH;CN (1 mM)

(-)-Nemorosone (-)-6-epi-garcimultiflorone A

performed in a microcapillary (0.76 mm ID, 1.34 mL volume)
irradiated with purple LEDs (390 nm). With a residence time
of 4 h, this resulted in 29% vyield of the photocyclized
nemerosone core (67% based on recovered starting material).
A similar procedure allowed to obtain the garcimultiflorone
core in 54% yield.

Czarnocki et al. applied their continuous-flow photo-
cyclization methodology, previously used in the formal total
synthesis of podophyllotoxin,*** to similar chiral bisbenzyli-
dene succinates forming various cyclolignan analogues
(Scheme 57)."2%*5%¢ Eor the photocyclization, a different

Scheme 57. Photocyclization of Chiral Bisbenzylidene
Succinates in the Total Synthesis of Cyclolignan Analogues
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stereochemistry was found depending on the chiral auxiliary
used and a different regioselectivity was observed depending
on the substitution pattern of the benzylidene moiety adjacent
to the ester group. Additionally, the total synthesis of
(+)-epigalcatin was achieved with the flow photocyclization
of a chiral atropisomeric 1,2-bisbenzylidene succinate amide
ester as a key step.

An update of a Mallory photocyclization protocol was
described by Yamaji et al. to produce phenacenes in a
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combined batch and flow process (Scheme 58).**”*** First, a
batch Wittig reaction was performed between the phospho-

Scheme 58. Mallory Photocyclization to Phenacenes
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nium salt and an arylaldehyde to yield the diarylethene.
Without purification, the mixture was then pumped through a
silica-gel column to trap excess base and Ph;PO formed in the
Wittig reaction. An iodine solution in toluene was added in
flow using a T-mixer and the reaction mixture was irradiated
with a 450 W high-pressure mercury lamp to induce the
photocyclization. Optimal yields were obtained within 6 min
residence time (78%). Longer residence times led to
substantial oxidative photodegradation. The two-step protocol
was performed for a wide range of substrates resulting in the
generation of (un)substituted 4-, S-, and 6-ring phenacenes in
good overall yields (18 examples, up to 92% isolated yield).

A photoinduced multicomponent cyclization reaction of 2-
vinylphenols, N-alkoxypyridinium salts, and sulfur ylide was
performed in batch and flow to synthesize substituted
dihydrobenzofurans.**’ In general, higher yields were obtained
during the scope investigation when using the flow conditions
(46—58% in flow, versus 33—49% in batch).

5.4. Singlet Oxygen-Mediated Oxidations

Oxidations are among the most common reactions encoun-
tered in biological systems, as well as in academic and
industrial laboratories. From all potential oxidants, oxygen can
be considered the greenest.””’ However, ground state triplet
oxygen often necessitates high pressure and/or metal
complexes to induce oxidative transformations. In contrast,
singlet oxygen ('O,) is known to be more reactive.””' 10, can
be generated in situ with an energy transfer from a
photosensitizer to triplet oxygen,** although other possibilities
in the absence of light have been described as well.*>***
Despite the low cost and the high atom economy, the use of
singlet oxygen is not widespread in industry, mainly because of
the associated safety concerns and its short lifetime.**> These
specific issues can be overcome by using flow technol-
ogy.*°™*? Considering the technological challenges associ-
ated with the safe handling of gaseous oxygen, many studies
have been reported on the development of efficient biphasic**”
or even triphasic flow regimes.**”*** The photocatalyst
concentration is an important variable to be considered as
well, not only because it has relevant consequences in an
industrial flow setup, not only for economic reasons but also
because it could affect downstream purification processes. On
this regard, researchers at Corning highlighted the importance
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of the physical characteristics of the photoreactor and the
nature of the light source.*®

Up to 2016, several reports about siné%let oxygen oxidations
in continuous flow were described.***~**" In particular, various
studies reported on the oxidation of sulfides in batch*’® and in
flow,"”" reflecting the importance of sulfoxides especially in
medicinal chemistry.*’> The Rose Bengal (RB)-photocatalytic
methionine oxidation serves as a good benchmark study to
compare the performance of a continuous-flow microreactor
with a batch setup.”’”” Although it is possible to reach full
conversion in both reactors, microreactor technology proved to
be superior in terms of irradiation efficiency, kinetics, and
space-time yield (STY). In fact, whereas 120 min were
necessary to reach full conversion in batch, this time was
reduced to 5 min in flow. This is mainly due to a higher light
intensity across the entire cross section of the microcapillary
and to a higher oxygen availability deriving from improved
gas—liquid mass transfer.

The photocatalytic oxidation of methionine was also studied
by Dreesen, Heinrichs, Monbaliu, and co-workers, who
developed a scalable flow protocol (Scheme 59).*”* The

Scheme 59. Photooxidation of Methionine Mediated by RB
in Flow

Os__OH . Oy, -OH
NH, @ NH,
RB (0.1 mol%) O«
° ° b
Me Me
Microflow conditions: quantitative
Glass microreactor (0.4 mm ID, 2.6 mL) 51 kgday”

White LEDs, T =20 °C
Solvent: H,0 (0.3 M)

photochemical reactor consisted of a commercially available
glass module (Corning Lab Reactor: 0.4 mm ID, 2.6 mL
internal volume) equipped with two high-capacity heat
exchanger (22 mL, 1 W-mL™"K™") and surrounded by two
LED panels. The reaction outcome was determined by in- and
off-line NMR analysis. The best results were obtained with RB
as the photocatalyst (0.1 mol %) with white LEDs at room
temperature and a residence time of 1.4 min. Importantly, only
1.1 equiv of oxygen were necessary. Theoretically, the scale-up
of this process would lead to a sulfoxide production of 31.1
mol-day ™, corresponding to 5.1 kg-day ™.

To further improve the efficiency of the photosensitizer,
Mendoza et al. reported the positive interaction between Au
nanobipyramids@mSiO, (AuBPs@mSiO,) nanoparticles with
RB to successfully oxidize methionine in flow.””> This positive
interaction is attributed to AuBP plasmon resonance, which
magnifies the photophysical properties of RB, resulting in
improved production of singlet oxygen and thus results in a
faster formation of the sulfoxide product. Reactions were
performed in a PFA capillary reactor (0.8 mm ID, 2.6 mL)
surrounded by three high power green LEDs (540 nm). In this
system, 92% methionine conversion was reached in 69 s
residence time with RB in the presence of AuBPs@msSiO,,
whereas 77% conversion was observed in absence of
nanoparticles.

The 'O, oxidation of sulfides in flow is also a very relevant
reaction to neutralize dangerous chemicals, as in the case of
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bis(2-chloroethyl)sulfide (mustard gas), which is infamously
known for its use as a chemical warfare agent (Scheme 60).47°

Scheme 60. (A) Neutralization of a Mustard Gas Simulant
through Singlet Oxygen Oxidation in Flow and (B) Reactor
Design with Glass Fluid Modules and in-Line Analysis
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Microflow conditions:

Glass microreactor (0.4 mm ID, 13 mL)
White LEDs
Solvent: EtOH (1 M)

In-line
IR or NMR

collection

Reprinted with modifications from

Society of Chemistry.

ref 476. Copyright 2020 Royal

Singlet oxygenoxidation is very selective toward sulfoxides,
thus avoiding the formation of mustard gas sulfone, which is
comparably toxic to the sulfide itself. 2-Chloroethyl ethyl
sulfide (CEES) was selected as a simulant of mustard gas and
its oxidation was performed in five commercially available
microreactors connected in series (Corning AFR: 0.4 mm ID,
S X 2.6 mL volume). The glass microreactors contain static
mixing elements, which improve the mass transfer efficiency
between oxygen and the alcoholic solution. The temperature
inside the reactor is maintained with a double layer heat
exchanger. This way, the selective oxidation of mustard gas to
its nontoxic sulfoxide is performed under irradiation with 300
white LEDs (99% yield) in 4 min residence time, with minimal
formation of other toxic byproducts.

Apart from sulfide oxidations, a classic model reaction to
study the efficiency of new photocatalysts, as well as different
reactor designs, is the conversion of a-terpinene into ascaridole
via a [4 + 2] cycloaddition between singlet oxygen and the
diene (Scheme 61). A common byproduct of this trans-

Scheme 61. Photooxidation of @-Terpinene into Ascaridole

as Benchmark Reaction
Me Me
?
(e}
Me Me Me Me

Me 1 |
7@7 or _@_ or 7*7
(Heterogeneous)
Photocatalyst
Me Me 02
ascaridole

formation is p-cymene. In one example, the photooxidation of
a-terpinene was used as a benchmark reaction to analyze the
effect of various operating conditions (concentration, flow
rate) in a commercial reactor (Vapourtec UV-150: FEP
capillary 1.15 mm ID, 2—10 mL volume) on the reaction
outcome, taking into account the kinetics and photobleaching
of the photosensitizer.”””

p-cymene
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In another example, Oelgemoller et al. investigated the
productivity of the a-terpinene photooxidation in a falling film
microreactor (FFMR) using RB as photocatalyst.””® The
FFMR is characterized by a liquid flowing down a plate in a
thin film, with a thickness in the order of micrometers, to
increase the gas—liquid interfacial area. The main components
of this reactor are a heat exchange unit, an inlet, an outlet, the
reaction plate with microchannels and a window in borosilicate
glass or in quartz to be irradiated with an external light source
(Figure 60).”” A solution of a-terpinene (50 mM) and RB

Top GasFlow Reaction Bottom Plate
Plate  Chamber Plate with Microstructured
= St for b r~_~_Heat Exchanger
SN L riald NN
X [\\ NN
A | o | B >~
) I~ sty
Gas Phase \
in
£ 3 Heat Exchange
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E 3
3 =
Gas Phase s w (%" 3
out & ~
- g\' ] N NN N
~_ ~_ ~

G‘)u;ma Phase out

Figure 60. Schematic representation of a FFMR and its main
components. Reprinted with permission from ref 479. Copyright 2005
American Chemical Society.

(0.49 mM, 1 mol %) in isopropanol was injected in the FFMR,
containing 32 parallel microchannels (0.2 X 0.6 mm, 78 mm
length, 0.3 mL volume) and was irradiated by a compact
fluorescence lamp (CFL, 18 W). This way, 89% selectivity
toward ascaridole was achieved with a STY of 2.1 mol-L™"h™".
Higher STY values up to 3.6 mol-L™"+h™" could be obtained by
increasing the substrate concentration (from 50 to 75 mM with
6 s of residence time or 100 mM with 13 s of residence time),
and by increasing the sensitizer concentration (0.49 mM to
0.98 mM). However, in this case the selectivity dropped to
74%. In terms of STY, the FFMR outperforms the batch setup,
where the best STY (1.2 mol-L™"h™!) was obtained with 15
min irradiation.

In another case, a new series of five bimetallic Ti(IV)
complexes was prepared and their efficiency as homogeneous
photosensitizer was proven with the same a-terpinene
photooxidation.”™ In contrast to TiO,, these new Ti—O—Ti
bridged amine bis(phenolate) complexes are soluble in organic
solvents and absorb light in the visible region of the spectrum.
A capillary reactor (10 mL) irradiated with 420 nm LEDs (61
W) was used to investigate the efficiency of the new
complexes. Every member of this new set of Ti-complexes
afforded ascaridole in 2 to 4 h residence time, with excellent
selectivity. On the contrary, when TiO, was used, p-cymene
was obtained instead.

Heterogeneous photocatalysis in flow offers interesting
possibilities in terms of facile purification and reusabil-
ity."'=*** The efficiency of different kinds of immobilized
photocatalytic systems has also been tested with the a-
terpinene photooxidation as benchmark reaction (Scheme 2).
In one case, Rose Bengal (RB) was grafted in a polymer
microgel with swelling ability in ethanol (Figure 61)."% The
photoactive colloids were prepared through a copolymerization
of vinyl acetate, N-vinylcaprolactam, divinyl adipate (DVA)
cross-linker, and vinylbenzyl Rose Bengal (VBRB). The
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Liquid slugs
- - containing the reaction medium and
the RB-grafted polymer colloids

Air bubbles

Figure 61. Picture of the slurry Taylor flow established between the
solution of VBRB@MG in ethanol and O, in the Archimedean spiral
reactor. Reprinted with permission from ref 485. Copyright 2020
American Chemical Society.

resulting microgels (MGs) VBRB@MG-8 or VBRB@MG-14
contain either 8 mol % or 14 mol % of DVA cross-linker. The
photosensitizer loading is estimated around 215 + 30 ymol RB
per gram of dried MG. The homemade microreactor (FEP
capillary: 1 mm ID, ~4 mL volume) was shaped into an
Archimedean spiral irradiated with a LED array with emission
from 400 to 700 nm. Slurry Taylor flow conditions were
established to allow efficient mixing. The system allowed for
conversions above 80% in only 4 min residence time. The
grafted photosensitizer was stored for 8 months without a drop
in efficiency and was reused several cycles with almost constant
activity. Interestingly, its performance is comparable to the
homogeneous RB, but the covalent anchoring seems to prevent
RB photodegradation.

In another case, mesoporous silica nanoparticles (MSNs)
were used as a support to covalently incorporate RB.*¢ To
perform the photooxidation, a solution of a-terpinene (0.1 M)
in methanol was pumped into the PFA capillary reactor (0.8
mm ID) under LED irradiation (540 nm), resulting in 90%
conversion in 72 s residence time. To assess recyclability, the
RB@MSN catalyst was recovered and reused for four
consecutive cycles. The conversion remained constant for
two cycles but dropped to 62% in the third run with 77%
catalyst degradation. In the fourth cycle, there was even no
ascaridole production observed. The developed RB@MSNs
successfully catalyzed the photooxidation of other substrates,
such as methionine, triphenylphosphine, and cyclopentadiene
with conversions of 47%, 55%, and >99%, respectively.

RB was also immobilized on a number of vinylimidazolium
functionalized supports, consisting of a Merrifield resin with
alkyl- or vinyl-substituted imidazoles (PS-alkylimidazolium).**”
RB@PS-vinylimidazolium (Figure 62) showed superior

Polystyrene (PS)-vinylimidazolium support BODIPY
AN
NA = N
O\ s
~B7Y
/7 \
F F

Figure 62. Structure of polystyrene-immobilized vinylimidazolium
and BODIPY structure.

stability compared to the other supports, both in flow and in
batch (up to 11 days). The oxidation of a-terpinene in
dichloroethane was performed at 0 °C in a PTFE tube (2 mm
ID, 10 cm length, 0.3 mL volume) filled with 220 mg of RB@
PS-vinylimidazolium catalyst and irradiated with white LEDs.
With a total flow rate of 0.52 mL-min~’, complete conversion
of a-terpinene was achieved and 80% GC-yield of ascaridole
was observed. Moreover, the catalyst also worked efliciently for
the oxidation of triphenylphosphine and a sulfide.
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A packed bed photoreactor with RB immobilized onto
polystyrene was employed for the a-terpinene photooxida-
tion.'”" The photoreactor consisted of an Omnifit column (6.6
mm X 150 mm) irradiated with green LEDs (90 W, 530 and
580 nm). The reaction temperature was between —15 and 0
°C. When oxygen had a 50-times higher flow rate than the
liquid solution, ascaridole was obtained in 94% yield. The
system worked efliciently also in the oxidation of various
substrates, such as a-pinene, alkenes, a sulfide, and
triphenylphosphine (60—98% yields). The volume-time output
(VTO), which is the productivity of a chemical step in relation
to its reactor space and has to be <1 for industrial processes,
accounts for 0.622337 m*h’kg™ in average. Finally, the
antimalaria drug artemisinin was also prepared through singlet
oxygen oxidation.***

Similarly, BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-inda-
cene, Figure 62) was immobilized on microporous polymers by
Xu, Vilela, and co-workers to prepare a heterogeneous
photocatalyst.**> BODIPY is known for its excellent spectro-
scopic properties and chemical robustness, while conjugated
microporous polymers (CMP) are characterized by their
microporous structure and high surface area. New BODIPY-
based conjugated microporous polymers (BDP_CMP and
PHTT BDP) were prepared to take advantage of the
characteristics of both materials. In BDP_CMP, modified
BODIPY is one of the building blocks of the copolymer,
whereas in PHTT BDP, BODIPY is grafted into the polymer.
The prepared materials were tested in the a-terpinene
oxidation in a capillary reactor (Vapourtec: 10 mL) irradiated
with 530 nm LEDs. A chloroform suspension with sensitizer
and a-terpinene was combined with an air flow (1 mL-min™*
flow rate each) and pumped into the reactor. After 1 h
recirculation, both BDP_CMP and PHTT_BDP converted a-
terpinene quantitatively into ascaridole. To test the catalyst
stability, a solution containing just BDP_ CMP was recirculated
and irradiated for 6 h. After that, a-terpinene was added and
completely oxidized to ascaridole in one additional hour of
recirculation. With PHTT_ BDP, 90% conversion was
achieved, thus proving an enhanced photostability of
BDP_CMP, probably because of the different incorporation
of BODIPY in the two polymers.

Inspired by these results, commercially available Merrifield-
type resins were derivatized with BODIPY via aryl ester linking
in flow.””” The obtained functionalized polymers PS-Est-BDP
(200 mg, equivalent to ~5 mol %) were placed in a borosilicate
glass photoreactor (6.6 mm ID, 150 mm length, S.1 mL
volume) to form a fixed bed, which was irradiated with 500 nm
LEDs (7.44 W). The a-terpinene (0.67 M) in chloroform,
through which air was bubbled, was recirculated through the
reactor at 1 mL-min~" flow rate and was analyzed by an in-line
benchtop NMR spectrometer. The best conversion was
obtained with the heterogeneous polymer PS-Est-BDP,
achieving 58% in 24 h reaction time and 3 cycles, for a total
of 72 h irradiation. The resin was proven to be stable for 96 h.
However, the homogeneous photocatalysts used in a PTFE
reactor coil (1 mm ID, 10 mL volume) proved much more
efficient than the heterogeneous one (99% conversion in 3 h).
For this reason, PS-Est-BDP was modified with N-chloro
succinimide to improve its performance (Scheme 62). With
PS-Est-BDP-Cl,, complete conversion of a-terpinene was
achieved in ~1 h when sufficiently high pressure was applied
to increase the solubility of oxygen (5.5 bar). Moreover, PS-
Est-BDP-Cl, was recycled S times, for a total of 12.5 h of
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Scheme 62. Preparation of the Heterogenous Chlorinated
BODIPY Photosensitizer Linked to a Merrifield-Type Resin

PS-Est-BDP

PS-Est-BDP-Cl,

irradiation. Although conversion was not stable over time, the
catalyst activity was improved compared to the parent material.

A new heterogeneous photosensitizer was prepared starting
from 2,1,3-benzothiadiazole (BTZ)-based vinyl cross-linker,
which was copolymerized with styrene (St-BTZ, Scheme
63).*”! Through a precipitation polymerization with a free

Scheme 63. Bead-BTZ or pHIPE-BTZ Catalyst Preparation
through Copolymerization of St-BTZ with Styrene and
Divinylbenzene
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pHIPE-BTZ (additives: K;S,0g Span 80)

radical initiator (AIBN) in the presence of divinylbenzene
(DVB) as a nonphotoactive cross-linker, particles were formed
as micrometer-sized beads (Bead-BTZ). When the free radical
polymerization took place in the presence of a high internal
phase emulsion (Span 80), a monolith was formed instead
(pHIPE-BTZ). The two polymer-supported BTZs were
designed for continuous-flow applications, as an alternative
to polymeric gels, which can cause clogging. Instead, the beads
were dispersed in the solvent mixture, whereas p-HIPE-BTZ
was prepared and swelled in a glass column (7 mm ID). In the
photoreactor, the reaction mixture was combined with an air
flow and was irradiated with 420 nm LEDs. With Bead-BTZ,
the solution of a-terpinene was completely converted into
ascaridole within 1 h of recirculation, with an ascaridole
productivity of 136 mg-h™". With the monolith, the combined
flow rate was reduced from 2 mL-min~! to 1 mL-min~}, to
increase the contact time between the substrate and catalyst,
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and oxygen was used instead of air. In this case, full conversion
of the starting material was obtained after one pass of the 10
mL solution, with a productivity of 192 mg-h™'. The pHIPE
was very stable, even after more than 80 h reaction time. For
comparison, when the homogeneous St-BTZ was used in the
photooxidation of a-terpinene in batch, 90 min were required
to reach full conversion and after 45 min the photosensitizer
started to degrade in such strong oxidative conditions.

The oxidation of 2-furoic acid is another benchmark
reaction, which was selected to test the activity of RB
supported on an ionic liquid (IL)-like phase (Scheme 64).*

Scheme 64. RB-SILLP Catalyzed Furoic Acid
Photooxidation in Flow
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Supported IL-like phases (SILLPs) consist of a polymeric
backbone and ionic-liquid like fragments. There are two ways
to prepare the supported ionic liquids: (i) direct copoly-
merization of the IL monomers and (ii) grafting the IL-like
units onto the preformed polystyrene-divinylbenzene polymer
(PS-DVB). A grafted IL-like polymer was tested as a
photosensitizer in a flow setup. The RB-SILLP with an RB
loading of 0.89 umolRB per g of polymer, was swelled in a
fluid-bed reactor (S mL Omnifit column) and irradiated with a
medium-pressure Hg lamp (112.5 W) equipped with a glass
light filter. The developed polymer outperformed a commercial
heterogeneous photocatalyst (RB@PS-DVB), which provided
a maximum yield of 25% and was deactivated after 200 min.
Instead, the RB-SILLP was stable for at least 8 h, providing the
product in 45% yield. This result could be increased to 70% by
doubling the residence time.

Another important class of photosensitizers are porphyrin
derivatives, which under light irradiation pass from an excited
singlet state to triplet state via ISC (intersystem crossing) to
then perform an energy (or electron) transfer.*”* As such, they
have proven their efficiency especially in singlet oxygen
generation in a number of flow and batch organic trans-
formations.*”* In a report from 2016 concerning the
photooxidation of activated naphthol derivatives, de Oliveira
and McQuade screened the efficiency of 4 porphyrinoids and a
phthalocyanine (Scheme 65A).*”> The homemade photo-
reactor consists of a PFA capillary (1.65 mm ID, 25 mL) coiled
around a 24 W white LED lamp. Tetraphenylporphyrin (TPP)
outperformed the other derivatives (82% juglone yield, 1.54 g-
day™" productivity) with a short residence time (less than 17
min). The scope of the photooxygenation was then evaluated,
affording higher yields in flow than in batch for each substrate.

2815

Scheme 65. (A) TPP-Photocatalyzed Photooxidation of
Naphthol Derivatives in Flow and (B) TcPP-Photocatalyzed
DHN Oxidation through Formation of Singlet Oxygen in
the FEFMR
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Similarly, the photooxidation of dihydroxynaphthalene
(DHN) to juglone through in situ formation of singlet oxygen
was also studied by Rehm et al. in a falling film microreactor
(FFMR) (Scheme 65B).174 Various parameters were screened,
such as reactor architecture, light source, sensitizer, and oxygen
partial pressure. The conversion was higher in a reactor with
smaller channel architecture (0.2 X 0.6 mm vs 0.4 X 1.2 mm)
as this corresponds to a greater film thickness (50 ym). Rose
Bengal gave the best results with green LEDs as expected due
to the spectral overlap, while meso-tetracarboxyphenylporphyr-
in (TcPP) gave the best results with violet LEDs (410 nm).
However, a higher selectivity was achieved with TcPP, which is
also more photostable than RB. Analyzing the applied LED
power proved that 1.1 W was not sufficient to reach complete
conversion, but 3.6 W proved to be detrimental for the
selectivity. For this reason, 2.45 W was considered the most
appropriate LED power to apply. Additionally, the use of pure
oxygen was beneficial for the transformation, particularly in
terms of selectivity. After this optimization, conversion and
selectivity reached 97% and 99% respectively, in 19.4 s
residence time and an irradiated volume of 52 uL.

The same DHN oxidation reaction was used to test the
activity of two silica-supported photocatalysts, namely, [Ru-
(bpy);CL, ] and TMPyP* (5,10,15,20-tetrakis(N-methylpyridi-
nium-4-yl)porphyrin).*”® The functionalized materials con-
tained 2.5 mg PC per gram for [Ru(bpy);]@SiO, and 4.5
mgPC per gram for TMPyP@SiO,. The solution was pumped
into a 6.4 mm PTFE tube (1.5 mL volume) containing the
silica-supported photosensitizer (1.3 g) and was irradiated with
white LEDs. Both immobilized photocatalysts performed
better in flow than in batch. In flow, higher yields were
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obtained by pumping pure oxygen in the solution instead of
air. The desired juglone was afforded in GC quantitative yield
with TMPyP@SiO,, reaching up to 5.35 g-L™"-h™' STY with a
residence time of 30 min.

The photocatalytic activity of TPP and methylene blue
(MB) was also compared in the citronellol photooxidation.*”’
Both TPP and MB were efficient catalysts, with a strong
dependence on the selected solvent for the observed
productivity of the reaction. For example, in 2 min full
conversion was achieved for TPP (0.1 mol %) in dichloro-
methane and MB (0.1 mol %) in deuterated methanol, whereas
9 min were required for MB (0.1 mol %) in methanol. This
difference in productivity can be attributed to the difference in
lifetime of singlet oxygen in each solvent: 10 us in methanol,
100 us dichloromethane, and 230 ps in deuterated methanol.
Better results were obtained by switching to a more
appropriate light source for MB, from 6500 K white LED to
3000 K white LED. When using higher citronellol concen-
trations (2 vs 0.1 M, or even in neat citronellol), the authors
highlighted the importance of a good mass transfer efficiency
to reach high conversions in shorter times. This can be
improved with thinner PFA capillary (0.25 mm vs 0.75 mm
ID). Finally, with the optimal O,/citronellol molar ratio of 1.2,
the calculated productivity was 0.360 mmol-min~".

The limited lifetime of singlet oxygen in various solvents is a
problem addressed also by Von Wangelin et al. (Scheme
66).*® To circumvent the problem, a solvent-free system was

Scheme 66. Alkene Photooxidation in Flow in Solvent-Free
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PrTPP R = 4-nPr-CgH,
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Microflow conditions:
FEP or PFA tubing (0.8 mm ID, 6.3 mL)
White LEDs (190 W)
Solvent: Neat R R

reported for the photooxidation of alkenes, which undergo
'0,-ene reactions to form peroxides. The reactor design, a FEP
or PFA coil (0.8 mm ID, 6.3 mL volume) irradiated with 190
W white LEDs, was based on a previous report.460 Once more,
the photosensitizers of choice were either MB or TPP, and
when evaluated with a set of alkenes both gave high STY values
(950—4600 g-L™"h™'). Because of the poor solubility of
commercially available organic dyes, especially in apolar
substrates, a propyl-TPP (PrTPP) photocatalyst was devel-
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oped and successfully employed, with STY between 300 and
850 gL “h7".

Another problem when performing oxidations mediated by
singlet oxygen is its poor solubility in other organic solvents,
which is generally overcome in flow due the increased mass
transfer due to Taylor recirculation patterns. Another option is
to use supercritical CO, (scCO,) and liquid CO, (ligCO,),
which not only have the advantages to be nonflammable and
nontoxic, but also offer better oxygen solubility. Moreover,
singlet oxygen even has a longer lifetime in scCO, (5.1 ms at
147 bar and 41 °C), compared to organic solvents (230 ys in
CD3OD).499 For these reasons, George, Poliakoff, and co-
workers reported the photooxidation of cyclopentadiene in
scCO,/1igCO, in continuous-flow (Scheme 67A).°” Once

Scheme 67. (A) Photooxidation of Cyclopentadiene in Flow
Using ligCO2 and scCO2 as Solvents in Flow and (B)
Photooxidation of Fulvene in the Same Reactor Setup
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Flow conditions:

Sapphire tube with glass spheres
White LED, T=40 °C
Solvent: liqCO, or scCO, (0.05-0.1 M)

more, the photosensitizer was a porphyrin derivative, that is,
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPFPP).
The endoperoxide intermediate, undergoes other thermal
transformations in flow, being selectively transformed into
various oxygenated products (Scheme 67A). The reactor
designinvolves two static mixers placed in series, followed by
the photoreactor and a thermal reactor. Oxygen and CO, are
pumped through the first static mixer, consisting of a stainless-
steel tube filled with sand, before being combined and mixed
with cyclopentadiene in the second one. The photoreactor
itself is a high-pressure sapphire tube (8 mm ID, 12 cm length)
filled with 6 mm glass spheres and irradiated by LEDs. After
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the photoreactor, the flow was directed to a thermal flow
reactor for further derivatization of the endoperoxide. With
this reactor design, a number of derivatives were prepared in
good to excellent yields (70—99%) and appreciable productiv-
ities (5.94—36.3 mmol‘h™!). The same reactor design system
was also employed in the continuous-flow photooxidation of
fulvenes in scCO, (Scheme 67B).°°" In this case, the selectivity
to the desired lactone was improved by adding ethyl acetate as
a cosolvent.

Considering the increasing alpplications of flow techniques
to access bioactive molecules,' * it is not surprising that the
cyclopentadiene photooxidation was explored also by
researchers at Pfizer and Syncom.””” The photooxidation was
used as the first step in the synthesis toward (1R/4S)-4-
hydroxycyclopent-2-en-1-yl acetate, an important building
block for prostaglandin synthesis.’”® The flow reactor
consisted of a PFA capillary (1.6 mm ID, 9 mL volume)
coiled around a Drechsel bottle and was irradiated with green
LEDs (530 nm). The endoperoxide intermediate was directly
quenched in batch with thiourea to the corresponding diol.
Using half the amount of the solvent used in batch and with
only 3 min residence time, up to 8.6 g of diol per hour were
obtained. The productivity was further increased to 1 kg-day™
with a five times longer coil and extra lamp power. After
acetylation of the diol, the enzymatic desymmetrization was
performed, affording the final chiral product in good yield and
excellent enantioselectivity (Scheme 68).

Scheme 68. Multistep Synthesis of (1R,4S)-4-
Hydroxycyclopent-2-en-1-yl Acetate Starting from the
Photooxidation of Cyclopentadiene in Continuous Flow
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4°C
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76% (22.3 g) 44%
99% ee 3 steps

A TPP photosensitizer was also used in combination with
cinchona alkaloids as a phase transfer catalyst (PTC) to
catalyze the enantioselective photooxidation of dicarbonyl
compounds (Scheme 69).>"* This example showcases the
feasibility of merging enantioselective synthesis and flow
techniques.”” Because of the biphasic nature of the medium
(water/toluene), the two solvents were premixed in a first
reactor and then pumped together with oxygen through the
photoreactor (a commercially available Corning AFR),
irradiated by 20 W white LEDs. Reaction conditions were
adapted when moving from batch to flow. For instance, the low
temperatures (—15 °C) and the concentrated base (50%
K,HOP,) used in batch led to clogging issues and could
damage the microflow reactor. For this reason, the basic

Scheme 69. Enantioselective Photooxidation of -
Dicarbonylic Compounds in Flow with TPP and a Cinchona
Alkaloid As Phase-Transfer Catalyst
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solution was diluted to 10%, and the temperature was raised to
0 °C to obtain homogeneous reaction conditions, without
major decrease of the enantioselectivity of the transformation.
Moreover, the reaction time was reduced, from 8 h in batch to
54 s in flow. Almost simultaneously, similar results were
obtained in another report on the enantioselective photo-
oxidation of carbonyl compounds. In this case, reactions were
performed without TPP and under blue LED irradiation.’*°
The authors claim that the blue LEDs directly excite the triplet
oxygen, without the need of a photosensitizer. However, longer
residence times were required (~1 h).

“Tube-in-tube” reactors contain a gas-permeable membrane
to supply gas to the reaction mixture.”””>’® These type of
reactors have also been used to supply O, for photooxidation
reactions.

Researchers at EcoSynth NV described the oxidation of 3-
(2-furyl)propanoate in a homogeneous flow regime (Scheme
70).°” After some positive preliminary results in micro-
capillary membrane reactors,”>''! a larger-scale setup was
tested. To supply oxygen, a reverse tube-in-tube reactor was
chosen.”'” This means that the liquid phase is recirculated in
the outer tube, enabling better temperature control of the

Scheme 70. Methylene Blue Photocatalyzed Oxidation of
Ethyl 3-(2-Furyl)propanoate in a Microflow Reactor in a
Gas—Liquid Membrane Reactor
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Solvent: CH;OH (0.1 M)
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reaction mixture, and the gas is supplied via the inner tube.
The so-formed homogeneous solution is then irradiated with
white 20 W LEDs. Accurate oxygen supply relies on three main
factors: (i) membrane temperature, (ii) oxygen pressure, and
(iii) liquid flow rate, which influences the residence time, so
the oxygen uptake.’'” Controlling these three parameters, it
was possible to calculate the O, concentration (50 mM) in
CH;OH at 110 °C and with a flow rate of 1 mL-min™"'
Homogeneous reaction conditions could be achieved at such
high temperatures owing to the back-pressure regulator (BPR:
250 psi or ~17 bar) and the high pressure of the oxygen
supply. With this approach, more controllable conditions and
thus more reproduceable outputs were obtained, compared to
a biphasic system. The calculated productivity reached up to
2.75 mmol-h™ with a STY of 1.4 mol-L™"-h™> and the product
was isolated in 90% yield after further optimization (S min
residence time and 70 °C). Other substrates such as a sulfide,
an amine, a-terpinene, and citronellol were easily oxidized in
the system with some modifications (e.g, residence time,
photosensitizer). Surprisingly, under heterogeneous gas—liquid
conditions, conversion was generally lower.

De Souza et al. described the TPP-photocatalyzed oxidation
of (R)-limonene in flow (Scheme 71).>"* The hydroperoxide

Scheme 71. (R)-Limonene Photooxidation in Flow Using a
Tube-in-Tube Reactor in the Presence of TPP

Me Tube-in-tube
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[
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Heat exchanger
-30°C 55% conversion
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217.8 umol-min~"'

Microflow conditions:

PFA tubing (1.6 mm ID, 30 mL)
Blue LED (124 W), T =-20 °C
Solvent: CH;CN/CH,Cl, 3:1 (0.4 M)

derived from the photooxidation is directly reduced with PPh,
to afford a chiral alcohol which is an important cannabinoid
precursor. A solvent mixture of acetonitrile and dichloro-
methane was used to maximize the solubility of oxygen and the
lifetime of 'O,. Initial optimization was performed in a small
flow reactor (0.5 mm ID, 1 mL volume) irradiated with blue
LEDs (124 W). In a larger reactor (1.6 mm ID, 30 mL
volume), productivity was increased to 491.6 gmol-min~" with
7.5 min residence time, compared to 14.6 ymol-min~" in the
smaller reactor, with constant selectivity (48%). Selectivity
increased to 66% when performing the photooxidation at —20
°C but led to lower conversion (55%) and a decrease in
productivity (217.8 ymol-min™").

Continuous-flow techniques also allowed for safe endoper-
oxidation of differently substituted dienes with successive
Kornblum—DeLaMare (KDM)*"*~'® rearrangement (Scheme
72).>"7 The setup involved a gas—liquid flow reactor in a
semipermeable Teflon AF-2400 membrane (tube-in-tube) and
a homemade photochemical reactor (PFA capillary: 1.6 mm
ID, 23 mL volume). The photooxidation and the KDM
rearrangement were separated into two consecutive steps,
because the base, which is necessary for the KDM rearrange-
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Scheme 72. Photocatalytic Endoperoxidation of Dienes
Followed by Kornblum—DeLaMare (KDM) Rearrangement
in Flow
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White LED (100 W)
Solvent: CH;CN/CH,Cl, 2:1 (0.04 M)

ment, quenched the photoexcitation state of the photo-
sensitizer (TPP). Starting from cyclooctadiene, the endoper-
oxidation in flow resulted in 62% yield in 46 min residence
time and a productivity of 8.2 g-day~'. The KDM rearrange-
ment was first performed in a 0.25 mL microchip at 140 °C
(84% yield) and then in a 16 mL stainless-steel/PFA reactor at
60 °C (90% yield). When the photooxidation and rearrange-
ment were telescoped, either DBU or Et;N was used for the
second step. With an in-line acid workup at 0 °C, the KDM
keto-alcohol intermediate afforded furans, whereas at higher
temperatures the more stable 1,4-dicarbonyl compounds could
be obtained via an additional proton rearrangement.

Von Wangelin et al. reported the photocatalytic oxidation of
aryl cyclohexenes in flow (Scheme 73).°'® Aryl cyclohexenes
constitute a very interesting class of substrates, as the benzylic
position can be oxidized; although, the reaction is often
plagued with selectivity issues. The FEP reactor (0.79 mm ID,
6.3 mL) was irradiated with 24 water-cooled high-power red
LEDs (1.7 W) and equipped with a 12 bar BPR to increase
oxygen solubility. The photooxidation works through a 'O,-
ene reaction and afforded allyl hydroperoxides. Mechanistic
investigations including Hammett studies and DFT calcu-
lations corroborated the contribution of a zwitterionic
intermediate in the mechanism. Other byproducts were
observed and sometimes isolated, especially endoperoxides
originating from [4 + 2] cycloaddition or 1,6-dicarbonyl
compounds deriving from [2 + 2] cycloaddition. The allyl
hydroperoxides could be reduced in more stable allylic alcohols
or transformed into @,f-epoxy alcohols.

Singlet oxygen oxidation was also performed in flow to
increase the productivity of artemisinin, a powerful antimalaria
compound, derived from Artemisia annua plants.”’” In fact,
because the plant contains only 1% of artemisinin and its total
synthesis is not convenient, the authors suggested a semitotal
synthesis starting from another compound present in the same
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Scheme 73. Photocatalytic 'O,-ene Reaction of 1-Aryl-1-
cyclohexenes in Flow
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plant, that is, dihydroartemisinic acid (DHAA). In flow, DHAA
reacts with 'O, to form a peroxide through a Schenck ene
reaction to form artemisinin in the presence of a dye, either
TPP or 9,10-dicyanoanthracene (DCA) (69% yield, 12
.\ 488,519
min). More recently, the crude extract from the plant
containing DHAA and chlorophyll was directly used as
reaction mixture (Scheme 74).°*° The extraction was

Scheme 74. Artemisinin Synthesis in Flow Starting from
Artemisia annua Crude Extract

DHAA

(from the crude A. annua
extract with chlorophylls)
+

TFA (0.375 M)

Microflow conditions:

FEP tubing (0.8 mm ID, 5 mL)
Blue or red LED (420 or 660 nm), T =-20 °C
Solvent: Toluene (0.5 M)

Artemisinin
67%

performed with toluene at 50 °C for 10 min. Photoirradiation
took place in a §S mL reactor, after preconditioning in a tube to
cool down the reaction mixture to —20 °C. For comparison,
the DHAA photooxidation was performed in the presence of
isolated chlorophylls and DCA. Pure chlorophylls out-
performed DCA in the photooxidation of pure DHAA (83%
vs 20% of intermediate), but even better results were obtained
with the crude extract. In fact, 90% of the hydroperoxide
intermediate was formed in 7 min residence time. When
starting from the extract of the chlorophyll sensitizers and
DHAA, TFA was added for the intermediate to be transformed
into artemisinin in the second reactor loop (residence time of
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10 min). With blue LEDs at —20 °C artemisinin was obtained
in 67% yield in S min (Scheme 74). Using more appropriate
red LEDs allowed reduction of the reaction time to 3 min
without a significant change in yield (64%), with an STY of 2.1
kg-L~'-day”".

Wipf et al. described the photooxygenation of 4-amino-
thienopyridones (Scheme 75).>*' After preparation of the

Scheme 75. Photooxidation of Aminothienopyridinones
with Singlet Oxygen in Continuous Flow
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reaction mixture, the mixture was flown through a macroflow
photoreactor (FEP tubing, 80 mL) irradiated with an 18 W
CFL lamp. In flow, the residence time could significantly be
reduced to 42 min residence time, compared to several days in
batch. In most of the cases, it was possible to directly access
the N—H-imines over the ketone. The proposed mechanism
begins with an ene-type reaction between the starting material
and singlet oxygen, followed by tautomerization and
elimination of water. Later, the same group developed a 3D-
printed polypropylene photoflow cell (ID 1.5 mm, 2.11 mL)
which was successfully employed for the same reaction.'*’
With 100 W blue LEDs, the residence time was decreased to 2
min.

In 2021, Wang et al. reported a continuous-flow synthesis of
thiuram disulfides, which are functionalities with important
industrial applications.””” Their strategy was based on the
eosin Y-mediated photooxidation of the adduct formed
between CS, and an amine (Scheme 76). Although the
authors proposed a mechanism involving the superoxide
radical (O,)”°, experiments with diphenylisobenzofuran,
which is a singlet oxygen trapping agent, proved that singlet

Scheme 76. Synthesis of Thiuram Disulfides via Visible-
Light Photocatalytic Aerobic Oxidation
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Scheme 77. Tandem Photodeprotection and Decarboxylation in Flow, Followed by Azide—Alkyne Click Chemistry
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oxygen is involved in the mechanism, as claimed by the
authors. However, it is important to note that even though
eosin Y is known to be an excellent 'O, photosensitizer, the
ability to generate singlet oxygen and superoxide radical is not
mutually exclusive. Moreover, the conditions for the trapping
experiment were different from those of the reaction itself, so it
is possible that the starting amine is involved in an SET. The
PTFE reactor (1.6 mm ID, 10 mL volume) was irradiated by
13 W green LEDs. The residence time was set at 25 min in
ethanol and 20 min in methanol. However, in some cases, the
low solubility of the product in both alcoholic media required
faster flow rates to wash the precipitate away and avoid
blockages, at expense of the yield.

The continuous-flow photooxygenation of phenols was
described by Sparr et al. to afford benzoquinones in high
yields.””® Methylene blue was used as organic photocatalyst
(0.9 mol %) to generate singlet oxygen. Reactions were
performed in a PFA capillary coil (4.6 mL volume), irradiated
with either 32 W white LEDs with an orange filter or with 9 W
hyper red LEDs (660 nm) and were completed in 16—120 min
residence time. The developed process was also applicable to
naphthols and anilines (18 examples, 60—99% yield). More-
over, the process was employed to obtain p-quinols, by directly
reducing the hydroperoxide intermediates with sodium
thiosulfate.

5.5. Photocleavage and Photodeprotection

Protecting groups have been of invaluable importance in the
field of synthetic organic chemistry and especially in the total
synthesis of complex biologically active molecules.”**™>** An
ideal protecting group should possess two characteristics: (1)
to protect a sensitive functional group from undesired
reactions during subsequent modifications of the parent
molecule, and (2) it should be installed and removed in high
yield and selectivity. Photocleavage is an ideal strategy for the
deprotection of a functional group as it is often orthogonal to
the more traditional thermal- or acid—base-type deprotection
strategies.527

One example of the on-demand generation of a reactive
compound using a photodeprotection strategy was given by
Moth-Poulson et al.”*® The authors generated terminal alkynes
by a tandem photodeprotection and decarboxylation in flow
(Scheme 77). A solution of ortho-nitrobenzyl protected
arylpropionic acid was subjected to UV-irradiation (4 W,
254 nm) in a quartz-based microchip (62.5 L) and full
conversion was achieved in 8.3 min residence time, to form
phenylacetylene in one step. This reactive terminal alkyne was
subsequently combined with Cul and azide in a batch reactor
to initiate a copper catalyzed azide—alkyne cycloaddition,
generating a 1,2,3-triazole in 41% overall yield.

The photochemical generation of thioaldehydes is another
example of a reactive compound that was generated through
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photodeprotection in flow.”*” Phenacyl sulfides were irradiated
with UV-light and the resulting highly reactive thioaldehydes
were combined with various dienes to carry out a thio-Diels—
Alder reaction vyielding dihydro-thiopyrans in one step
(Scheme 78). Using this approach, a wide variety of dihydro-

Scheme 78. thio-Diels—Alder Reactions of Photochemically
Generated Thioaldehydes in Continuous Flow
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thiopyrans were prepared in generally high yields and good
regioselectivities (64—99% for 19 examples). Additionally, a
gram-scale reaction of the model substrate could easily be
performed by scaling the reaction in flow (1.077 g, 99% yield,
84:16 regioisomeric ratio (rr) over 20 h reaction time).
Compared to the batch method, the flow approach
significantly improved the use of the highly reactive
thioaldehydes, with a 22-fold improvement in productivity
and a 60-fold improvement in space time yield (0.18 mmol-
h™, 6.0 g'L71~h71 in flow, versus 0.0083 mmol-h™}, 0.1 g‘Lfl‘
h™! in batch).

A mild photocatalytic protocol was developed for the N-
desulfonylation of N-heterocycles (Scheme 79).°*° The
selective N—S bond cleavage of a benzene-sulfonyl protected
indazole was first performed in batch in the presence of a
copper photocatalyst, achieving 92% isolated yield in 24 h.

Qf
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Solvent: CH,Cl, (0.01 M)

Scheme 79. Photocatalytic N-Desulfonylation of N-
Heterocycles
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Control experiments showed that both light and photocatalyst
were required to perform the transformation. Additionally,
improved results were obtained in the presence of Hantzsch
ester and base. These optimized conditions were applied to a
variety of indazoles, indoles, pyrazoles, and benzimidazoles
with electron-donating and electron-withdrawing functional
groups. Finally, the scale-up potential of the protocol was
shown by performing the N-desulfonylation of the model
indazole substrate in flow. A commercially available reactor
(Vapourtec UV-150: 0.76 mm ID, 10 mL volume) was used
and the reaction mixture was irradiated with 24 W blue LEDs
(450 nm), achieving 60% yield in 100 min residence time.
The photochemical cleavage of C—O bonds in lignin
systems could provide an easy route to benzylic alcohols and
ketones as a biomass-valorization strategy from currently
discarded plant materials. Within lignin systems, the f-O-4
linkage is one of the main connections and is thus an
interesting target for cleavage in lignin depolymerization
studies. Stephenson et al. developed a two-step procedure for
the cleavage of f-O-4 linkages via catalytic oxidation and
photocatalytic reduction in batch and in flow (Scheme 80).%*"

Scheme 80. Photocleavage of the f-O-4 Bond in Lignin
Models under Blue LED or Solar Irradiation
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The palladium-catalyzed oxidation was first performed with
various lignin model substrates, rendering the corresponding
unsymmetrical ketones. After a workup procedure to enable a
solvent switch, the crude mixture of the oxidation step was
irradiated with blue LEDs in the presence of an iridium catalyst
to achieve complete conversion for the #-O-4 cleavage in batch
after 32 h. The photocleavage was subsequently translated to a
flow protocol, resulting in a significant increase in productivity
(0.4 mmol-h™ in flow vs 0.013 mmol-h™ in batch),
exemplifying the practical utility of the flow procedure for
large-scale operation. However, flow reactors generally require
homogeneous reaction conditions and due to the low solubility
of lignin polymers, the p-O-4 cleavage studies of these
polymers were performed in batch. Different lignin polymers
were subjected to the cleavage procedure under blue LED or
solar irradiation and comparable yields were obtained for both,
further adding to the potential greenness of the protocol.
After initial work of Seeberger et al. on the use of photolabile
groups as linkers for solid phase synthesis of saccharides,””
more publications appeared to either exploit this technol-
33733 or to improve the photocleavage method.”*”*
Additionally, a commercially available instrument for the
automated glycan assembly was developed.”*'

2821

One approach for increasing the efficiency of the photo-
cleavage method was proposed by Hurevich et al,>*” who
found that grinding of the porous polystyrene beads to expose
more surface area to the irradiation significantly improved the
photocleavage efficiency. The grinding was performed either
by a magnetic stirrer or by using a shaker, prior to or while
being subjected to UV-LED irradiation in a batch reactor. A
higher degree of photocleavage was observed at higher stirring
rates, with more than 80% of material cleaved at 1060 rpm
after 6 h irradiation time.

Alternatively, a flow platform was created by Gilmour et al.
for the photocleavage of glycans from their solid support
(Scheme 81).°* The platform contained a reaction unit with

Scheme 81. Photocleavage of a Polysaccharide from a Solid
Support under Blue LED Irradiation in Continuous Flow
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Reprinted with permission from ref 540. Copyright 2020 American
Chemical Society.

FEP capillary (0.8 mm ID, 4 mL) coiled around a water-cooled
cylinder, which was irradiated with eight LEDs (2—3.8 W at
750 mA, 365 nm). Using this setup, 79% photocleavage from
the resin was obtained after 1 h irradiation time. A slight
increase in photocleavage was observed when pregrinding the
beads (86%). Importantly, the reproducibility of the flow
protocol was shown by duplicating several experiments, with a
maximum discrepancy of 5% between individual experiments
with the same conditions.

Another important consideration in the synthesis of
polysaccharides is the protection of hydroxyl groups. Potential
protecting groups for these hydroxyl groups are benzyl ethers,
which because of their inherent stability, can be applied to a
wide range of different reaction conditions. However, harsh
conditions are typically required for their removal. A mild
photocatalytic method for the deprotection of benzyl ethers
from saccharides was developed by Pieber, Seeberger, and co-
workers (Scheme 82).°** Reactions were first performed in
batch and required 1—17 h to reach reaction completion for
substrates carrying various other protecting groups. Most of
these other protecting groups were compatible with the
reaction conditions, including fluorenylmethoxycarbonyl,
levulinic ester, allyl carbonate, and benzylidene, whereas
benzyloxycarbonyl was partially cleaved leading to lower
yields. In batch, switching from a green to a blue LED light
source resulted in shorter reaction times, but significantly
higher overoxidation and photodegradation was observed. In
contrast, the precise control over the reaction time and more
efficient irradiation in flow allowed for the intensification of the
reaction conditions with blue LEDs, while maintaining high
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Scheme 82. Mild and Selective Photodeprotection of Benzyl
Ethers from Saccharides in Batch and Flow
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selectivities (batch = 68—85% yield in 3.5—24 h, flow = 69—
82% in 3—10 min).

The continuous-flow photocleavage of a phthalimide group
from a glucose derivative enabled the total synthesis of the
polyhydroxy amino acid (+)-polyoxamic acid (Scheme 83).>*
The photocleavage generates an alkoxy radical, which, via -
scission, transforms into a more stable carbon radical. Finally,
upon 1,5-hydrogen atom transfer and subsequent trapping of

Scheme 83. Phthalimide Photocleavage Initiates a Radical
Cascade to Benzylidene Acetal in the Total Synthesis of
(+)-Polyoxamic Acid
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the benzyl cation with the unprotected OH-group, the desired
benzylidene acetal is generated. The reaction was first
optimized in batch to reach 63% vyield after 24 h reaction
time. In flow, the same yield was obtained in only 1 h residence
time. In addition, the flow protocol enabled reduced catalyst
loadings (5—2 mol %) and sufficient quantities of the
benzylidene acetal could be generated to perform downstream
reactions toward (+)-polyoxamic acid.

A multistep flow process for the synthesis of methylpheni-
date was developed by Monbaliu et al,*** based on either an
intramolecular or an intermolecular mechanism. The intra-
molecular method with a tosyl deprotection and subsequent -
lactam ring formation step performed best under thermal
conditions with 98% isolated yield in S min residence time at
180 °C, but was shown to also be feasible using a flow
photochemical method (Scheme 84). In the photodeprotec-

Scheme 84. Tosyl Hydrazone Deprotection and f-Lactam
Ring Formation in the Synthesis of Methylphenidate
Hydrochloride”
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“Reprinted with permission from ref 544. Copyright 2017 Royal
Society of Chemistry.

tion, 97% conversion of tosyl hydrazone was obtained after 1 h
under UV-A irradiation. An in-line workup was developed and
direct methanolysis under acidic conditions provided methyl-
phenidate hydrochloride in a telescoped process.

5.6. (De)Halogenation

5.6.1. Fluorination. Fluorine is characterized by the
highest electronegativity of the periodic table. For this reason,
material and medicinal chemists employ this element to
modulate the lipophilicity and the bioavailability of new
drugs®® and tune the properties of polymers.”****” While
keeping in mind the effects of fluorine on the environment and
on human health>*® it is important to develop newer and
greener (de)fluorination methods, as well as fluoroalkylation
procedures,”* especially based on a late-stage functionalization
approach.””>>" Photochemistry can be considered to be a key
strategy in this scenario.’>*~>>* Moreover, the combination of
flow technology and fluorine chemistry opens up opportunities
to easier and faster automation, as '°F is ideal for rapid NMR
analyses. This attribute was exploited by Rehm et al. to develop
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a continuous-flow synthesis lab plant and was combined with
benchtop NMR spectroscopy for fluorinated molecules.”>
Selectfluor is one of the most common reagents for
electrophilic fluorination.”>*™>** Lectka et al. used it to
perform the selective photosensitized enone-directed f- and
y-fluorination of C(sp>)—H bonds (Scheme 85).>*” Notably, in

Scheme 85. Terpenoidal-enone-Driven Sensitized
Fluorination in Flow
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the set of steroidal substrates, the selectivity relied solely on the
enone functionality, which guides the fluorination. The same
group had already reported this reaction using a Rayonet
reactor.”®” The addition of benzil as a photosensitizer
improved yields to 94% and allowed the reaction to proceed
with less energetic cool white LEDs (420—700 nm). However,
the exact role of the benzil could not be established, and an
electron-transfer mechanism could not be ruled out. When a
continuous-flow reactor (FEP tubing, 1.6 mm ID, irradiated
with six white LEDs) was employed, the residence time was
reduced to 4 h, compared to that of batch, which required 14 h
reaction time. When the FEP tubing was irradiated in a
Rayonet reactor (300 nm), the residence time was further
decreased to 1 h.

The decarboxylative fluorination of aryloxy acetic acids was
performed by Seeberger, Gilmour, and co-workers by employ-
ing Selectfluor in a segmented flow regime (Scheme 86).°"'
The segmented flow regime allows to handle solid materials,
liquids, and even gases in a continuous-flow (photo)reactor,
effectively avoiding issues with the settling and thus clogging of
the heterogeneous catalyst (in this case, a modified carbon
nitride: CMB-C3N,).**> The use of segmented flow in a serial
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Scheme 86. (A) Schematic Representation of the Use of
Segmented Flow Regime to Avoid Clogging and (B)
Photocatalytic Decarboxylative Fluorination in a Segmented
Flow Regime
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microbatch reactor (SMBR) represents an interesting alter-
native to (i) packed-bed reactors, which are not always suitable
because of the impenetrability by light and (ii) pumping a
suspension, which results in settling of the photocatalyst,
clogging, and issues with reproducibility of results. In the
segmented flow regime, the catalyst suspension is mixed using
a T-connection with an inert gas which ensures the formation
of different segments in which toroidal fluid currents are
established which keep the heterogeneous photocatalysts in
suspension (Scheme 86A). In their work, the CMB-C;N,
photocatalyst was suspended in 1-butyl-3-methylimidazolium
tetrafluoroborate ([Bmim]BF,-H,0). The photoreactor con-
sists of a PFA coil (1.6 mm ID, 17—68 mL volume) irradiated
with blue LEDs (12 W, 420 nm). The fluorinated products
were obtained in moderate to high yields (31—-80%), with
residence times varying between 14 and 24 min. No
purification was necessary, and a three-step extraction allowed
for the recovery of the ionic liquid and the catalyst. In a larger
scale reaction, when starting from 16 mmol of phenoxyacetic
acid, 90% of the fluorinated product was obtained within 6.5 h
of total operational time (f; = 16 min). The procedure was
successfully applied to the fluorination of ibuprofen (Scheme
86B). Notably, besides the decarboxylative fluorination, it was
possible to change the selectivity of the fluorination to the
benzylic position by switching from basic to acid conditions.
Deoxyfluorinating agents, such as DAST (diethylaminosulfur
trifluoride), are known for their drawbacks, such as toxicity and
explosivity.”*® In contrast, SF is a rather inert and cheap gas,
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and its application in organic synthesis is underexplored.
Jamison et al. reported a photocatalytic activation of SF4 and
used it for the deoxyfluorination of allylic alcohols in flow
(Scheme 87).°°* The continuous-flow system consisted of a

Scheme 87. Photocatalytic Deoxyfluorination of Allylic
Alcohols with SFg in Flow
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“pre-reactor” where the liquid and gas phase were mixed before
entering the photoreactor. As a light source, blue LEDs (470
nm) were employed. The photoreactor, equipped with a back-
pressure regulator, allowed to use high pressures (100 psi, 6.9
bar) in a safe way. This also enabled solubilizing the gas into
the liquid phase. The productivity was increased, from 0.04
mmol-h™ in batch (¢t = 4 h) to 0.19 mmol-h™" in flow (t; = 16
min). In flow, the starting material was transformed within 2
min into a mixture of the product and an intermediate (most
likely (RO),SF,) which is slowly converted back to the starting
material. Consequently, the reaction in flow is more selective
while affording both higher yields and conversion ratios.

Nagorny et al. used SF4 to generate glycosyl fluorides
through a photocatalytic deoxyfluorination.””> The method
was based on the use of 4,4’-dimethoxybenzophenone as the
photocatalyst which is excited through irradiation with UV-A
LED (A = 365 nm). The scale-up of the reaction was
performed in a PTFE flow reactor with pressurized SF¢ (100
psi, 6.9 bar). The residence time was 8.5 h, instead of 20 h in
batch. The 0.033 M solution in dichloroethane was
recirculated in the reactor for 120 h, to finally afford 7.2 g of
the glycosyl fluoride product, resulting in a yield of 93%.

5.6.1.1. Fluoroalkylation. Photochemistry is an important
alternative to classic transition metal catalysis to successfully
realize trifluoromethylation and fluoroalkylation reac-
tions.”*>*®” Light-induced perfluoroalkyl radical (Rg
C,Fy,, 1 > 1) generation can occur via either photocatalysis
or photoexcitation of an electron donor—acceptor (EDA)
complex formed in situ.’®® As amply demonstrated in this
review, flow technology boosts the potential of photo-
chemistry, especially in terms of reaction rate.

To elucidate the trifluoromethylation mechanism of
trifluoromethylation in flow, Noél et al. investigated on the
reaction between N-methyl pyrrole and gaseous CF,I (Scheme
88).775697571 The organic solution containing Ru(bpy);CL,
the heterocycle and a base (TMEDA) was pumped through a
PFA capillary (0.7S mm ID, 0.93 mL volume) irradiated with
blue LED light (3.12 W). The reaction resulted in a pseudo-
zeroth-order for CF;I and first order for the N-methyl pyrrole.
Stern—Volmer kinetic analysis determined that TMEDA was
the most effective quencher of the excited Ru(II) complex.
This was an indication that the photocatalyst was more likely
to undergo a reductive quenching rather than an oxidative one
by CF;l. Combining the photoreactor with an inline UV—vis
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Scheme 88. Trifluoromethylation of N-Methyl Pyrrole and
Mechanistic Elucidation
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spectrophotometer, the photon flux could be measured (1.57
X 1077 einstein-s™'), while the calculated quantum yield was ®
= 0.55 + 0.02 indicating that a chain reaction mechanism
could be ruled out. The yield was strongly dependent on the
photon flux, as demonstrated by changing the power input of
the blue LEDs. The efficiency of the reaction also depended on
the photocatalyst concentration, with a maximum yield
afforded at 0.5 mol %. Higher catalyst loading can lead to
self-quenching, low solubility, and higher attenuation effects
(nonhomogeneous irradiation), leading to reduced yield.

The fluoroalkylation of heterocycles was also reported in
another work by Carrillo, Noél et al., who described a series of
bithiophene (BTP) derivatives as new organic photocatalysts
(Scheme 89).°”* At first, a priori time-dependent density
functional theory (TD-DFT) studies were performed to
predict which derivatives would have the most interesting
properties (absorption and emission maximum, redox
potential). Finally, based on the obtained results, six of these
BTP derivatives were synthesized and tested in C—H
functionalization of heteroarenes with bromo malonate
(Scheme 89A). Using a microcapillary flow reactor in PFA
(0.76 mm ID, 2.5 mL volume) irradiated with 400 nm purple
LEDs, the best result was obtained with BTP A (absorption
maximum = 390 nm, E,,* = 1.34 V vs SCE). The desired
product was obtained in 70% yield after purification, in only 7
min residence time, compared to S h in batch. Similarly, the
trifluoromethylation and difluoroalkylation were successfully
accomplished (Scheme 89B) in a commercial reactor (FEP
capillary, 1.33 mm ID, S mL volume) irradiated with 460 nm
LEDs. Mechanistic studies demonstrated that this class of
photocatalyst can be quenched both through an oxidative and
a reductive pathway.

Gaseous CF;I was also used by Noél et al. for the
photocatalytic trifluoromethylation and hydrotrifluoromethy-
lation of styrene derivatives (Scheme 90).°”* The microflow
reactor consisted of a high purity PFA capillary (0.5 mm ID,
1.25 mL) irradiated with either blue LEDs (3.12 W) or a 24 W
CFL, for the trifluoromethylation and hydrotrifluoromethyla-
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Scheme 89. (A) BTP Derivative Photocatalytic C—H
Functionalization of Heteroarenes with Bromomalonate
and (B) C—H Fluoroalkylation
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Scheme 90. (A) Photocatalytic Trifluoromethylation and
(B) Hydrotrifluoromethylation of Styrene Derivatives in
Batch and in Flow
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X CF3
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—_—_—
fac-Ir(ppy)s (0.5 mol%)
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Batch: tg =24 h, 79%

Microflow conditions: AHTP .
PFA tubing (0.5 mm ID,1.25 mL)
CFL (2x 24 W)
Solvent: CH,CICH,CI/EtOH 9:1 (0.05 M) HO

tion respectively. With translation to continuous-flow, the
reaction time was reduced from 24 to 72 h to a maximum of 90
min and was accompanied by an increased E/Z selectivity

2825

(Scheme 90A). Notably, it was possible to minimize or
completely avoid an unwanted energy transfer occurring
during irradiation which caused the isomerization from the
thermodynamically more stable E-diastereoisomer to the Z
one. The hydrotrifluoromethylation was also achieved in the
same system, just by the addition of 4-hydroxythiophenol
(4HTP) as hydrogen atom donor (Scheme 90B).

R;I compounds were employed by Kappe et al. to perform a
light-induced atom-transfer radical addition (ATRA) reaction
in flow (Scheme 91).°”* A commercial photoreactor (Corning

Scheme 91. Photoinduced Iodoperfluoroalkylation of
Alkenes and Alkynes in Continuous Flow Resulting in an
ATRA Reaction

1 |

Me
s CeF13—I CeF13\)\(\,)Me
PDI (0.05 mol%) 5
Et3N (20 mol%) 90%
|
R e
=z A !
Rg—I
or F Z
Et;N (20 mol%) RF\’/k R
2R
52.95%
(15 examples)

Re = CF3 CaFs, C4F,

Microflow conditions: CeF13, CF(CF3),

Glass microreactor (0.3 mm channel depth, 2.77 mL)
Purple/blue LED (Apax: 405 nm), T =20 °C
Solvent: CH;CN (0.25 M)

iPro oiPr

Sisiess
Ve Ve
AFR, 2.8 mL volume) was used. Two procedures were
employed based either on PDI photocatalysis via blue light
irradiation (450 nm), or on the formation of a halogen-bonded
electron donor—acceptor (EDA) complex between perfluor-
oalkyl iodide and Et;N. In the latter case, the EDA complex
requires higher energy for its photoactivation (405 nm). The
residence time was generally set at 5 min, although some
substrates required longer time to reach full conversion (up to
20 min). Notably, when compared to the 4 h required in batch,
reactions went to completion in S min in continuous-flow.>”
The photocatalyst-free method afforded the product in a
higher productivity (7.6 vs 6.1 g-h™"), so it was employed for
the scope evaluation. However, the PDI-catalyzed procedure
should be taken into consideration with those substrates which
are more light-sensitive, as it is efficient even with a less
energetic irradiation (up to 540 nm was allowed). Finally, the
methodology was used for the fluoroalkylation of a synthetic
intermediate of Fulvestrant, a breast cancer drug.576

The photocatalytic difluoroalkylation/1,2-heteroarene mi-
gration of allylic alcohols was reported by Noél et al. to obtain
sp>-rich heterocycles (Scheme 92).>”” This two-step procedure
started from heteroaryl ketones, which underwent attack of
vinylmagnesium bromide in flow. The flow reactor (PFA
capillary, 1.65 mm ID, 0.7 mL volume) was kept a 0 °C in an

ultrasonic bath to avoid clogging. The desired allylic alcohols
were obtained in moderate to excellent yields (33—92%, 15

PDI
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Scheme 92. Photocatalytic Fluoroalkylation/1,2-
Heteroarene Migration of Allylic Alcohols in Flow
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fac-Ir(ppy), (1 mol%) CF,R

imidazole

34-98%

Microflow conditions: (12 examples)

HPFA tubing (0.5 mm ID, 1 mL)
Blue LED (12 W, A,ax: 450 nm)
Solvent: CH,Cl, (0.1 M)

. = Heteroarene
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Ph CF,CO,Et
N
_ o)
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N EtO,CF,C

Batch: 82%,tg =6 h
Flow: 98%, tg = 10 min

Ph C)J\N/\’
Fa

Batch: 21%,tg =6 h
Flow: 34%, tg = 5 min

Flow, X = O: 88%, tg = 10 min (1 mmol)
Flow, X = CH,: 94%, tg = 10 min (1 mmol)

examples) in S min residence time and were then used as
starting materials for the following photocatalytic trans-
formation. The second step involved the photocatalytic
generation of fluoroalkyl radicals under blue light irradiation
(12 W, 450 nm). This transformation was performed either in
batch, in a 7.5 mL reaction tube, or in flow, in a HPFA
microcapillary (0.5 mm ID, 1 mL). The generated fluoroalkyl
radicals reacted with the alkenes inducing a 1,2-heteroarene
migration. In batch, the reaction time was 6 h, whereas the
residence time in the photoreactor ranged from between 5 and
20 min. Moreover, yields were generally higher in flow.
Electron-rich substrates, such as benzofuran, underwent a
second functionalization on the aromatic ring,

Fluorinated alkyl iodides were employed by Noél et al. in the
photocatalytic perfluoroalkylation of cysteine residues (Scheme
93).”® In 1992, CF,I was already reported to trifluoromethylate
cysteine under UV light irradiation but under very harsh and
unpractical conditions (=50 °C in liquid ammonia).””® This

Scheme 93. Photocatalytic Perfluoroalkylation of Cysteine
Residues in Flow

o SH * o s
MeO)J\_) Rel M OJJ\)
RHR Ru(bpy);Cl, © -
(1 mol%) NHR

62-92%

Microflow conditions:
(8 examples)

PFA tubing (0.76 mm ID, 0.883 mL)
Blue LED (3.12 W)
Solvent: CH3CN (0.1 M)

was avoided by employing a ruthenium(II) photocatalyst.
Moreover, the implementation of a flow setup allowed for a
great acceleration of the transformation, from 2 h in batch to §
min in continuous-flow. The flow reactor was based on a PFA
microcapillary (0.76 mm ID, 0.883 mL) coiled around a plastic
holder and irradiated with blue LEDs (3.12 W). Notably, the
afforded yields were on average 10% better in flow than in
batch.

Further photomediated trifluoromethylations were described
by Alcazar, Noél et al. for the trifluoromethylation of
(hetero)arenes using the Langlois reagent (Scheme 94).°”°

Scheme 94. Photocatalytic Trifluoromethylation of
(Hetero)Arenes in Continuous Flow

* @-cr;
Ir(lll) (1 mol%)
(NH4)28208 28-80%
(18 examples)
Ir(llt) = [I{dF(CF3)ppy}.](dtbpy)IPFg
Microflow conditions:

@—H CF3SO;Na

FEP tubing (1.3 mm ID, 10 mL)
Blue LED (24 W, Ao 450 nm), T = 40 °C
Solvent: DMSO (0.1 M)

. = (N-Hetero)arene

Selected examples:

y CF, Me
N Me Me o] N N
L= T
\ Me” N
© Me o] Me

62% 53% 45%

To select the best photocatalyst, luminescence quenching
studies were first performed. The results showed higher
quenching abilities of the Langlois reagent with [Ir{dF(CF;)-
ppy},](dtbpy) |PF,. Further optimization revealed that an
oxidant, such as ammonium persulfate, was necessary for the
final rearomatization which afforded the product. A residence
time of 30 min was sufficient to achieve full conversion in the
commercial photoreactor (10 mL FEP tubing irradiated with
24 W blue LEDs). Indole, benzimidazole, pyridine, pyrimi-
done, and pyrazole derivatives were trifluoromethylated, as
well as unactivated arenes, which generally required longer
reaction times in batch (up to 24 h).

In an effort to find cheap trifluoromethylation agents
applicable to larger scales, Stephenson et al. described a
photocatalytic method based on the use of trifluoroacetic
anhydride (TFAA) and 4-phenyl-pyridine N-oxide (Scheme
95)."*® The pyridine N-oxide is acylated by the anhydride and
can generate a trifluoromethyl radical via two possible
pathways: either an interaction with the photocatalyst, or the
formation of an EDA complex with the substrate or with
another molecule of pyridine N-oxide. The transformation had
a quantum yield of 0.87, indicating that a high photon flux was
necessary to reach high conversions. For this reason, a
microflow reactor (PFA capillary, 1.6 mm ID, ~ 150 mL)
irradiated with blue LEDs (4.4 W) was used to scale the
reaction to kilogram-scale. The residence time was set at 30
min and was carried out at 45 °C. Under these conditions and
starting from 1.2 kg of protected pyrrole, 0.95 kg of
trifluoromethylated product was obtained over 48 h,
corresponding to 50% yield with a productivity of 87.2
mmol-h™%,
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Scheme 95. Kilogram-Scale Photocatalytic photocatalytic czclization of 1,7-enynes in continuous flow

Trifluoromethylation Mediated by Trifluoroacetic
Anhydride and 4-Phenyl-pyridine N-Oxide in Flow

Boc

N
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| )—COMe
Ru(bpy)3Cl, (0.1 mol%)
o o 50%
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+0

81% purity
Microflow conditions:

PFA tubing (1.6 mm ID, 150 mL)
Blue LED (4.4 W), T=45°C

Solvent: CH;CN (0.57 M)

Trifluoroacetic acid was also used by Duan et al, who
developed a reusable homogeneous photocatalyst, namely,
ruthenium tris-[4,4’-bis(dinonylmethyl)-2,20-bipyridine] (Ru-
[(DNM),bpy],**, Scheme 96).°*" This catalyst was prepared

Scheme 96. Recyclable Ru(II) Complex as a Visible-Light
Photoredox Catalyst for Trifluoromethylation of Coumarin
in Flow

X CF3
_ >
2+
o o Ru[(DNM);bpyl3 o o
(1 mol%)
)J\ )J\ Flow: tg =5 h, 65%
FsC~ 0" CF; Batch: tg = 24 h, 66%

Microflow conditions:

Blue LED (2 x 15 W)

PTFE-FEP tubing (0.8 mm ID, 2.7 mL)
Solvent: CH,Cl,:CH;CN 1:1 (0.4 M)

]

RU[(DNM),bpyls?*

(CoH1g)oHC

starting from commercially available 4,4'-dimethyl-2,2’-dipyr-
idine and was applied to the trifluoromethylation of coumarin
as benchmark reaction to test its photocatalytic activity.
Notably, the recovery of the Ru(II) complex was made
possible through an extraction in hexane. The photocatalyst
was reused for 6 cycles, and the yield of the product remained
relatively constant for 4 cycles (66 to 61%), decreasing slightly
in the last two runs (57—51%). In the flow reactor (FEP
capillary, 0.8 mm ID, 2.7 mL volume, irradiated with 2 blue 15
W LEDs), the reaction time was shortened from 24 to S h.
A sulfonium salt-based trifluoromethylating agent
(Ph,SCF;0Tf) was employed by Qiu, Guo et al. in the

2827

(Scheme 97A).>°" The reaction was carried out in a PEA coil

Scheme 97. (A) Photocatalytic Trifluoromethylation/
Cyclization of 1,7-Enynes and (B) Photocatalytic Tri- and
Difluoromethylation/Cyclizations in Continuous Flow
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(0.8 mm ID, S mL volume) which was irradiated with 50 W
blue LEDs (455 nm), with fac-Ir(ppy); selected as the
photocatalyst. The residence time was set at 5 min, whereas
in batch 12 h were necessary to achieve comparable yields. In
2021, the photocatalytic trifluoromethylation/cyclization was
performed by the same authors to obtain indole[2,1-
alisoquinolines (Scheme 97B).°*” In this case, 4CzIPN was
a more efficient photocatalyst and the PFA reactor was smaller
(0.6 mm ID, 1 mL volume). The Ph,SCF;OTf could be
substituted with an analogous reagent (Ar,SCF,HBF,) to
perform difluoromethylation instead. The scaling of the
reaction was performed (1 mmol) and the resulting product
was afforded in 80% yield (0.29 g) with 10 min residence time.

Umemoto’s reagent was used as a trifluoromethyl radical
precursor in the light-induced hydrotrifluoromethylation of
unsaturated f-keto esters (Scheme 98).°*% In the proposed
mechanism, the key event was the formation of an EDA
complex between the Umemoto’s reagent and the tertiary
amine DMPT, this was corroborated by DFT calculations.
After a preliminary optimization in batch, the authors switched
to a microflow photoreactor (PTFA capillary: 1.65 mm ID, 30
mL volume), which was subjected to irradiation with 120 W
blue LEDs. In this way, only 2 equiv of DMPT were necessary,
instead of three, and the residence time was reduced to 30 min,
instead of 4.5 h required in batch. The reaction was scaled to 1
mmol, affording the trifluoromethylated product in comparable
yield to the small-scale reaction (68% vs 74%).

The use of fluorinated sulfilimino iminiums in a photo-
catalytic transformation in flow was described by Dagousset,

https://doi.org/10.1021/acs.chemrev.1c00332
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Scheme 98. Hydrotrifluoromethylation of Unsaturated f-
Keto Esters Mediated by the Umemoto Reagent
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Magnier, and co-workers (Scheme 99).>* In a previous report
in batch, the authors reported this class of compounds which

Scheme 99. Photocatalytic Hydroperfluoroalkylation of
Alkenes and Alkynes in Continuous Flow Mediated by
Fluorinated Sulfilimino Iminium and Hantzsch Ester
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PFA tubing (1.3 mm ID, 10 mL) EtO,C CO,Et
Green LED (54 W, A ax: 525 nm) M
Solvent: CH,Cl, (0.025 M) Me N Me
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provide perfluoroalkyl radical under light irradiation in the
presence of an iridium(III) catalyst for the first time.”*> In
flow, fluorinated sulfilimino iminiums were used to hydro-
perfluoroalkylate alkynes and alkenes. Hantzsch ester (HE)
was added as a H atom source, while rhodamine B was selected
as the photocatalyst. The residence time was set at 10 min in a
commercial reactor consisting of a PFA coil (1.3 mm ID, 10
mL) irradiated by green LEDs (525 nm, 54 W). The reaction
was scaled up to 2 mmol, affording the product in comparable
yields (70% vs 67%) with a throughput of 1.5 mmol-h™".
The preparation of labeled compounds is fundamental for
PET (positron emission tomography), which is a diagnostic
noninvasive imaging technique.’86 In 2017, the ®F-fluorination
of tertiary C—H bonds in branched aliphatic amino acids was
proven to be feasible using TBADT as a HAT catalyst and
['®F]NFSI as the fluorinating reagent, in a flow reactor (PTFE
capillary 0.7 mm ID, ~2.5 mL volume) irradiated with a 15 W
UV lamp.**” In 2019, researchers at UCB Biopharma together
with Luxen et al. described a photoinduced late-stage strategy
to label N-heteroaromatics with a '*F-difluoromethyl group in
flow (Scheme 100).>** The authors first proposed a 45 min-
synthesis of the labeled benzothiazole 1 which was then used
for the difluoromethylation of acyclovir, an antiherpetic
drug>*” The commercial flow reactor in use consisted of a
FEP capillary (10 mL) irradiated by 470 nm LEDs (2 W).
Under the optimized reaction conditions, a residence time of

Scheme 100. Photocatalytic '*F-Difluoromethyl Labeling of
N-Heteroaromatics in Flow

N O 7*7 18F
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\\(\5-10'4mol%)
1 \\\

OH

acyclovir 70£7% RCY

only 2 min was sufficient and the product was afforded with a
radiochemical yield (RCY) of 70 & 7% (n = 7). Moreover, the
'8F.labeled acyclovir showed a molar activity of 44.4 + 11.1
GBq-pumol ™', which represented a value sufficient for biological
in vivo studies. The procedure was also effective with a set of
N-heteroaromatics, caffeine derivatives, nucleosides, nucleic
bases, and drugs. Later, the BE_difluoromethyl labeling of
acyclovir was also automated with the help of a commercially
available synthesizer, affording the radiolabeled product in 95
min and 35 GBq-umol™' molar activity.””*

5.6.2. Chlorination. The continuous-flow photomediated
chlorination of toluene derivatives was reported by Kapgpe et al.
using in situ generated chlorine gas (Scheme 101).>*° First,
optimal conditions for the in situ production of chlorine gas
were investigated. For Cl, generation, aqueous solutions of

Scheme 101. Continuous-Flow Photomediated Chlorination
of Benzylic Positions through in Situ Generation of Cl,
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HCI and NaOCI were mixed in a Y-mixer, which was then
merged with a stream of an organic solvent via a second Y-
mixer. Gas evolution was observed between the first and
second Y-mixer and subsequently dissolved in the organic
solvent after the second Y-mixer. The exiting solution was
passed through an L—L separator (Zaiput) to separate the
aqueous and the organic phase. The organic phase was then
titrated against potassium iodide and the evolution of Cl, was
ascertained. Optimal conditions for Cl, generation called for 3
equiv of aq. HCL. Next, the photomediated chlorination of
toluene derivatives was investigated. The photoreactor
consisted of a 300 W mercury lamp (>300 nm) wrapped
with FEP capillary (1 mm ID, 10 mL volume). The same
reactor design was indicated as for the optimization of the Cl,
generation, but with a neat toluene derivative serving as
substrate instead of the organic solvent. Very good yields
between 81% and 99% were obtained for the 4 examples
investigated with 15 min residence time. This compared
favorably to similar batch setups which required hours of
irradiation under reflux conditions.

Another example of continuous-flow C—H chlorination of
cyclic alkanes was performed by Ryu, Fukuyama, and co-
workers using in situ generated and on-site consumption of
chlorine gas (Scheme 102).°”" For the flow reactions, aqueous

Scheme 102. Photochemical Chlorination of Alkanes
through In Situ Formation of Chlorine in Flow

H
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Glass microreactor (0.5 mm ID, 0.95 mL)
Black light (15 W, Apax = 352 nm)
Solvent: Neat

solutions of HCI and NaOCI were mixed in a T-mixer to in
situ form chlorine gas, which created a segmented Taylor flow.
This was, then, introduced to a stream of neat cyclic alkane
using a T-mixer and was irradiated by either ambient lighting
or a black light (15 W, 352 nm). Finally, the reaction mixture
was quenched with an aq. Na,COj solution upon exit from the
photoreactor. Under ambient light a residence time of 19 min
was required to produce 74% vyield. Upon reduction of the
residence time to 1 min, the ambient lighting proved
insufficient for high conversion. When a 15 W black light
was used instead, yields of 94% were observed at 1 min
residence time for the cyclohexyl derivative. A further scope of
6 examples was performed with cycloalkanes and toluene
derivatives. Notably, this method, as well as the Kappe method
explored before, enabled the chlorination of alkanes without
the use of a chlorine gas cylinder as seen in other work with
chlorinations.

A modular, continuous-flow platform was reported by
Christmann, Heretsch, and co-workers for the photomediated
Iate-sta§e functionalization of natural products (Scheme
103).>"% Sclareolide was chosen as the natural product on
which to perform the TBADT-mediated transformation using
the previously reported chlorinating agent Me,-N-chlorosucci-
nimide (Me,NCS). The reaction mixture flowed through FEP
tubing (0.79 mm ID, 2.0 mL) and was then irradiated with
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Scheme 103. TBADT-Photocatalyzed Late-Stage
Functionalization in a Modular, Continuous-Flow Platform
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Reprinted with permission from ref 592. Copyright 2021 American
Chemical Society.

LEDs (365 nm). An optimization was performed in flow to
investigate the choice of chlorinating agent and loading,
concentration, temperature, and residence time. Me,NCS,
TBADT (10 mol %), 0.2 M, 10 °C, and 100 min were found to
be optimal for chlorinating source, concentration, temperature,
and residence time respectively giving a yield of 41%.
Additionally, a scale-up using the optimized conditions was
performed (4 mmol) affording the chlorinated product in 38%
yield.

The chlorination of silanes with dichloromethane was
performed by Wu et al. with eosin Y as photocatalyst (Scheme
104).°”* Upon excitation, the photocatalyst activates the Si—H

Scheme 104. Photocatalytic Si—Cl Bond Formation in Flow
Starting from Silanes and Dichloromethane

Eosin Y (1 mol%)

R;Si—H CH,Cl,

R;Si—Cl

95-99%

Microflow conditions: (8 examples in flow)

HPFA tubing (0.76 mm ID, 7.0 mL)
Blue LED (18 W), T=40°C
Solvent: CH,Cl, (0.2 M)

Selected examples:

Ph Fh Fh
H—Sli—CI H—Sli—CI CI—SIi—CI
H Cl (¢]]
tr=1.16 h, 99% ty=2h, 97% tg=3.16 h, 99%
(1.35gin 8 h) (4.35gin 2 d) (1.10gin 12 h)
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bonds and the generated silicon radical subsequently interacts
with the solvent (dichloromethane) to form a new Si—Cl
bond. Performing the reaction in continuous-flow in an HPFA
reactor (7 mL) irradiated with blue LEDs (18 W) did not only
allow for the scale-up of the transformation but also for the
selective, stepwise chlorination of di- and trihydrosilanes.
Compared to the reaction time in batch (3—48 h), the
residence time in the flow reactor is significantly reduced (no
longer than S h).

5.6.3. Bromination. A number of photochemical bromi-
nations were performed under continuous-flow conditions,
where N-bromosuccinimide (NBS), BrCCl;, or molecular
bromine were used as bromine source.

A first report by Kappe et al. on light-induced benzylic
bromination was published in 2014.°”* A mixture of toluene
derivatives and NBS was subjected to irradiation with a 25 W
black-light CFL (compact fluorescent lamp) as light source
(Scheme 105A). The protocol was readily scalable in a milli-

Scheme 105. Photochemical Benzylic Bromination in Flow
with N-Bromosuccinimide

(A) =
= NBS O
S 3 TN Br
R ——> Ry
7 NBS = N—Br
Microflow conditions: tg = 13 min, 70-94% o
180 mmol-h"!
FEP tubing (3.2 mm ID, 13 mL)
UV-A CFL (100 W, 2 : 350-420 nm)
Solvent: CH;CN (0.5 M)
)] :
Br
CO,Me * Br. Br
Ph » Ph}\‘/COZMe CO,Me
NBoc, NBS
NBoc, NBoc,
A O Cc
52% )«]\ -
(6] NBoc
Microflow conditions:
Glass microreactor (0.4 mm depth, 2.8 mL) Ph '/Cone
B

UV-A LED (54 W, Apax: 395 nm)
Solvent: CH,;CN (0.25 M)

42%
tg = 6.6 min, 90 mmol-h"'

sized photoreactor (3.2 mm ID, 13 mL) with a 100 W light
source, to achieve a productivity of 180 mmol-h™. An
important consideration for benzylic brominations is the
selectivity toward the monobrominated product over di- or
polybrominated ones. Interestingly, the selectivity and
conversion in this procedure could be tuned by increasing or
lowering the reaction temperature, based on the reactivity of
the substrate (0—60 °C), to obtain the monobrominated
product in yields of 70—94% for 19 examples.

In a second report, the benzylic bromination of a di-N,N-
Boc-protected methyl phenylalaninate was performed under
UV irradiation with NBS in three different flow reactors
(Scheme 105B).>* Initial reaction optimization was performed
in a self-fabricated PFA capillary reactor (0.8 mm ID, 2 mL
volume) and the reaction mixture was irradiated with a low-
pressure mercury lamp (8 W, A, = 365 nm). Surprisingly, by
using an excess of NBS (2 equiv) instead of stoichiometric
amounts (1.0S equiv), a higher selectivity was observed for the
desired monobrominated product and the cyclized target
compound over the undesired dibrominated product. This
higher selectivity was attributed to faster generation of the
monobrominated product under superstoichiometric condi-
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tions. Additionally, the cyclized product was formed from the
monobrominated product under thermal conditions. To get
better control over reaction temperature, reactions were
subsequently performed in commercially available flow
reactors (Vapourtec UV-150 0.8 mm ID, 2 mL; Corning
Advanced-Flow 0.4 mm depth, 2.77 mL). This way, the
protocol enabled the large-scale synthesis of a 2-oxazolidinone,
with a productivity of 90 mmol-h™".

N-Bromosuccinimide (NBS) was also used by researchers at
CSIRO Manufacturing for the photobromination of benzyl and
phenyl rings in continuous-flow (Scheme 106).°”° First an

Scheme 106. Bromination of a Benzyl Ring Using N-
Bromosuccinimide in a Corning G1 Photoreactor

F3CO Bpin * F3CO Bpin
—_—
NBS Br

Microflow conditions:

Glass microreactor (1.5 mm ID) i

tgr =10 min, 93%
Blue LEDs (405 nm) 4259 ht
Solvent: CH;CN (0.5 M)

optimization was carried out in flow for light wavelength,
temperature, solvent and NBS loading in a Corning Gl
photoreactor. Notably, when reactions were run with 1.5 equiv
of NBS, the competitive dibromination of the benzyl ring
occurred. Next a continuous in-line separation was achieved by
introducing a toluene stream and a water stream via a 4-way
mixer after the photoreactor, followed by in-line separation
using a Zaiput membrane separator. Finally, the reaction scope
was expanded and scale-up was performed to demonstrate the
generality of the transformation, with 8 examples at 10 mmol
scale (79—99% vyield, 0.32—2.35 kg-L™"-h™'STY).

A limitation to the use of NBS as Br-source, is the
competitive electrophilic bromination for electron-rich aro-
matic substrates. Thus, an alternative method, with BrCCl; as
bromine source was developed for the benzylic bromination of
toluene derivatives (Scheme 107).>”” In this case, the C—Br
bond was either directly cleaved under UV irradiation (8 W,
254 nm) or after triplet energy transfer from benzophenone,
present as photosensitizer (8 W, 365 nm). As anticipated,
electron-rich substrates were well tolerated, resulting in 84%
isolated yield in 30 min residence time in the case of p-

Scheme 107. Photochemical Benzylic Bromination of
Electron-Rich p-Methoxytoluene in Flow with BrCCl; and
Its Use as a Protecting Group

Continuous-flow bromination
Me

,
[
1
1
1
1
I
1
1
1
1
I
1

. OMe

Microflow conditions:

FEP tubing (0.8 mm ID, 2 mL)
UV-A array (8 W, A,,,,: 365 nm)
Solvent: CH;CN (0.5 M)
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methoxytoluene. Interestingly, this brominated p-methoxyto-
luene product is an alkylating agent that is used as a protecting
group for reactive functional groups, such as alcohols and
amines. To exemplify the potential of the developed protocol
for the in situ generation and use of this labile compound as
protecting group, the flow bromination was coupled with a
protection step of an intermediate of cipargamin, an
antimalarial drug candidate. The outlet of the bromination
was continuously dosed over 4 h into a batch reaction flask, to
generate 11 g of the protected intermediate in 91% yield.
Apart from NBS and BrCCl;, molecular bromine represents
another alternative bromine source for the photochemical
bromination of organic substrates. In fact, due to its high atom
efficiency and relatively low cost compared to stable bromine
salts, molecular bromine remains one of the most attractive
bromine sources for the chemical industry. However, the safe
use and storage of molecular bromine is a challenging and
infrastructure-intensive task. Therefore, the in situ formation
and direct use of small amounts of molecular bromine, in
combination with the inherent operational safety of continu-
ous-flow protocols, represents a significant safety improve-
ment.”””
The concept of a Br, generator was applied in 2012 by Gao
et al,””” who combined HBr and H,0, to generate molecular
bromine in flow for the photochemical bromination of toluene
derivatives. The Br, generator concept was also a!)é)lied and
improved over three generations by Kappe et al.”***"’ In the
first generation system, an aqueous solution of NaBrO; (0.66
M) and NaBr (3.34 M) was combined with aqueous HBr (4
M) generating a 1 M molecular bromine solution (Scheme
108A, B). With the generated Br,, the bromination of p-
fluorotoluene was successfully performed with a productivity of
35 gh™ (73% '"F NMR yield, 15 min residence time).
However, this first system was initially designed as a Br, feed
for a BrCN generator, where a homogeneous aqueous Br,
solution was required, and was not optimized for limiting waste
generation.600 The process mass index (PMI) is an indicator
for the amount of waste generated in a process and is
calculated as the total mass of materials used for the
production of a specified mass of product (1 equiv). For the
applied bromination process, the PMI amounted to 13.55 and
could mainly be ascribed to the bromine generator (10.73). A
second generation Br, generator was developed to optimize the
PMI and to increase throughput (Scheme 108C). In this
system, an aqueous solution of HBr (8.8 M) was first
combined with the organic stream in a T-mixer before
entering the reactor. The aqueous NaBrO; (2.2 M) solution
was then added to the stream in a glass microreactor with an
internal mixing structure. In this mixing structure, the
exothermic formation of molecular bromine occurred, thus
avoiding bromine accumulation and uncontrolled temperature
rise before the reactor. Using this system, an increased
productivity of 74 g'h™ of brominated p-fluorotoluene was
achieved, with a significantly reduced PMI of 6.93. For the
third generation system, the stoichiometry of the bromination
was re-evaluated, and it was observed that 1 equiv of HBr is
formed for every successful bromination (Scheme 108D, E).
Therefore, the relative amount of HBr added to the system
could be reduced from 2 to 1 equiv, without a loss in
performance. With the third-generation system the productiv-
ity was increased to 130 g-h™'. Remarkably, because of the
recycling of the formed HBr, a better bromine atom economy
was obtained than in case molecular bromine was used (75% of
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Scheme 108. Br, Generator over Three Generations and the
Use of Molecular Bromine for Benzylic Bromination
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Glass microreactor (1.5 mm depth, 50 mL)
UV-A LED (Apay : 405 nm); T = 65 °C
No solvent: neat substrate

Br incorporated for third generation Br, generator, versus 50%
for Br,). Additionally, the substrate could be pumped without
organic solvent, leading to a productivity of 228 g-h™.

The optimized Br, generator was later applied in a smart
dimensioning scale-up strategy to reach manufacturing-scale
productivity (Scheme 108F).”** 2,6-Dichlorotoluene was
chosen as substrate because the steric hindrance, caused by
the chlorine atoms, inhibits undesired dibromination and
because the brominated product is a solid below 55 °C,
enabling convenient isolation. With the previously used lab-
scale photoreactor (Corning G1 LF: 0.4 mm depth, 2.8 mL
volume), 1.17 kg of product was obtained in 4 h (97% yield,
300 gh™ productivity). For the scale-up, a S0 mL flow
photoreactor was used (Corning G3 FM: 1.5 mm depth, SO
mL volume), which was designed to have the same heat- and
mass transfer characteristics as the lab-scale reactor. The lab-
scale protocol was applied in the 50 mL reactor, where the
aqueous HBr and NaBrOj; solutions were mixed inside the
reactor plate to perform the exothermic Br, formation in a
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temperature-controlled environment. After the photochemical
bromination reaction, excess Br, was quenched with an
aqueous sodium thiosulfate stream in another temperature-
controlled flow module. The reaction progress was monitored
by benchtop 'H NMR spectroscopy. Because of the safety risk
associated with the protocol, a shutdown procedure was
developed, which would be activated in case of equipment
failure. Eventually, the benzylic bromination could be
performed with a residence time of 22 s at 65 °C, resulting
in a productivity of 4.1 kg-h™', 14 times higher than the lab-
scale procedure.

Similar to the benzylic bromination with NBS, Li et al.
performed the photochemical bromination of conjugated
allylic compounds in continuous-flow (Scheme 109).°" To

Scheme 109. Photochemical Bromination of Conjugated
Allylic Compounds with NBS

Microflow conditions: tg = 5 min, 83% GC-yield

70.5 g-h™

FEP tubing (2.0 mm ID, 100 mL)
UV lamp (100 W, Ap.x: 254 nm)
Solvent: CH;CN (0.4 M)

Selected examples

o Br
Br
0 Br%‘r NH,
Br\A)J\
Br OEt 0

93% 31% 81% 54%

perform the reaction, a solution of crotonic acid (0.4 M) as
model substrate and NBS as bromine source in acetonitrile was
irradiated with a 10 W UV-lamp (4,,,, = 254 nm) in a FEP
capillary reactor (1 mm ID, 8.6 mL volume). Under optimal
conditions, 81% GC-yield of the monobrominated product was
obtained in 30 min residence time. The protocol was then
scaled to a larger flow reactor (2 mm ID, 100 mL volume) and
a higher power UV light source was used (100 W, 4, = 254
nm). With the large-scale system, the desired monobrominated
product could be formed in 83% GC-yield in just 5 min
residence time, resulting in a productivity of 70.5 g-h™".

For a drug discovery program, the influence of a variable
number of bromine atoms on the solubility and 0gotency of a
lead compound was investigate (Scheme 110).°”* Therefore,

Scheme 110. Photochemical Bromination of Pyrrole Ring
with Variable Number of Bromine Atoms

Br
D‘Br I \
R N R N
N H H
N [\ (e 66% 57%
Cl S N SN
H NBS Br Br Br
Cl
I\g\Br [ N Br
Microflow conditions: R N R N
H H
FEP tubing (0.8 mm ID, 10 mL) 45% 47%
Medium press. Hg
tgr =10 min

Solvent: CH;CN (0.05 M)
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the photochemical bromination of the lead compound on its
pyrrole ring was performed with NBS as bromine source in
continuous-flow. The use of different UV filters resulted in a
different regioselectivity for the bromination product. With the
full spectrum of the UV light source, the 3-bromopyrrole was
the main product, whereas the 2-bromopyrrole was mainly
formed with a UV-light filter (cutoff 4 > 340 nm). Additionally,
di- and tribrominated products were obtained by increasing the
equivalents of NBS added to the system. The four brominated
products were easily separated via flash chromatography and
their cytotoxicity was evaluated.

The incorporation of a bromine atom in organic substrates
was also achieved through photocatalytic ATRA reactions
(atom-transfer radical addition) of organobromides and olefins
in the presence of a Bi,O; catalyst and base (Scheme 111).>*

Scheme 111. Solid Handling in Oscillatory Flow Reactor in
a Bi,O; Photocatalyzed ATRA Reaction for Bromine
Incorporation

i

nBu/\ ﬁ = . Br CO,Et
EtOzC Bi203 nBu COZEt
Br idi
2,6-lutidine =15 min, 89%, 9 g-h"!
EtO,C o T min g 99

Microflow conditions:

Oscillatory reactor (0.2 x 0.2 mm, 15 mL)
Pulsation (freq = 1.5 Hz, ampl = 0.12 mL)
UV-A LED (Apax: 405 nm), T=75°C
Solvent: Acetone/PEG 400 4:1 (0.5 M)

Selected examples:

Br  CO,Et szt
\/K/kCOZEt COzEtM

66% 90% 52%

HO

In batch, 95% GC-yield of the addition product between 1-
hexene and diethyl bromomalonate was obtained after S h
irradiation with a 400 nm LED. The bismuth oxide catalyst was
added as a solid, which is often problematic in continuous-flow
reactors, as settling of solids in narrow capillaries can easily
lead to clogging of the reactor. Therefore, the flow reactions
were performed in a commercially available flow reactor
(HANU flow reactor = 2 mm X 2 mm), which is capable of
handling suspensions by the combination of pulsatile flow and
static mixing elements in the process channel. Using this
oscillatory flow reactor and specific oscillatory parameter
settings (frequency = 1.5 Hz, amplitude = 0.12 mL), a
homogeneous suspension is maintained throughout the reactor
and various organobromides were successfully added to olefins
at 75 °C under 405 nm LED irradiation, leading to 52—97%
isolated yield in 20 min residence time. Additionally, a scale-
out of the model substrate was performed, producing 35.9 g in
4 h (tg = 1S min, 89% yield, 9 g-h™"). To investigate the nature
of the bismuth oxide photocatalyst, a control experiment was
performed, suggesting a homogeneous character. These
observations were confirmed in a recent theoretical and
experimental investigation by Riente, Noé€l, and co-worker,
which revealed the homogeneous nature of the active species
in bismuth oxide photocatalyzed transformations.*"

5.6.4. Dehalogenation. The photocatalytic hydrodefluori-
nation of electron-poor trifluoromethylarenes was described by
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Gouverneur et al. (Scheme 112).*”° The transformation was
catalyzed by 4DPAIPN in the presence of 4-hydroxythiophenol

Scheme 112. 4DPAIPN-Photocatalyzed
Hydrodefluorination of Trifluoromethylarenes”

N CF, * A O
R+ R+
% 4DPAIPN (0.25 mol%) =

4HTP (6.0 equiv.)

Microflow conditions:
4DPAIPN
PFA tubing (0.5 mm ID, 2 mL) NPh,
Blue LED (Amax: 455 nm) NC CN
Solvent: CH,CICH,CI (0.25 M)
PhoN NPh,
NPh,
Me
Me o
CFH T Mekn N
\]f N CF,H
NC
0.2 mmol: 0.2 mmol: CN
tg =15 min, 69%, tg = 7.5 min, 25%
5:1,43 mg-h"! 10:1, 45 mg-h!
(Enzalutamide derivative)
14.6 mmol:

tgr =15 min, 62%
5:1,40 mg-h™ (1.4 g)

“4HTP = 4-hydroxythiophenol.

(4HTP) as a hydrogen atom donor. In a microflow
photoreactor (PFA coil with 0.5 mm ID and 12 mL volume)
irradiated with blue LEDs (455 nm), the reaction time was
reduced from 12 h to 15 min. When the reaction was scaled up
(14.6 mmol), comparable yields were obtained, and 1.4 g of
product was obtained with a selectivity of CF,H:CH,F of 5:1.
A number of APIs, such as enzalutamide, underwent the
hydrodefluorination in flow, affording the defluorinated
product in 25% yield and 10:1 selectivity.

The metal-free photomediated reductive dehalogenation of
aryl halides was investigated by Kappe et al. by utilizing HAT
catalysis in continuous-flow (Scheme 113).°** First, an
optimization was translated to flow from a previous reported
batch reductive dehalogenation of 4-bromobenzonitrile and 4-
chlorobenzonitrile yielding 97% and 96%, respectively.”> Flow
reactions took place in a Corning AFR module (0.4 mm ID,
2.8 mL volume) and irradiated by LEDs (365 nm, 44 W).
Following this, a reaction scope of 15 examples was carried out
affording yields of 83—99% for a diverse range of aryl halides.

5.7. Photodecarboxylations and -carboxylations

The photochemical extrusion of CO, from carboxylic acids is
an effective strategoy for chemo- and regioselective functional-
ization reactions.””® This is partly due to the large driving force
associated with the liberation of gaseous CO,. On the other
hand, the use of CO, as a C1-building block in the synthesis of
useful chemicals provides excitin% orpportunities to install
carboxylic acid functional groups.””’~*"!

Decarboxylative reactions can be used to selectively install a
functional group at the position where CO, is extruded. This
concept was applied by Noél et al. in the photodecarboxylative
difluoromethylation of a,f-unsaturated carboxylic acids to
difluoroalkenes under batch and continuous-flow conditions
(Scheme 114).°"* The protocol relied on a fac-Ir(ppy);

Scheme 113. Photocatalytic Metal-Free Dehalogenation of
Aryl Halides in Continuous Flow

Ar—X Ar—H
PTH (2.5 mol%)
X =Cl,Br, | CySH

83-99%
(15 examples)
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Microflow conditions:

Glass microreactor (0.4 mm ID, 2.8 mL)
LEDs (44 W, 365 nm)
Solvent: CH3CN (100 mM)
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temperature control for reaction plate
contol module (pumps and MFC)
fluidic module housing
temperature control for LED panels
wireless reciever for LED control
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Reprinted with permission from ref 604. Copyright 2019 European
Chemical Societies Publishing.

Scheme 114. Photodecarboxylative Difluoromethylation of
Cinnamic Acids and Aryl Propiolic Acids

X _CO,H *
©/\/ EtO,CF,CBr — "~ 5
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2,6-lutidine

X CF,CO,Et

Microflow conditions: Batch:tg=24 h

Flow: tg = 10 min

FEP-tubing (0.76 mm, 10 mL)
Blue LEDs (3.12 W, A;,5x: 450 nm)
Solvent: 1,4-dioxane/EtOH (0.15 M)

Selected examples of ortho- and B-substituted cinnamic acids and aryl propiolic acid

Me Me
AN Ph
AN \
CF2COEL 1o CF,CO,Et CF,CO,Et
Batch: 77% (4:96 E/Z) 77% (1:99 E/2) 60%

Flow: 62% (92:8 E/Z) 53% (80:20 E/Z) -

photocatalyst and EtO,CF,C—Br as an inexpensive CF,-source
and did not require strong oxidants or metal cocatalysts to
facilitate CO, removal. The mild reaction conditions enabled

https://doi.org/10.1021/acs.chemrev.1c00332
Chem. Rev. 2022, 122, 2752—-2906


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch112&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch112&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch113&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch113&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch114&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00332?fig=sch114&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVE

the preparation of a broad substrate scope of difluoromethy-
lated styrenes and phenylacetylenes. Interestingly, for ortho-
substituted cinnamic acids a different stereoselectivity was
observed when performing the reaction under batch (E-
isomer) or under flow conditions (Z-isomer). This observation
was explained by kinetic experiments, which showed that the
thermodynamically more stable Z-isomer is initially formed
and subsequently undergoes triplet—triplet energy transfer to
form the E-isomer. In flow, the reaction could be stopped after
formation of the Z-isomer, and thus before isomerization into
the E-isomer. Hence, this unique strategy enables the
possibility to access the desired isomer simply by changing
the reactor type. Additionally, using a slightly modified
protocol, the authors were able to carry out the decarboxylative
functionalization of aryl propiolic acids as well.

Another example of a photodecarboxylative functionalization
was performed by Gonzalez-Gomez et al, who selectively
exchanged a carboxylic acid group for a cyano group to form
aliphatic nitriles (Scheme 115A).°"* The reaction was

Scheme 115. Decarboxylative Functionalization of Aliphatic
Carboxylic Acids with an Organic Photocatalyst: (A)
Cyanation and (B) Trifluoromethylselenolation
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performed by irradiating a mixture of aliphatic carboxylic
acid, tosyl cyanide and photocatalyst in acetonitrile with blue
LEDs (15 mW-cm™2, 455 nm). The photocatalyst, in this case,
was the vitamin B, analogue riboflavin tetraacetate (RFTA),
and no base, additives, or metals were required. In batch, yields
of 40—84% were obtained for 28 examples in 12 h reaction
time. However, the high absorption coeflicient of the
photocatalyst (~13000 M™"-cm™") limited the potential for
scale-up in batch. Therefore, a flow protocol was developed
and carried out in a PFA capillary microreactor (0.5 mm ID,
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1.7 mL volume), which enabled the synthesis of 0.53 mmol of
the model substrate in 150 min residence time, albeit in slightly
lower yield than in batch (76% in flow vs 84% in batch).
Similarly, the RFTA photocatalyst was also used by Billard,
Magnier, and co-worker for the incorporation of fluorine
substituents through decarboxylative trifluoromethylselenola-
tion (Scheme 115B).°'* Ts—SeCF; was selected as fluorinating
agent and reactions were performed in batch and in flow and
subjected to blue LED irradiation (450 nm). The reactions in
flow required significantly lower reaction time (1 h versus 15 h
in batch) and generally resulted in higher yields. A 3 mmol
scale reaction was performed in flow resulting in 75% isolated
yield. Additionally, other fluorinating agents, such as Ts—
SeC,F, and Ts—SeC4F,; could be used, and the method was
successfully applied to a number of bioactive compounds.
The incorporation of deuterium atoms into organic
compounds is a field of increased interest, where methods
providing high selectivity and high deuterium incorporation
are especially valued."® The photocatalytic decarboxylative
deuteration method, developed by Zhu et al,®'® fulfills the
requirements of high selectivity, high D-incorporation, broad
functional group tolerance, and importantly, easy scalability in
flow. A batch protocol was first developed, with D,O as
deuterium source and thiol as hydrogen atom transfer catalyst.
This protocol was shown to be suitable for a variety of primary,
secondary, and tertiary acids, as well as for complex carboxylic
acids (Scheme 116). Importantly, high selectivity was observed

Scheme 116. Selective Decarboxylative Deuteration and
Scale-up in a Glass Recirculation Reactor
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Reprinted from ref 616. Published by Royal Society of Chemistry.

for the decarboxylative deuteration, as reactive C—H bonds
were generally unaffected. On the other hand, the deuteration
of aromatic acids was unsuccessful, which was explained by the
kinetically unfavorable radical decarboxylation for aromatics.
After establishing the substrate scope, the reaction was proven
to be easily scalable in a recirculating flow reactor (Scheme
116). In this flow reactor, 18 examples were readily deuterated
on a 2 to S0 mmol scale with excellent D-incorporation (91—
99%) in moderate to high yields (44—94%). For example, 13.0
g of a deuterated compound was obtained in the recirculating
flow reactor in 16 h reaction time (94% yield, 96% D-
incorporation, 0.8 g-h™).

https://doi.org/10.1021/acs.chemrev.1c00332
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The formal total synthesis of the natural product L-ossamine
was performed using a photodecarboxylative functionalization
strategy in flow (Scheme 117).57 A cyclic threonine derivative

Scheme 117. Formal Total Synthesis of L-Ossamine via
Photodecarboxylative Functionalization
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was coupled with methyl acrylate in the presence of an iridium
catalyst and base. In batch, full conversion was observed after
47 h irradiation with a 48 W white LED lamp, leading to 50%
yield of the desired compound. However, when performed in
flow, 10 equiv of H,0O were added to homogenize the reaction
mixture, and the yield was increased to 80%, in significantly
shorter reaction time (4 h). The resulting compound could
further be processed to a known precursor of L-ossamine,’'®
thereby accomplishing the formal total synthesis of this natural
product.

Similarly, L-proline was applied in photodecarboxylative
annulation reactions with azides for the preparation of fused
imidazoles (Scheme 118).°" Upon visible-light irradiation in

Scheme 118. Decarboxylative Annulation of L-Proline to

Fused Imidazoles
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Solvent: DMSO (0.2 M), 3 eq. DABCO

the presence of a ruthenium photocatalyst and base, CO, is
excluded from L-proline and N, from the azide, after which the
formation of two new C—N bonds generates the fused
imidazole. Reactions were first performed in batch and
required 16 h to reach 63—83% yield for 18 examples. For
the flow experiments, a PDMS microreactor (0.1 X 0.5 mm, 40
uL) was fabricated through lithography, the channels were
glass coated for chemical resistance and a Ru/P4VP catalyst
was immobilized inside the channels. In this microreactor,
increased yields (70—94%) were obtained for the same
examples as the batch reactions and the reaction time could
be reduced from 16 h to just 2 min.

Decarboxylative annulation reactions were also performed
by Baumann et al. for the continuous-flow synthesis of benzyne
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(Scheme 119).°%° The benzyne was trapped with a number of
azide-, diene-, or sydnone coupling partners to form 1,2,3-

Scheme 119. Photochemical Generation of Benzyne in
Continuous-Flow and Quenching to Form 1,2,3-
Benzotriazoles, Naphthalenes, and 2H-Indazoles
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benzotriazoles, naphthalenes, and 2H-indazoles in one step.
Reactions were performed in a FEP capillary reactor (0.8 mm
ID, 10 mL volume) under UV-A LED irradiation (37.5 W, 365
nm). The scalability of the method was shown by a reaction
using 760 mg of a proline derived sydnone, resulting in a
productivity of 4.4 mmol-h™" (68% yield).

A heterogeneous photocatalyst was developed by Cai, Tang,
and co-workers and was applied in a decarboxylative alkyl/acyl
radical addition with p-quinone methides in continuous-flow
(Scheme 120).°*' Initial optimization of the reaction was

Scheme 120. Decarboxylative Alkyl/Acyl Radical Addition
on p-Quinone Methides
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performed in batch, after which a broad substrate scope was
established with a variety of carboxylic acids and p-quinone
methides, achieving moderate to excellent yields in the
decarboxylative radical addition (>60 examples, 27—95%).
Thereafter, scale-up experiments were performed in a
recirculating suspension flow reactor, consisting of a PTFE
reactor coil (1.6 mm ID, 40 mL volume), using a peristaltic
pump. Because of the high activity of the developed catalyst,
only very low catalyst loading was required (0.25 mg-mL™")
and the pump was able to recirculate the suspension without
clogging. The methodology was applied to the synthesis of the
natural product tamoxifen, which was obtained in 6 steps
starting from the acyl addition product in 40% overall yield.
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The decarboxylative hydroformylation of styrenes was
realized by Wang et al. with diethoxyacetic acid as formylating
agent to generate terminal aldehydes in continuous-flow
(Scheme 121A).°*> Traditional transition metal-catalyzed

Scheme 121. (A) Decarboxylative Hydroformylation of
Styrene Derivatives Towards Terminal Aldehydes in
Continuous Flow and (B) Application of the
Decarboxylative Method to Formylation and Cross-
Coupling of Vinyl Bromides
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hydroformylation reactions of styrenes result in branched
rather than linear aldehydes and often require complex ligands
to control regio- and chemoselectivity. In contrast, the
developed approach relied on a radical-based hydroformylation
in the presence of a 4CzIPN photocatalyst and selectively
produced the terminal aldehyde. A reaction mechanism was
proposed with single electron transfer from the 2,2-
ethoxyacetate to the singlet excited 4CzIPN photocatalyst
and subsequent decarboxylation to generate the formyl radical
equivalent. This formyl radical adds to the styrene derivative in
an anti-Markovnikov fashion and the reduced photocatalyst
donates an electron to the benzyl radical to form the
carbanion. After protonation and hydrolysis of the ethoxy
groups, the terminal aldehyde is formed. The hydroformylation
reaction was performed under blue LED irradiation in batch
and flow and was compatible with a range of substituted
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styrene derivatives, as well as heteroaromatics and complex
structures to generate the terminal aldehyde in 50—90% yield.
The reaction time was significantly reduced in flow (2.5 h in
flow versus 36 h in batch) and was used to hydroformylate
3.44 g of 4-(trifluoromethyl)styrene in 87% yield. The authors
later applied their decarboxylative approach to the formylation
of aryl halides and vinyl bromides and to C(sp®)—C(sp?)
cross-coupling with fB-aryl-vinyl halides (Scheme 121B).°****

A number of photochemical decarboxylation reactions
involvin% phthalimides were described using different reactor
systems. 1379257928 These decarboxylations were performed
in a conventional chamber photoreactor, in an advanced
falling-film reactor and in continuous-flow reactors. A perform-
ance comparison was carried out by Oelgemoller et al. between
a commercially available batch and flow reactor (Scheme
122A).°”° The flow reactor generally allowed for shorter
reaction times, higher isolated yields and easier scale-up for an
a-photodecarboxylation, a photodecarboxylative addition, and
a photodecarboxylative cyclization, where gram-scale prepara-
tions were easily performed in flow. Additionally, in the case of
the cyclization, the flow decarboxylation could be telescoped
with an acid-catalyzed thermal dehydration and amination in
flow (Scheme 122B), affording 72—77% yield of bioactive
compounds in a single step, which is a significant improvement
compared to the multistep batch process (28—45% yield).®**

The photodecarboxylative cyclization was also applied by
George, Poliakoff, and co-workers in an annular continuous-
flow reactor and by Booker-Milburn et al. in the “Firefly”
reactor, achieving a productivity of 1.39 kg-day™" in the latter
case (Scheme 122C).”""? A final example of a photo-
decarboxylative reaction involving phthalimides involved a
large-scale Minisci reaction.””* These examples were discussed
in more detail in the section 3.

Recently, a few examples were published on the photo-
chemical incorporation of CO, into organic compounds under
continuous-flow conditions.”*’~**' Some protocols rely on the
photocatalytic generation of the CO,*” radical anion via
photocatalytic single electron reduction of CO, (E° = —2.21V
vs SCE in DMF), which requires a catalyst with a sufficiently
high redox potential, such as p-terphenyl (E° = —2.63 V vs
SCE in DMF). Such a transformation benefits from the large
and well-defined interfacial area between the gas and the liquid
phase leadin% to high mass transfer and reproducible reaction
conditions, +75/463,508,632-634

Jamison et al. developed a flow protocol for the photo-
catalytic activation of CO, to prepare racemic amino acids
(Scheme 123).°”” In the flow reactor, a liquid stream
containing the amine substrate, p-terphenyl photocatalyst and
base was combined in a T-mixer with a gaseous CO, stream.
The amount of CO, injected into the reactor coil was
controlled with a mass flow controller (MFC) and the pressure
was set and maintained using easily exchangeable back pressure
regulators. The FEP capillary reactor coil was wrapped around
a conical frame and was irradiated with a SO0 W Hg (Xe) arc
lamp.635 A long wave UV-filter (4 > 280 nm) and an infrared
mirror were placed between the light source and the reactor
coil to avoid undesired side reactions associated with short
wavelength irradiation and extensive heating. In this photo-
chemical flow setup, 92% vyield was obtained for the model
reaction at 3.4 bar (3.6 equiv) of CO, in S min residence time.
The improved gas—liquid contact and better control over
reaction conditions was shown by comparing with a reaction
performed in batch. By bubbling CO, in a glass flask only 30%
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Scheme 122. Photodecarboxylation Reactions with
Phthalimides

(A) Comparison photodecarboxylation in batch and in flow

N

COH (et
SN
_— >

N

@)

Batch: tg = 30 min, 95% conversion
Flow: tg = 2 min, 100% conversion, 1.15 g-h™!

HO

—_—
Ph” >COK

Batch: tg = 30 min, 95% conversion
Flow: tg = 2 min, 100% conversion

Batch conditions:

Pyrex Schlenk flask (30 mm ID, 50 mL)
UV-B array (16 x 8 W, Aax: >290 nm)
Solvent: Acetone (10-20 mM)

Microflow conditions:

PFA tubing (0.8 mm ID, 10 mL)
Hg lamp (82 W, Apax: >290 nm)
Solvent: Acetone (10-20 mM)

80°C
33 min

lon

1

: Ultrasound
! 15 min  exchange
! resin

HNEt,

30 min

OK 11,

f (r—( 4
N Sy N

T THO, 4~ '

'
1
O ! [e)
via _| N ! f
1
! | 28%, 23 g-d'-
: [0) | (George, Poliakoff et al.)

85%, 1.39 kg-d™'!
(Booker-Milburn et al.)

yield was obtained after 120 min irradiation time. A reaction
mechanism was proposed by the authors (Scheme 123). The
p-terphenyl photocatalyst is activated upon UV light irradiation
and is quenched with the tertiary amine substrate, generating a
tertiary amine radical cation and the strongly reducing p-
terphenyl radical anion. This active species can subsequently
reduce CO, via single electron transfer to CO,*”, while the
added base abstracts a proton from the tertiary amine radical
cation. The CO,*” radical cation and a-amino radical then
combine via radical—radical coupling to form the desired a-
amino acid.

In the same setup as the amine carboxylation, a photo-
chemical ﬁ-hydrocarboxéylation of various styrenes was
performed (Scheme 124). %0 In this case, a solution of styrene,
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p-terphenyl, 1,2,2,6,6-pentamethylpiperidine (PMP) as amine
reductant, and water were combined with the gaseous CO,
stream, leading to the f-selective formation of carboxylated
product. With the developed flow method, a range of terminal-,
a- and f-substituted styrenes were f-selectively carboxylated in
moderate to excellent yields (37—87%, 23 examples) in 8 min
residence time. Control experiments provided insight into the
role of the different additives. Without PMP, almost no styrene
conversion was observed (<5%), indicating its crucial role as
external reductant of the excited p-terphenyl photocatalyst. In
the absence of water, a significant amount of dicarboxylated
product was observed. When replacing water with D,0, the
benzylic position was selectively deuterated, suggesting a
reduction of the carbon radical to the anion and subsequent
protonation.

Another example of a photocatalytic incorporation of CO, in
continuous-flow is given by the work of Romo et al., where the
hydrocarboxylation of a,f-substituted esters with CO, was
applied as a versatile synthetic strategy toward p-lactones
(Scheme 125).°*" The reaction sequence relied on a flow
hydrocarboxylation, followed by an a-bromination and a fS-
lactonization in batch. In contrast to the examples given by
Jamison et al,®*”* the flow setup contained a tube-in-tube
reactor coil, with a semipermeable Teflon inner tube, which
functions as a membrane through which CO, can be dosed
into the reaction stream. The authors used a more bulky
hydrogen atom donor (TMS),;SiH instead of water, which
resulted in higher yields (73% in 20 min residence time). After
validating the hydrocarboxylation method for a wide range of
a,f-substituted esters, the subsequent a-halogenation-j-
lactonization was optimized for the model substrate.
Eventually, the synthesis of various fB-lactones was performed
without intermediate purification of the photodecarboxylation
products in moderate to good overall yields (35—59%, 8
examples).

A tube-in-tube microfluidic solar reactor was also used by
Abolhasani et al. for the continuous-flow desorption of CO,
from aqueous amine sorbents under solar irradiation, and
required minimal energy input for this traditionally energy-
intensive process.”*® Notably, this strategy provided a better
access to captured CO, for utilization as a C1 building block.

A third method for supplying CO, to a reaction mixture is to
presaturate the solution by bubbling CO, gas in a vial before
injecting the mixture in the flow reactor. This method was
applied by Dell’Amico et al. for the direct carboxylation of the
enol intermediate generated from photoexcitation of 2-
methylbenzophenone in DMSO (Scheme 126).°°" In the
flow reactor, excellent yield (98%) was obtained in 60 min
residence time (0.039 mmol-h™), which is a significant
improvement compared to the batch method (75% yield, 24
h, 0.003 mmol-h™).

The direct coupling of inactivated CO, to form value-added
compounds was also achieved by Wu et al.®*” The
difunctionalization of alkenes with CO, and silanes or
C(sp®)—H alkanes was performed through dual photoredox
and hydrogen-atom-transfer catalysis (Scheme 127). The
method relied on the use of 4CzIPN as photocatalyst and 3-
acetoxyquinuclidine as HAT catalyst to generate value-added
compounds, such as f-silacarboxylic acids and y-heteroatom
acids (N, O, S). A mechanism was proposed where the excited
4CzIPN is quenched by 3-acetoxyquinuclidine to form
4CzIPN®~ and HAT®' radical cation. The HAT®" radical
cation abstracts a H-atom from the silane or C(sp*)—H alkane
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Scheme 123. Photocatalytic CO, Activation for Amino Acid Synthesis under Continuous-Flow Conditions
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Scheme 124. Photocatalytic ff-Selective Hydrocarboxylation
of Styrenes with CO, in Continuous Flow
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substrate, which subsequently adds to the alkene. The resulting
carbon radical is then reduced by the 4CzIPN®~ photocatalyst
to its carbanion, which performs a nucleophilic attack on CO,
to deliver the desired silacarboxylated or carbocarboxylated
product. A substrate scope was performed, showing compat-
ibility with a broad range of silanes, C(sp®)—H alkanes and
alkenes. Additionally, a gram-scale reaction could be performed
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Scheme 125. Hydrocarboxylation of Electron-Deficient

Alkenes in a Tube-in-Tube Reactor As a Versatile Synthetic

Strategy Towards f-Lactones
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in a continuous-flow reactor, providing the difunctionalized
products in slightly improved yields and reduced reaction
times compared to the batch method (67—76% yield in 30 min
in flow, versus 58—75% yield in 4 h in batch).

5.8. Photochemical C—C and C—X Bond Formation in Flow

The development of milder and more efficient synthetic
processes to forge new C—C and C—X bonds (X=O, N, §, ...)
under mild conditions remains a contemporary research
subject.”****! Photocatalysis in flow represents an important
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Scheme 126. Direct Carboxylation by Photoinduced Enol
Formation of 2-Methylbenzophenone in Continuous Flow
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Microflow conditions:

Flow: tg = 80 min, 98%
Batch: tg =24 h, 75%

FEP tubing (0.75 mm ID, 1 mL)
UV-C lamp (9 W, Apax: 365 nm)
Solvent: DMSO (0.4 M)

Scheme 127. Alkene Difunctionalization with CO, and
Silanes or C(sp*)—H Alkanes by Dual Photoredox and HAT
Catalysis
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milestone in the pathway to fulfill that goal®®** because of its
many advantages: milder conditions, higher selectivity, higher
productivity, and easier scale-up.

5.8.1. Photocatalytic Cross-Coupling Reactions in
Flow. The photomediated Fe-catalyzed C(sp®)—C(sp®)
Kumada cross-coupling of aryl halides was reported by Nogl,
Alcazar et al. in continuous-flow (Scheme 128).°** Iron(III)
acetylacetonate (Fe(acac),) provided the best results in a 15
min residence time. Reactions were irradiated with blue LEDs
(34 W, 450 nm) with reactions taking place in a commercially
available Vapourtec UV-150 reactor module (2 mL volume).
Notably, a variety of strongly electron-rich aryl chlorides,
previously hardly reactive under dark Fe-catalyzed Kumada
coupling conditions, could be efficiently coupled with aliphatic
Grignard reagents at room temperature in high yields and
within a few minutes residence time when subjected to light
irradiation. It was suggested that the oxidative addition was
accelerated by the absorption of photons. An extensive
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Scheme 128. Photomediated C(sp*)—C(sp®) Kumada
Cross-Coupling of Aryl Halides by Iron Catalysis in
Continuous Flow

Cl R
R—MgX
Fe(acac); (0.02 mol%)
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(27 examples)

Microflow conditions: SIPrHCI

iPr iPr
Glass microreactor (2.0 mL)
Blue LEDs (34 W, 450 nm) @\/

Solvent: THF (800 mM)

iPr ©¢)

reaction scope was undertaken with different alkyl Grignard
reagents and arylchloride coupling partners resulting in 27
examples which afforded yields of 45—100%.

A nickel-catalyzed Negishi-type cross-coupling between an
organozinc bromide and a haloarene was performed in flow by
researchers at Janssen Inc. and was shown to be accelerated by
visible-light irradiation (Scheme 129).°** To perform the

Scheme 129. Light-Accelerated Negishi Coupling of
Organozinc Bromide with Aryl Halide and Scale-up

;#,

NiCl,-glyme, dtbbpy
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Microflow conditions:

1. FEP tubing (0.8 mm ID, 10 mL)

2. Glass reactor (1.5 mm depth, 40 mL)
Blue LEDS (Apax: 450 nm); T =60 °C
Solvent: THF/DMF 9:1 (0.12 M)

F4C0” ‘ ‘ ~CO,Me

Selected examples:

93% conversion
46% (no light)

Batch: tz = 8 h, 39%, 7.7 mg-h"!
Flow 1: tg = 20 min, 93%, 800 mg-h"'
Flow 2: tg = 15 min, 93%, 5.6 g-h™!

100% conversion
18% (no light)

96% conversion Me
40% (no light)

coupling reaction, an organozinc derivative was prepared by
flowing the aryl- or alkyl- bromide substrate over an active zinc
column, which was subsequently coupled with a bromo-,
chloro-, or iodoarene under blue LED irradiation (450 nm) in
the presence of a nickel(II) catalyst at 60 °C. In the absence of
light, the reaction proceeds as well, albeit at lower conversion.
Initial mechanistic investigations suggested that light accel-
erates the active catalyst formation, as well as the reductive
elimination step of the catalytic cycle. The developed protocol
is applicable to a wide range of coupling partners, performing
remarkably well with a number of aryl chlorides in flow.
Additionally, a scale-up was performed in batch and in flow
with a significantly better performance in flow, providing 6.9 g
of product in 8 h (93% yield, 800 mg-h™" in flow, versus 39%
yield, 7.7 mg-h™ in batch).
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A further scale-up investigation of this transformation was
later performed to generate sufficient material for preclinical
studies.”*> The same method was employed, where one feed
was run over an active Zn column to generate the organozinc
derivative, which was subsequently combined with a coupling
partner and nickel catalyst and irradiated with blue LEDs (405
nm) in a 40 mL glass microreactor (Corning G1 FM 1.5 mm
depth, 40 mL volume). In this case, the organozinc formation
was monitored with an in-line benchtop NMR and with an in-
line density meter before and after the zinc column. The new
setup was applied in a light-accelerated Negishi coupling,
resulting in an increased productivity of 5.6 g-h™" in the new
setup compared to 0.8 g-h™ in the previous 10 mL reactor
setup.

The arylation of N,N-dialkylhydrazones in the presence of an
iridium photocatalyst was performed by researchers at Janssen
to enable the a-arylation of N,N-dialkylhydrazones in
continuous-flow (Scheme 130).°*° The proposed mechanism

Scheme 130. Photocatalytic @-Arylation of N,N-
Dialkylhydrazones in Continuous Flow

. N Ar? CN
RY i B
ITI/\RZ * RU A o RLN)\RZ
_N APPCN ————> I I
4 fac-Ir(ppy); N =N
Ar! (1 mol%) ( r
Ar! Ar'
Microflow conditions: 22-80% up to 10%
(22 examples)

FEP tubing (1.3 mm ID, 10 mL)
Blue LED (Apax: 455 nm), T=40 °C
Solvent: DMSO (0.25 M)

involves the photocatalytic oxidation of the trisubstituted
nitrogen followed by deprotonation in the a-position, which is,
then, functionalized. The arylation is performed with electron
deficient aryl cyanides, minimizing the formation of unwanted
nitrile products. Flow experiments were performed in a 10 mL
reactor irradiated with 455 nm LEDs and resulted in better
yields and selectivity than in batch. In fact, in batch 68% yield
was obtained in 30 min, corresponding to 93.6 mg-h™"-mL™".
Using the flow photoreactor, the product was isolated in 64%
yield in a 10 min residence time, corresponding to a STY of
264.3 mg-h™'-mL™". When starting from 15.3 mmol, 75% yield
was obtained in 10 min, which corresponds to a STY of 309.7
mg-h™'mL™".

Photocatalysis offers also novel methods to form C—C
bonds, mainly based on generation of reactive intermedi-
ates.”*” One example is the metal-free C—C coupling of aryl
halides in flow, which was investigated by Fagnoni, Protti, and
co-workers (Scheme 131).°*® The mechanism of the trans-
formation involved the heterolytic cleavage of the Ar—X bond
in a protic solvent, followed by the generation of the triplet
phenyl cation through UV-light irradiation. First, an
optimization was undertaken in batch and in flow for the
synthesis of 4-methoxybiphenyl as a model substrate and
varying solvent, concentration, and reaction/residence time.
Acetonitrile:water (5:1) with a concentration of 0.1 M proved
to be the best conditions. Encouraged by these results the
reaction scope was expanded in flow using the optimized
reaction conditions for a broader range of mesitylenes (A). A
total of 7 examples were investigated affording yields of 38—
90%. Notably, shorter irradiation times were needed in flow
(from 18 to 2 h 45 min). Next, the scope of the arylation

2840

Scheme 131. Metal- and Catalyst-Free Arylation via
Photogenerated Phenyl Cations under Flow Conditions

(A) Biaryl synthesis
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(B) Aryl derivatization

R R
—
I\\ oo |\\
—_—
_— NuE _
X Nu
NuE = olefins, (hetero)aromatics 45-79%

Microflow conditions: (14 examples)

Glass microreactor (2.1 mm ID, 50 mL)
Medium press. Hg lamp (500 W, 310 nm)
Solvent: CH;CN/H,0 (0.05-0.25 M)

coupling partner (B) was further explored for a range of
heteroaromatics (NuE), for a total of 14 examples yields of
45—79% were obtained.

Ley et al. generated carbon-centered radicals through
acridinium-photocatalytic oxidation of activated boronic acids
and esters, followed by a conjugate addition to a Michael
acceptor (Scheme 132A).>'* After disclosing the importance of

Scheme 132. (A) Photocatalytic Radical Coupling of
Boronic Acids in Flow in 30 mmol Scale and (B)
Photocatalytic Coupling of Benzylboronic Esters and
Aldehydes in Flow
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a Lewis base (i.e, DMAP) to activate the trivalent boron in a
photoredox process,®*’ the protocol was translated to flow.
Compared to a batch setup, the reaction in flow under blue
LED irradiation (17 W) required significantly shorter reaction
time to reach completion (70 min in flow vs 24 h in batch).
The use of a commercial PFA reactor (PhotoSyn by Unigsis,
Ltd. 1 mm ID, S mL volume) equipped with a powerful light
source (420 W) halved the residence time, thus motivating the
authors to prepare a larger-scale experiment (30 mmol). For
this, a SO mL PFA coil (2.4 mm ID) was employed, and 3.7 g
of product was obtained in 3 h (t = 30 min), corresponding to
a throughput of 8 mmol'h™. This photocatalytic activation
mode, starting from a boronic ester, was also exploited in a
reaction with carbonyl compounds to synthesize alcohols
(Scheme 132B).*"> Here, the acridinium photocatalyst was
substituted by an Ir(III) complex and DMAP by 3-
quinuclidinol. In this case, a 10 mL FEP coil (1.6 mm ID)
was irradiated with violet LEDs (17 W, 420 nm), affording the
alcohol in 70% yield and in 100 min residence time (compared
to 8 h in batch). Once more, the scale-up with the 420 W lamp
(450 nm) in the commercial PFA reactor (1.6 mm ID, 20 mL
volume) allowed a faster reaction (t; = 30 min, 10 h run) in
comparable yield (55%, 1.69 g).

A different photocatalytic approach to obtain 1-phenyl
ethanol was proposed by Zhang, Tang, and co-workers, who
described the photooxidation of styrene in the presence of
water, mediated by 9-mesityl-10-methylacridinium perchlo-
rate.””" This anti-Markovnikov hydration required phenyl
disulfide as a HAT catalyst and was executed in a PFA
capillary reactor (1 mm ID, 4 mL volume). The intensification
in flow led to a 2.5 times higher productivity of 2-
phenylethanol than the corresponding batch method (122 vs
3.6 mmol-h~'.L71).%!

A photochemical method to prepare alcohols from styrene
derivatives and carbonyl compounds was disclosed by Jamison
et al. The method proceeds through the generation of ketyl
radicals from the corresponding carbonyl compound (Scheme
133).%°% Whereas ketyl radicals were previously obtained with

Scheme 133. Photocatalytic Coupling of Styrenes and
Aldehydes with p-Terphenyl in Flow
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effective but very strong reducing agents (e.g., Sml, or alkali
metals in ammonia),”***** a milder and metal-free procedure
in flow was described using p-terphenyl as photocatalyst. Flow
reactions were performed in a PFA capillary reactor (2.7 mL
volume) equipped with a UV lamp and a long-pass filter. After
ketyl radical formation and subsequent trapping with styrene,
the corresponding alcohol was obtained in 99% yield in 35 min
residence time. Although the model reaction also performed
well in batch, the scope evaluation proved the superiority of
the flow approach, as it provided higher yields for more
challenging substrates.

For the synthesis of fluorinated tertiary alcohol derivatives,
Polyzos et al. used fluorinated ketones as trapping reagents for
visible-light-induced singlet nucleophilic carbenes (Scheme
134).°%° These carbenes were generated through irradiation of

Scheme 134. Visible-Light-Induced Generation of Singlet
Nucleophilic Carbenes and Its Use for the Synthesis of
Fluorinated Tertiary Alcohols
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Microflow conditions:

Capillary tubing (4 mL)
Blue LED lamp (40 W, A.x: 427 nm)
Solvent: n-hexane (0.25 M)

Batch: tg =2 h, 82%
Flow: tg = 15 min, 94% (2.32 g)
(26 examples)

benzoyl trimethylsilane with blue LEDs (427 nm, 40 W) and
were quenched with 2,2,2-trifluoroacetophenone derivatives or
1,1,1-trifluoroacetone. In batch, this resulted in 82% yield in 2
h for the model substrate. To improve the reaction efficiency
and scalability, reactions were next performed in a capillary
flow reactor (4 mL volume) using the same light source as in
batch. In flow, a yield of 94% was obtained in 15 min residence
time and 2.32 g of fluorinated tertiary alcohol was isolated.

The visible light photoredox-mediated catalysis of aryl cross-
couplings was investigated by Chiba et al, who utilized
continuous-flow for scale-up purposes (Scheme 135).°° First a
selection of polysulfide anions representing S;°~, S,*~, and S;*~
precatalysts were screened using the heterobiaryl coupling of
N-methylpyrrole and 4’-bromoacetophenone as the model
reaction. This indicated that K,S, gave the best results with
92% (86% isolated) yield, whereas neutral triisopropylsilylthiol
(iPr;SiSH) also gave promising results affording the product in
82% yield. This was followed with an extensive substrate scope
using either of the precatalysts. Further, a scale-up was carried
out in continuous-flow using a photoreactor (HPFA capillary
1.55 mm ID, 56 mL) irradiated by 6 Kessil lamps (40 W, 440
nm) and cooled with fans to achieve a stable temperature (27—
33 °C). The heterobiaryl cross-coupling was first scaled up in
flow (22 mmol, Scheme 135A) using iPr;SiSH as a precatalyst
and tetramethylguanidine (TMG) as a base. The desired
product was obtained in 78% yield corresponding to a
productivity of 1.75 g-h™. The same catalyst/base system
was used for the scale-up of the borylation of 4'-
bromoacetophenone with B,pin, affording the product in
83% yield (6.9 g'h™!, Scheme 135B).

5.8.2. Metallaphotoredox Catalysis in Flow. The
combination of photoredox catalysis and transition metal
catalysis paves the pathway to new reactivities and thus novel
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Scheme 135. Scale-up of (A) the Heterobiaryl Coupling and
(B) the Borylatation of an Aryl Bromide Using iPr;SiSH as
Precatalyst in Flow
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Microflow conditions:
HPFA tubing (1.55 mm ID, 56 mL) 83% yield
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Solvent: CH3CN (0.2 M) productivity 6.9 g-h™

synthetic opportunities.””” This includes the ability (i) to
perform cross couplings with nontraditional nucleophiles and
(ii) to modify the oxidation state of the transition metal
through photocatalytic SET."***® In particular, the use of
photoredox/nickel dual catalysis has emerged as a powerful
new tool to enable the formation of C—C and C—X (X =N, B,
S, Si, ..) bonds under mild conditions.”*” The work by
Molander et al,,*® where trifluoroborates were coupled with
aryl bromides, and by Macmillan et al,,°°" where amino acids
were decarboxylatively coupled with aryl halides, inspired other
groups to apply this dual catalysis method to new trans-
formations, often using continuous-flow technology to benefit
from the improved light irradiation and better reaction control
compared to batch conditions.

Ley et al translated the C(sp?)—C(sp’) cross-coupling
method by Molander et al. to a flow protocol (Scheme
136).°> However, initial experiments with trifluoroborates
immediately led to clogging issues. To achieve homogeneous
reaction conditions, boronic esters were employed as an
alternative to trifluoroborates and DMAP (4-(dimethylamino)-
pyridine) was identified as a suitable base. The reaction
mixture was irradiated with blue LEDs (17 W, 420 nm) in an
FEP capillary (1.3 mm ID, 10 mL volume), resulting in yields
lower than those in the reported batch method, but in
significantly reduced reaction time (82% in 50 min, STY of 100
mmol-h™-L™" in flow, versus 94% in 24 h, STY of 2 mmol-h™-
L7! in batch). In terms of practicality, the protocol suffered
from two disadvantages: the use of large amounts of additives
and the glovebox solution preparation of the air-sensitive
nickel catalyst. The use of an external base additive could be
circumvented by using cyanopyridines instead of aryl bromides
as electrophilic coupling partner. These cyanopyridines serve
as a Lewis base, accepting an electron from the boronic ester
partner, providing a net neutral photoredox process.

A nickel/photoredox dual catalysis approach was developed
by researchers at Vertex Pharmaceuticals for the C(sp?)—
C(sp®) cross-coupling of (hetero)aryl bromides with potassium
alkyl trifluoroborates in continuous-flow (Scheme 137).°°* At
the outset of the investigation, the following requirements were
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Scheme 136. Activation of boronic esters for C(sp*)—C(sp?)
Cross-Coupling via Dual Photoredox/Nickel Catalysis in
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Scheme 137. Universal Flow Protocol for Dual Catalytic
C(sp?)—C(sp®) Cross-Coupling of Aryl Bromides with
Primary and Secondary Alkyls
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defined for the cross-coupling protocol: (1) to allow for rapid,
parallel synthesis with minimal O, exclusion, (2) to generate
sufficient material for screening and pharmacokinetic studies,
(3) to allow for a broad substrate scope, and (4) to achieve
sufficiently high yields. Initial experiments in batch provided
37% vyield of the cross-coupled product in 16 h but were
heterogeneous in nature. For the flow reactions, a homoge-
neous reaction mixture was required, which was achieved by
using 2,6-lutidine as base instead of Cs,COj; and by using a 1:4
DMA/dioxane solvent mixture. The new reaction conditions
were applied in flow, resulting in 62% yield in a significantly
shorter reaction time (40 min). After setting the optimal
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reaction conditions, a substrate scope was carried out. To
create a library of cross-coupled products, a stock solution was
prepared of aryl bromide, nickel precatalyst, ligand, photo-
catalyst and base, which was added to a number of potassium
trifluoroborates and diluted with dioxane. The cross-coupling
reaction in flow under blue LED irradiation (24 W, 450 nm)
provided the desired products in sufficiently high yields for
further investigation, with the limitation that primary alkyl
trifluoroborates were not reactive. Additionally, the cross-
coupling of a challenging compound with a 1,3,4-oxadiazole
moiety provided 46% isolated yield with the flow protocol,
whereas only trace amounts of product were obtained in batch.

The limitation of unreactive primary alkyl trifluoroborates
was later addressed by using catechol silicates as primary alkyl
coupling partner (Scheme 137).°** As these catechol silicates
are generally not commercially available or easily accessible, a
protocol compatible with both alkyl donors was desirable.
Additionally, to enable the preparation of a convenient stock
solution, an air-stable nickel and photocatalyst were used
(NiCl,-dme and [Ir(dF(CF;)ppy),(bpy)]PFs), which are
compatible with both coupling partners. Hence, a universal
protocol was developed for both alkyl trifluoroborates and
alkyl silicates, providing a wide range of products with high sp*
character.

By using the same catalytic system and flow setup, the
method was also applied to the C(sp?)—C(sp?) cross-coupling
of bromo azaindoles and cycloalkyl boronic acids (Scheme
138).665 An extensive scope was performed with 2-, 3-, 4-, 5-,

Scheme 138. C(sp*)—C(sp®) Cross-Coupling of Bromo
Azaindoles and Cycloalkyl Boronic Acids to Prepare a
Library of Monosubstituted 7-Azaindoles

n R
Br = | N * = | A
NS
N N Ir(dF(CF3)ppy).(dtbpy)PFe N N
NiCl,-dme, dtbbpy
SO,Ph 2 SO,Ph
R—BF3K 2 2,6-lutidine 2
Selected examples: Boc
O N :
4 Q z
R R® v v
R5
=z N ) RZ  24% 41% NA 26%
- | R R® 7% 28% 28% NA
R6T N N\ R*  50% 65% 45% 37%
SO,Ph RS 69% 64% 51% 44%
RS 59% 65% 40% NA

or 6-bromo-substituted 7-azaindoles, creating a range of
regioisomers when coupled with various carbo- and hetero-
cycles. As in the case of the (hetero)aryl bromides, the reaction
time could be significantly reduced by going from batch (24 h)
to flow (40 min).

A reductive coupling between benzyl chlorides and
(hetero)aryl bromides was performed by researchers at
Merck, providing access to a library of di(hetero)arylmethanes
in continuous-flow (Scheme 139).°°° A reported batch
protocol®®” was first adjusted to enable the coupling with
benzylic bromides under homogeneous reaction conditions
with DIPEA as base and DMA as solvent. In the flow reactor,
comparable results were obtained under blue LED irradiation
(24 W, 450 nm) in 30 min residence time, which enabled the
screening of 20—24 reaction conditions per day by using an
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Scheme 139. Reductive Coupling between Benzyl Chlorides
and Aryl Bromides by Dual Photoredox/Nickel Catalysis

Me

/N ~N /jﬁ\ Me
~ _ _ N-
o/ WAk N Me o y N )j\
Br L 5 N e
7\
7 N\ Ni(d;%ngl)'(;‘\jzoh N Batch: tg =10 h, 82%
i \ Flow: tz = 60 min, 81%
NK/\ N (TMBSLFEIOH k\/ N (23 examples)
S 3

Microflow conditions:
FEP tubing (0.8 mm ID, 10 mL)
Blue LEDs (24 W, A,ax: 450 nm)
Solvent: DMA (25 mM)

autosampler. After these screening tests, an alternative
organophotocatalyst (4DPAIPN), reducing agent
((TMS);SiOH) and base (tributyl amine) were selected.
The inability of (TMS);SiOH to serve as a hydrogen atom
donor resulted in less dechlorination side product, compared
to reactions performed with (TMS),SiH. Higher yields were
also observed with extended residence times (81% in 60 min,
versus 61% in 30 min), but short residence times were
preferred to enable rapid library synthesis. Two libraries were
generated, the first containing variations of aryl bromide, the
second containing variations of benzyl chloride. In general,
complex coupling partners, relevant for medicinal chemistry
studies were used and in 23 out of 34 cases, sufficient material
was formed for in vitro pharmacological assays.
N-Boc-protected proline was used by researchers at Janssen
Pharmaceuticals in C(sp?)—C(sp®) cross-coupling reactions
with various aryl halides using dual photoredox and nickel
catalysis (Scheme 140).°°® Reactions were first carried out in

Scheme 140. Dual Catalytic C(sp*)—C(sp’) Cross-Coupling
of N-Boc-Protected Proline with Aryl Halides

Br 7\#:
Q‘COZH — N,
Boc Ir(ppy),(dtbbpy) Boc CO,Me
CO,Me NiCl, glyme
DBU

Microflow conditions:

FEP tubing (0.8 mm ID, 10 mL)
Blue LEDs (Apax: 450 nm)

Batch: tg =72 h, 90%, 1.5 mg-h™!

Flow: tg = 20 min, 74%, 644 mg-h™!
Solvent: DMA (0.1 M)

batch in a parallel screening photoreactor. The different vials
were irradiated with a CFL lamp (9 W, 450 nm) to evaluate
different solvents and bases. After DMA and DBU were
identified as best performing solvent and base, respectively, the
protocol was subsequently translated to flow. For the flow
reactions, a solution of photocatalyst and carboxylic acid was
mixed in a T-mixer with a solution of aromatic halide, nickel
catalyst and base and introduced in a FEP capillary reactor (0.8
mm ID, 10 mL volume), equipped with a blue LED light
source (450 nm). This resulted in modest to good isolated
yields of 30—74% for a wide range of aromatic halides,
including aryl bromides bearing ester, nitrile and trifluor-
omethyl functional groups and monocyclic or bicyclic
heterocycles. Importantly, the reaction time could be
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significantly reduced in flow (20—40 min) compared to batch
(3 days).

The cross-coupling of alkylsilicates with aryl chlorides was
investigated by Fensterbank, Olivier, and co-workers utilizing
photoredox/nickel catalysis in flow (Scheme 141).°° An

Scheme 141. Metal-Free Borylation of Electron-Rich Aryl
Halides under Continuous Flow

NiCl,-dme (4 mol%)
[Ir(dF(CF3)ppy)2(bpy)IPFes (2 mol%)

0]

RJL R’

R [Si]

Jit

R Cl

Microflow conditions:

®
K [18-C-6]

v

[si
oo
NP
sie
oo

Selected examples:

82%
70%

PTFE tubing (1.59 mm ID, 0.67 mL)
LEDs (477 nm)
Solvent: THF (200 mM)

5%
6%

27%
27%

Batch (tg =24 h):
Flow (tg = 20 min):

optimization of the solvent, photocatalyst and leaving group
was first carried out in batch for the coupling of cyclohexyl
silicate ([Si]) and a selection of benzoyl halides. The best
conditions were found to involve THF, an iridium photo-
catalyst ([Ir(dF(CF;)ppy),(bpy)]PFs) and acyl chlorides.
Next, a substrate scope of 24 examples was completed in
batch with irradiation for 24 h, yields of 8—88% were obtained
for a range of silicates and benzoyl chlorides. Finally, 3
examples were performed in continuous-flow in a PTFE
capillary (1.59 mm ID, 0.67 mL volume) and irradiated with
blue LEDs (477 nm). Comparable yields were obtained in flow
with the reaction time being reduced from 24 h in batch to just
20 min in flow.

5.8.3. C—H Activation. An increasing amount of research
has been devoted to the development of novel C—H bond
activation methods to form carbon—carbon bond link-

es.”%%7! Notably, this is also an imgortant strategy to
enable late-stage functionalizations.”*®”> However, this
approach is often limited by the relative inertness of the C—
H bond, resulting in harsh reaction conditions, with high
catalyst loadings and long reaction times. However, flow
technolog has the potential to boost C—H functionaliza-
tion.”' 7% Interestingly, Hydrogen atom transfer (HAT)
photocatalysis represents a powerful tool in this sense, as it
allows a homolytic C—H bond cleavage.”>*”*

The use of eosin Y*° as a HAT photocatalyst for C—H
activation was reported by Wu et al. (Scheme 142).”° The
neutral form of this cheap photocatalyst activates different
C(sp®)—H bonds using visible light irradiation.””” Ethers,
thioethers, alcohols, aldehydes, benzylic positions, and cyclo-
alkanes can all efficiently undergo the hydrogen atom
abstraction forming a radical, which is subsequently trapped
by electron-deficient olefins. To prove the scalability of this
reaction, three examples were performed in a flow reactor,
consisting of a HPFA capillary (0.76 mm ID, 15 m length, 7
mL volume) that was heated to around 50 °C in a water bath.
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Scheme 142. Eosin Y-Photocatalytic HAT Activation of C—
H Bonds

EWG R! EWG
R'-H — B ——
R2 R3 Eosin Y (2 mol%) R2 R3
Microflow conditions: 31-97%

HPFA tubing (0.76 mm ID, 7 mL) (46 examples)

White LED strip (43 W), T = 50 °C
Solvent: THF or iPrOH or tBuOH (0.04-0.25 M)

Gram-scale synthesis
NC Me

Ph
Batch: tg =24 h, 97%

Flow: tg = 15 min, 99%
(2.51gin 10 h)

Flow: tg=2h, 99%
(1.12gin 14 h)

Flow: tg = 10 h, 58%
(1.08 gin 24 h)

The irradiation was performed with a 43.2 W white LED strip.
This resulted in high yields and productivities, in much shorter
reaction time compared to batch. For example, the reaction
with THF resulted in 99% yield in 15 min residence time in
flow (0.25 g-h™"), compared to 97% yield in 24 h in batch.
Light alkanes are very challenging toward activation, because
of the high BDE of the C—H bonds (up to 105 kcal-mol™" for
methane). A method to activate these inert alkanes was
suggested by Zuo et al, who applied LMCT-enabled HAT
catalysis with a cheap cerium(IV) chloride salt (Scheme
143).°”% The authors suggested that Ce(IV)-alkoxy complex,

Scheme 143. Chlorine Radical-Photocatalyzed C—H
Activation of Alkanes in Flow

1

H H
Boc. ~N._ NJ
R) N R/\ N Boc
(BugN),CeClg (1 mol%) éoc
DBAD CClsCH,0H (20 mol%)
Microflow conditions:
PFA tubing (3.17 mm ID, 4.5 mL)
UV LED (400 nm)
Solvent: CH;CN (0.05 M)
Alkane tr Yield Productivity
CH, (1800 kPa) 15 min 15% 0.6 mmol-d”’!
C,Hg (1500 kPa) 6 min 90% 2.0 mmol-h"
C3Hg (800 kPa) 6 min 76% 1.7 mmol-h™!
C4H1o (800 kPa) 6 min 56% 1.3 mmol-h™’!
CgHi2 (22 mL) 9 min 70% 4.2 mmol-h™!

formed in situ from an alcohol and a Ce(IV) salt, would
undergo photoinduced LMCT. This would generate a reduced
Ce(III) and an alkoxy radical, which abstracts a hydrogen from
the light alkane. The so-formed radical rapidly reacts with a
suitable radical acceptor, for example, di-tert-butyl azodicar-
boxylate (DBAD). However, more recently, it became
apparent that not the alkoxy radical but the chlorine radical
is the HAT-inducing species.””” The implementation of a
continuous-flow system involved 10 parallel microreactors for a
total volume of 4.5 mL (PFA tubing, 3.17 mm ID). When
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ethane and higher alkanes were employed, the amination
products were obtained in good to excellent yields, with good
productivities (up to 2 mmol-h™ for ethane and 4.2 mmolh™!
for cyclohexane). However, methane was not easily function-
alized in flow. In batch, it was possible to use a higher pressure
(5000 kPa), which was prohibitive in flow because of the
physical limitations of the photoreactor. However, with 1800
kPa of methane, 15% of product was obtained.

A different photocatalytic approach was developed by Noél
et al. to activate light alkanes (Scheme 144).°* In this case,

Scheme 144. TBADT-Photocatalyzed C—H Activation of
Gaseous Feedstocks in Continuous Flow

z -M- R z
Ao A ! A L
U ~ Y R Y
R RR TBADT (1-5 mol%)
X X
R =Hor CH; 38-93%
TBADT = [(nBuN)4(W0032)] (38 examples)
Microflow conditions:
PFA tubing (0.75 mm ID, 3-5 mL)
UV LED (60 or 150 W, Aax: 365 nm)
Solvent: CH;CN/H,0 7:1 or CH;CN or CD,CN (0.1 M)
Selected examples:
Me
Me Me Me Me Me
j/\/CCI I/CC j\/ckN P
Ph CN Ph CN Ph CN PhMCN
91% (92:8) 89% (95:15) 75% 42%

tetrabutylammonium decatungstate ([(nBu,N),(W;,03,)],
TBADT) was employed in flow to activate the C—H bonds
of various gaseous alkanes, namely isobutane, propane, ethane
and methane. Using a Vapourtec UV-150 photochemical flow
reactor (3—S mL PFA tubing irradiated with 60 W UV-LEDs)
and a back-pressure regulator to ensure the complete
solubilization of the gaseous substrate. The feasibility of the
reaction was tested with a few TEMPO trapping experiments
and showed the high selectivity of the generation of the most
stable radical in the case of isobutane and propane. Encouraged
by the positive results obtained, the reaction with electron-
poor olefins was evaluated, with complete conversion obtained
in only 4 h residence time. The solvent of choice was either
acetonitrile/water or neat acetonitrile, depending on the
solubility of the starting materials. To activate methane, a
higher pressure and catalyst loading (S mol %) were required
and a more powerful UV-LED (150 W) was used. Under these
intensified conditions, deuterated acetonitrile was used instead
of acetonitrile to avoid activation of the solvent. Flow
technology was essential to obtain the desired results, as it
facilitated the two-phase process.

TBADT is also known to activate aldehydes.®’ An
interesting example is reported by Fagnoni, Ravelli, and co-
workers, who described the multistep synthesis of f/y-
substituted ketones starting from the addition of aldehydes
onto vinyl sulfones in continuous-flow (Scheme 145A).°%*
After the first TBADT-photocatalytic step (PTFE tubing, 12
mL), the subsequent desulfonylation was performed in basic
conditions by adding tetramethyl guanidine to the reaction
stream through a T-mixer. The obtained a,f-unsaturated
carbonyl compound could undergo Michael addition of a

81
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Scheme 145. (A) Continuous-Flow Multistep Alkylation of
Indoles Starting from the Photocatalytic Acylation of
Electron-Poor Olefins and (B) TBADT-Photocatalyzed
Synthesis of Aminopropylsulfone in Flow
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Medium press. Hg (125 W)
Solvent: CH;CN (0.24 M) K)
(8)

R2 @ R2
QP N _R® * O\\sl’o N_ R
\
4 - ~ N

.S~ Me”
RN \[o]/ TBADT (1 mol%) <

48-88%

(11 examples)
@ H
0.0 H * QP !
\\S// Y _N H /S\/\[(N\M
- e 1 e
j” N7 \([)]/ TBADT (1 mol%) R 1
NMF 90-96%
(2 examples)

Microflow conditions:

FEP tubing (10 mL)
UV LED (75 W, Apmay: 365 nm)
Solvent: CH,CN (0.3-0.5 M)

nitroalkane affording a y-nitro carbonyl compound (3
examples, 52—67%). Alternatively, the desulfonylation took
place in a column containing PS-supported TBD (polystyrene
supported-triazabicyclodecene), after which an indole was
introduced in flow to perform a Friedel—Crafts reaction with
the af-unsaturated carbonyl. The resulting A-(3-indolyl)
ketone was obtained in 25—30% overall yield (3 examples).
The application of a flow system was particularly advantageous
in this case, because it allowed the combination of orthogonal
reaction conditions with the presence of supported reagents/
catalysts. For aldehyde substrates that possess other labile C—
H bonds or which are too volatile, Fagnoni et al. reported an
alternative method.®® In this method, the acyl radical was
formed starting from acylsilanes in the presence of TBADT or
acridinium salt as the photocatalysts. The reaction between the
so-formed acyl radical and the electron-poor olefin was
repeated in flow, in a 12 mL PTFE reactor irradiated with a
125 W medium-pressure mercury lamp. The product was
isolated in slightly better yield than in batch (72% vs 69%),
requiring 4 h reaction time instead of 8 h to reach full
conversion.

In another work on vinyl sulfones, TBADT was used to
activate alkyl amides whose radical would perform a Michael
addition, thus forming y-aminopropylsulfones (Scheme
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145B).°** To this end, a Vapourtec E-series reactor was chosen
(10 mL FEP coil). The nature of the light source proved to
affect the reaction outcome. In fact, high-power 365 nm LED
outperformed a medium-pressure mercury lamp (110 W),
especially at higher concentrations and in shorter residence
times (15 min). This was most likely due to the higher photon
flux at the desired wavelength. Interestingly, when using N-
monomethylformamide (NMF), the formyl C—H bond was
activated instead of the N-methyl group. The reliability of the
process was confirmed in a scale-up reaction, which afforded
the product in 95% yields with a productivity of 20 mmol-h™".

Wu et al. combined iridium photocatalysis and nickel
catalysis to activate ethers and amides, which can then be
alkenylated (Scheme 146).°*> The authors employed con-

Scheme 146. Chemo- and Regioselective Functionalization
of Internal Alkynes Photocatalyzed by Ir(III)/Ni(II) in
Flow”
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Ir(1ll) (2 mol%)
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Microflow conditions:
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PFA tubing (1.57 mm ID, 11.7mL)
Blue LED (36 W), T=70 °C
Solvent: THF/H,0 50:1 or CgHg (0.05 M)

Ir(11) = [Ir(dF(CF3)ppy),(dtbbpy)IPFg

Selected examples:

Ph Ph Ph
Me;Si \%\Lo> Me,BnSi \%\107 Me,BnSi \%ﬁ
N (0]
o

ts=2h, 70% Me

(1.03 gin 20 h)
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te=5h, 7%
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“Regioselectivity and E/Z ratio are >20:1 for the three compounds.

tinuous-flow technology to carry out a gram-scale experiment
of the proposed method. To this end, a PFA coil (11.7 mL)
was placed in a water bath at 70 °C equipped with 18 W blue
LEDs. The yields were comparable to those in batch, but the
reaction time was dramatically decreased, from up to 48 h in
batch to 2—S5 h in flow.

The development of homogeneous palladium catalysis in
flow is a fast-growing research area.”*' An example of a dual
photoredox/transition-metal catalysis in flow is the C—H
acylation of indoles reported by Noél, Van der Eycken, and co-
workers (Scheme 147).°*® Both aromatic and aliphatic
aldehydes were employed as acyl surrogates. Even though
batch conditions were effective, reactions in flow (PFA
capillary 0.76 mm ID, 1.3 mL volume irradiated with 3.12 W
blue LED) performed better, reaching higher yields in shorter
reaction times (20 h in batch vs 2 h in flow) with lower
photocatalyst loading (from 2 to 0.5 mol %). This difference
was explained by poorer light absorption in batch, especially in
the larger-scale reaction. In the proposed mechanism, the
Pd(1I)-catalyst is responsible for C—H activation of the indole,
whereas the excited Ir(III)-photocatalyst is needed to produce
the tBuO® radical from TBHP, which subsequently reacts with
the aldehyde to give an acyl radical. Moreover, the photo-
catalytic cycle allows the oxidation of the Pd(II)-complex to
Pd(1V), before the reductive elimination takes place.
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Scheme 147. Combination of Photo- and Transition Metal
Catalysis to Acylate Indoles in Continuous Flow
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TBADT was also used as a photocatalyst for the alkylation of
vinylpyridines, affording the corresponding alkylpyridines.”®’
To this end, various C—H bonds were activated (ethers,
acetals, amide, nitriles, silane, aldehyde, and cyclohexane). In
two cases, the reaction was performed in a flow PTFE reactor
(1.3 mm ID, 12 mL volume) irradiated with a 125 W medium-
pressure mercury lamp. The reported yields were comparable
(64% vs 67%) or higher (86% vs 68%) in flow compared to
batch, although the reaction time was much shorter (S vs 16—
24 h).

Wu et al. described the use of a “stop-flow” microtubing
(SEMT) parallel reactor system for C—H functionalization.®®
The aim was to address some issues related to conventional
flow systems, such as the inefficient parallel screening of
parameters and the difficulty of performing reactions at longer
residence times. The SFMT reactor provides a suitable
platform for parallel reaction screening of continuous-flow
parameters. In the SFMT reactor, the flow of reagents can be
stopped when the tubing has been filled with the desired
volume and pressure. After both shut-off valves at either end of
the tubing have been closed, the reactors are irradiated for the
required time. However, it should be noted that due to the
stop flow procedure, mixing is solely driven by diffusion
processes and thus a complete comparison with continuous-
flow cannot be made.

SEMT reactors were employed in the [Acr-Mes]ClO,-
photocatalytic oxidation of unactivated benzylic and allylic C—
H bonds (Scheme 148).°* This transformation was notable
because it represents the first oxidation of this kind performed
with an organo-photocatalyst. Under light irradiation, the
excited state of [Acr'-Mes]ClO, performs an SET and the
formed benzylic/allylic radical cation was then deprotonated,
which proceeds to attack the Michael acceptor. SEMT reactors
are used both to considerably shorten reaction times in some
cases (from 20 to S h), as well as to afford better results when
conversions were low. To scale up the reaction, a continuous-
flow reactor (HPFA coil, 1.6 mm ID) was used to obtain 1.1 g
of product after 25 h of collection.

Acridinium perchlorate was also used to produce chlorine
radicals from HCI under visible light irradiation in continuous-
flow by Wu et al. (Scheme 149A).”° Acridinium ions can
oxidize chloride ions forming chlorine radicals, these radicals
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Scheme 148. Photocatalytic Allylic Alkylation with
Acridinium Ion Performed in a SFMT Reactor with [Acr-
Mes]CIO,
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© © (1.25-5 mol%) " CN

SFMT conditions:

HPFA tubing (1.6 mm ID, 1.5 mL)
Blue LED (20 W)

Solvent: CH,Cl, (0.05-0.1 M)

Batch: tg =18 h, 72%
SFMT: tg =5 h, 90%
from 8 mmol: 79% (1.1 g in 25 h)
(Continuous-flow: tg = 5 h)
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Batch: 44%
SFMT: 93%

Batch: 25%
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Scheme 149. (A) Photocatalytic Alkylation of Unactivated
C—H Bonds Mediated by Chlorine Radical in a SEMT
Reactor and (B) Photocatalytic Alkylation and Amination of
Unactivated C—H Bonds Mediated by Bromine Radical in a
SFMT Reactor
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Blue LED (18 W), T =50 °C AN
Solvent: CH,Br; (0.2 M) +
Tol (6] Tol
BF,
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are known to abstract hydrogen atoms from unactivated
alkanes (even primary ones, such as ethane). SEMT reactors
(0.76 mm ID, 3.0 mL volume at 50 °C) ensure better
conversions and excellent reproducibility since HCI cannot
escape from the reaction mixture. The scale-up of the reaction
was performed both in a larger SFMT reactor (27.2 mL) and
in a continuous-flow microreactor. Similar yields were obtained
for both methods (~80%, but in 48 h for SEMT and in 6 h in
continuous-flow).

In a more recent report from Wu et al, acridinium
photocatalysis was used to generate bromine radicals from
CH,Br, (Scheme 149B).””' The generated C-centered radical
was capable of alkylating electron-poor olefins and dialkylazo-
dicarboxylates, when switching to a pyrylium salt (TPPBF,) as
photocatalyst. A PFA capillary (0.76 mm ID, 0.75 mL volume)
was placed in a water bath at 50 °C and irradiated with 18 W
LEDs. Compared to previous work from the same authors,””’
bromine radicals were more selective than chlorine radicals. An
SEMT reactor (1.58 mm ID, 27.2 or 59.3 mL volume) was
used to provide scale-up to gram-scale and proved to be a very
efficient method for avoiding loss of the in situ generated HBr,
which acted as a more reactive bromine radical source.

Recently, an SEMT reactor was used by Zhang, Wang, and
co-workers for the gram-scale reaction between a tertiary
amine and benzoyl cyanide.””> Their system exploited the
formation of an electron donor—acceptor (EDA) complex,
which then undergoes SET followed by a HAT process to
finally yield a-amino nitriles. The SFMT reactor led to high
yield (81%) in shorter reaction time compared to batch (4 h in
SEMT vs 24 h in batch).

5.8.4. C—H Arylation Processes Using Diazonium
Salts. Amon§ different photochemical approaches to establish
C—C bonds,”” diazonium salts play an imgortant role, being
widely studied as aryl radical precursors.”*"%*® The use of
these unstable salts (due to the release of nitrogen) benefits
from a higher safety degree associated with flow technology.
For instance, the C—H arylation of 2H-indazole was previously
only possible through transition metal catalysis, with expensive
ligands and additives.”””%*® Recently, however, a photo-
catalytic procedure was developed starting from an aryl
diazonium tetrafluoroborate using inexpensive eosin Y as the
photocatalyst (Scheme 150).°” The batch transformation,

Scheme 150. Continuous-Flow Photocatalytic C—H
Arylation of 2H-Indazole

-(M- Ar2
e
RI—  N=A APNBF, ———— > 7 Y& ;
NN Eosin Y (3 moi%) Ryl N7TAY
Microflow conditions: 58-85%

HPFA tubing (0.25 mm ID) (17 examples)

Green LED (70 W, Apax: 530 nm)
Solvent: DMSO

which provided 60% yield in 18 h, was greatly improved in flow
(HPFA capillary coil = 0.25 mm ID). In fact, the arylated
product was obtained in 76% requiring only 4 min residence
time. This improvement was attributed to the high surface/
volume ratio of the microfluidic reactor, resulting in more
homogeneous irradiation of the reaction mixture and improved
mixing.
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The photocatalytic arylation of heteroarenes with aryl
diazonium salts was investigated by Rueping, Rehm, and co-
workers in a microstructured falling film reactor (FFMR,
Scheme 151)."”* The working principle of a FEMR relies on

Scheme 151. (A) FFMR Design and (B) Arylation of
Heteroarenes with TiO, as an Immobilized Photocatalyst in
FFMR

(A)

(B)
N,BF4 *
XX
R + @H —— i
“ immobilized 2
TiO,
42-99%

(11 examples)

FFMR conditions: @ = heteroarene

Blue lamp (A ax: 455 nm), T =20 °C

Stainless steel (32 channels, 600 ym width, ~ 0.08 mL)
Solvent: EtOH (0.05 M)

Panel A: Reprinted from ref 172. Published by Royal Society of
Chemistry. Copyright Fraunhofer IMM.

the formation of a liquid thin film in the microchannels with a
film thickness below 100 pm. After a previous report in
batch,”” the development of a flow system was difficult due to
the heterogeneity of the reaction mixture.”®’ Therefore, the
heterogeneous semiconductor catalyst was immobilized on the
microchannels of the reactor. Interestingly, only blue light (and
not UV light) was required for the transformation, as a TiO,-
diazo ether is formed which absorbs light around 450 nm. The
reusability of the immobilized catalyst was demonstrated with a
180 min run and was successfully applied in batch and in the
FEMR. The specific reactor performance in the FFMR was
around 6000 times better than in batch (0.32 vs 5.4 X 107>
mol'L™" min~!, respectively). This was explained by the
significantly improved irradiation of the photocatalyst in the
microchannels.

The arylation of (hetero)arenes with aryl diazonium salts
was done by Ackermann et al. using a Mn(I)-catalyzed strategy
(Scheme 152).”°" The mechanism involves the coordination of
the two coupling partners at the metal center and subsequent
photoexcitation of the complex, which generates subsequently
radical intermediates. After radical combination, the aryl-
heteroarene product is formed. Reactions were performed in a
capillary coil (1.3 mm ID, 10 mL volume) irradiated with blue
LEDs (450 nm). The method enabled a broad scope with
excellent yields and high regioselectivity. Additionally, results
in flow outperformed those obtained in batch, especially at
gram-scale. In fact, when starting from 10 mmol of diazonium
salt, 64% yield was observed in flow in 60 min residence time,
whereas only 25% was obtained in batch.

A continuous-flow method for the synthesis of benzofuran
was developed by Polyzos et al. through annulative carbon-
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Scheme 152. Mn(I)-Photocatalytic Arylation of
(Hetero)Arenes with Diazonium Salts

"

Ar—N,BF, .—H Ar—.
CpMn(CO); (10 mol%)
51-85%
. ST Tt \ (36 examples)
via oC 1
I NYE
! Mn
: v, Ar 1
1 ’ / !
| FsBN;

Microflow conditions:

Coil reactor (1.3 mm ID, 10 mL)
Blue LED (Apax: 450 nm)
Solvent: DMSO (1.67 M)

. = (hetero)arene

Scale-up:
/©/ N,BF,
FiC

ylation of alkenyl-tethered arenediazonium salts (Scheme
153).72 Subjected to blue LED irradiation (14 W), the

CpMn(CO)3 (10 mol%)

Batch: 25%
Flow: tg= 1 h, 64% (1.42 g)

Scheme 153. Benzofuran Synthesis through Ir(III)-
Photocatalyzed Carbonylation

R1
X N2BFa co
| 25 atm
— =
¢}
[Ir(dtbbpy)(ppy),lPFe 0
R20H
R? OR?
N
BPRP> ||
CH;CN Z =0
.1 N
(0.15 mL min™") —*- 42:79%
(21 examples)

Microflow conditions:

FEP tubing (0.75 mm ID, 0.5 mL)
Blue LED (14 W)
Solvent: R,OH/CH;CN 1:1 (0.02 M)

photocatalyst induces the homolytic cleavage of the C—N
bond, which is followed by intramolecular radical alkene
addition. The resulting carbon-centered radical reacts with CO
and is subsequently quenched with the alcohol. For this
purpose, a commercially available Teflon AF-2400 tube-in-tube
reactor was used to facilitate the handling of CO gas.
Compared to batch, the flow setup (FEP capillary: 0.75 mm
ID, 0.5 mL volume) facilitates process intensification and easy
scale-up. By changing to a reactor volume of 1.5 mL, the scale
of the reaction could be increased 20 times (to 4 mmol),
affording the dihydrobenzofuran in 72% yield.

Basso et al. proposed an intermolecular synthesis of
benzofuranones and benzopyranones starting from benzene-
diazonium salts and alkenes (ethyl 2-vinylbenzoate and methyl
methacrylate, respectively).””” Ru(bpy);Cl, was selected as the
photocatalyst. The presence of an ester functionality either in
the benzenediazonium salt or in the styrene counterpart
determines the selectivity toward the benzo-fused six- or five-
membered ring. The flow reactor consisted of a FEP capillary
(0.8 mm ID, 1 mL volume) irradiated with blue LEDs (440
nm). With a residence time of 10 h, the obtained yield for the
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benzopyranone scope were generally higher than in batch (up
to 20% better).

Diazonium salts were also used in the coupling with arylate
enol acetates, as reported by de Oliveira et al. using a
porphyrin-catalyzed flow process (Scheme 154).”°* Compared

Scheme 154. Porphyrin-Photocatalyzed Arylation of Enol
Acetate in Flow with Porphyrin Photocatalyst

} (0]
N,BF4 o] -M- R2?
M R
A AN o Me
1= 0,
R'5 R o TPFPP (0.5 mol%) R1_| AN
N~
26-88%
TPFPP CgFs (20 examples)
Microflow conditions:
PFA tubing (3.17 mm ID, 20 mL)
CeFs CgF5|| Blue LED (28 W, Apay: 450 nm), T=0°C
Solvent: DMF (0.125 M)
CeFs

to previous results in batch where a ruthenium(II) photo-
catalyst was used,”’” the flow setup showed several advantages:
(i) no transition metal is needed, (ii) improved safety
regarding diazonium salts, (iii) higher yields, and (iv) shorter
reaction times, which altogether led to (v) a broader scope.
The reactor consisted of PFA tubing (3.17 mm ID, 20 mL
volume) irradiated with blue LEDs (28 W, 450 nm). In this
setup, the activation of diazonium salt was achieved with only
0.5 mol % of porphyrin photocatalyst, providing generally high
yields of the arylated product (26—88%) in 25 min residence
time (vs 2 h in batch).

A new reactivity of diazonium salts was disclosed by Basso,
Ravelli, and co-workers, as they reported the photocatalyzed
generation of acetonyl radicals in flow (Scheme 155).”%
Irradiation of the diazonium salt and ethyl 2-vinylbenzoate in
acetone in the presence of [Ru(bpy);]ClL, (1 mol %) afforded

Scheme 155. (A) Continuous-Flow Photocatalytic
Generation of Acetonyl Radical from a Diazionium Salt and
(B) Photocatalytic Reaction between Acetonyl Radical and
Silyl Enol Ethers in Flow

(A)

/©/ N,BF,
MeO *

1

O
CO,Et

Flow conditions:

o

[Ru(bpy)sICl, (1 mol%)

R = 4-MeO-CgH, 40% (0,1 M 1)
R = CH,C(O)CHj, 60% (0.01 M 1)
R = CH,C(O)CHj, 88% (0.01 M 1, flow)

Self-fabricated mesoflow system
Blue LED (Ap,x: 440 nm)
Solvent: Acetone (0.01 M)

® a- o R
OTBDMS * R
AR Me)w
R [Ru(bpy)s]Cl, (1 mol%) )
1(0.01 M) 58-91%
(7 examples)
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the arylated lactone. However, when diluting the reaction
mixture 10 times, the acylated lactone was obtained (Scheme
155A). These results were explained by the formation of an
acetonyl radical through HAT from the diazonium salt derived
aryl radical. Computational studies and deuterium labeling
experiments confirmed this hypothesis. When acetonitrile was
used instead of acetone, the corresponding nitrile was observed
in traces with GC-MS, because the cyanomethyl radical does
not add to the double bond. However, the described
conditions worked efficiently also for other radical cyclizations
initiated by diazonium salts, and with electron-rich olefins,
such as silyl enol ethers (Scheme 155B) because of the
electrophilic nature of the acetonyl radical. Reactions in flow
generally resulted in higher yields and provided improved
safety of operation.

5.8.5. C—H Arylation Processes Using Arylazo
Sulfones. Diazonium salts are also suitable precursors for
the preparation of a different class of arylating compounds,
namely arylazo sulfones. These compounds absorb directly
visible light irradiation without the need of a photocatalyst
(Scheme 156A).”%7 In fact, these reactive compounds either

Scheme 156. (A) Azosulfone-Mediated Arylation in a
Sunflow Reactor and (B) Selective Arylation of Xanthene
with Aryl Azo Sulfones in a Sunflow Reactor

(A) \C'),
Ar—N,Ms  @—H - . A—@
14-82%
(13 examples)
A\l
Me S (0]
Ar—N,Ms )<Me ! Ar
NC™ Me NHBu
"Sunflow" conditions: 35-73%
(5 examples)
FEP tubing (1 mm ID, 19.6 mL) -so
Sunlight %5 : hetzel:ltl)earene
Solvent: CH3CN/H,0 9:1 (0.05 M) -
(B)
R o for
Me\N | N> ;,(')\; or * Me\N N>_
Ar—N,Ms / | )—Ar
OéI\N /' "HCOOH or HCI 041\ N

R = Me: 35-81% (13 examples)
R = H: 25-50% (6 examples)
Microflow/"sunflow" conditions:

FEP tubing (1 mm ID, 7.9 mL)
Sunlight, blue LED (32 W, Apax: 456 nm) or solar simulator (500 W-m~2)
Solvent: CH3CN/H,0 4:1 or 2:1 (0.05 M)

generate an aryl radical through N—S homolysis when
irradiated by visible light, or instead generate a triplet aryl
cation through N—S heterolysis when UV light is used. Starting
from arylazo sulfones, the arylation of heteroarenes was
described by Da Silva Emery, Protti, Opatz, and co-workers
for the synthesis of benzamide in a “sunflow” reactor.”’” This
reactor consists of a FEP capillary (1 mm ID, 25 m length, 19.6
mL volume) which is exposed to sunlight and is moved every
hour for better irradiation conditions. The reactor has already
proven its efficiency in a number of cross coupling reactions.”””
The reaction between arylazo sulfones and furan or thiophene
was completed within 1 h in the sunflow reactor. The sunflow
reactor was 8 times faster than batch and irradiation with a 500
W solar simulator in batch provided only a very low yield
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Scheme 157. Continuous-Flow Reactions with Oxadiazolines As Precursors of Unstable Diazo Compounds: (A) Application to
Reactions with Boronic Acids, (B) Synthesis of Ketones from Aldehydes and Oxadiazolines, (C) Three-Component Synthesis
of Homoallylic Alcohols and Amines, and (D) Photochemical Homologation of Nonstabilized Diazo Compounds in Flow
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(7%). These results encouraged further investigation on the
topic, leading to the development of a metal-free selective 8-
arylation of xanthines, compounds with an important biological
profile (Scheme 156B).””” The arylation was mediated by the
arylazo sulfones without any catalyst in a stopped “sunflow”
reactor (1 mm ID, 10 m length, 7.9 mL volume) irradiated
with sunlight for 4 h. Alternatively, a 32 W blue LED could be
used as well.

5.8.6. C—H Alkylation Processes Using Oxadiazolines.
Ozxadiazolines are an interesting alternative to diazo com-
pounds. They are bench-stable heterocycles synthesized from
the corresponding ketone.”'” However, under UV light
irradiation, they decompose into the corresponding diazo
compounds.”'" Ley et al. described how microflow setups
allow a safe handling of these intermediates, even the most
unstable ones.**° For instance, the alkyl—aryl cross-coupling of
oxadiazolines with boronic acids was reported in a FEP flow
reactor (10 mL) irradiated by a UV lamp (9 W, 310 nm)
(Scheme 157A).”"* The tertiary boronic acid intermediate is
obtained in 80 min residence time and can be reduced with
TBAF or oxidized to the corresponding tertiary alcohol.
Moreover, treatment with pinacol yields the B-pinacolate
(Bpin) product, which is used in cross-coupling in flow. In
another case, oxadiazolines were employed to react with
aldehydes (Scheme 157B).”"* After addition to the carbonyl
group, a ketone is formed through 1,2-hydride shift in only 40
min residence time in a FEP capillary reactor (10 mL volume).
The transformation has a wide scope, showing good tolerance
of various functionalities. Also, a multicomponent reaction was
developed, involving an oxadiazoline, a vinylboronic acid, and
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an aldehyde (Scheme 157C).”"* Through UV irradiation, an
allylic boronic acid intermediate is formed which attacks the
carbonyl group of the aldehyde, generating its corresponding
homoallylic alcohol. For aldehydes with strong absorption at
310 nm, the system could be modified to perform the addition
of a carbonyl-bearing compound in a second step. Interest-
ingly, the aldehyde could be substituted with imines and
indoles, to afford homoallylic amines instead. To make the
process greener, cyclopentylmethyl ether was used as a solvent
instead of THF. Finally, a homologation reaction was
performed starting from formaldehyde and nonstabilized
diazo compounds (Scheme 157D).”"> Once more, a 10 mL
FEP reactor was chosen and irradiated with a UV lamp (9 W,
310 nm) without photocatalyst. Despite the excellent
conversion, aldehydes were sometimes difficult to isolate in
high yields, because of the presence of a large amount of water
in the reaction medium and because of their volatility. For this
reason, the authors decided to either reduce the crude product
with NaBH, to get the corresponding alcohol, or to perform an
oxidative condensation with o-phenylenediamine leading to 2-
substituted benzimidazole.

5.8.7. C—O Bond Formation. Styrene derivatives were
used by Dagousset et al. as traps for alkoxyl radicals which were
photogenerated from N-alkoxypyridinium salts (Scheme
158).”"° Alkoxy radical addition and subsequent oxidation
generates a carbocation, which reacts with a nucleophile in the
reaction mixture (e.g., water present in the solvent). Using a
capillary reactor (10 mL volume) irradiated with blue LEDs,
the products were obtained in comparable yields, but in only
67 min residence time, compared to 24—36 h in batch. The
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Scheme 158. Photocatalytic Anti-Markovnikov Alkoxylation
of Styrene Derivatives in Flow
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OR 49-75%

Microflow conditions: (16 examples)

Capillary tubing (10 mL)
Blue LED (Apayx: 450 nm)
Solvent: Wet acetone/CH,Cl, 5:1 (0.05 M)

scalability of the transformation proved feasible (4 mmol) in
similar yields.

Another example in which oxygen was used as terminal
oxidant was provided by Kappe, Cantillo, and co-workers for
the N-demethylation of oxycodone (Scheme 159).”'7 This

Scheme 159. Photocatalytic N-Demethylation of
Oxycodone in Flow with Oxygen and RB

% o

Rose Bengal (2 mol%)

OH "Me
87%
HPLC yield
1) NaAsc
2) HCI/EtOH
MeO
Microflow conditions:
Glass microreactor (2.77 mL)
Green LED (18.8 W, A,,ax: 540 nm), T =40 °C Q
Solvent: CH30H/CH;CN/nBuOAc 1:1:1 (0.1 M) ’ NH,*CI-
OH
(6]

75%

process affords noroxycodone, an important intermediate in
the synthesis of naloxone and other medicinally relevant
compounds.”"®”"? In this study, the demethylation was
performed using Rose Bengal (RB) as the photocatalyst,
which was excited to its singlet state by green LED irradiation.
After intersystem crossing, the RB triplet state was responsible
for the oxidation of oxycodone, which subsequently undergoes
an HAT from the reduced oxygen. This oxygen species was
finally reduced to H,O,. The photocatalytic step takes place in
a glass microreactor (2.77 mL volume) and was irradiated with
green LEDs (18.8 W) to photoexcite RB. The optimal
residence time at 40 °C was 3.5 min, as degradation products
were observed at longer residence times. After the photo-
catalytic step, the reaction mixture underwent a workup with
sodium ascorbate (NaAsc) to quench the hydrogen peroxide.
With a final acidic hydrolysis, the hydrochloric salt of
noroxycodone was obtained in 75% yield. At larger scale (6.2
mmol), 1.4 g of the product was collected over 124 min,
corresponding to a 68% yield.

Benzylic C—H oxidations are transformations with great
potential for the late-stage functionalization of drug-like
molecules and thus have extensive benefits for medicinal
chemistry. Researchers at UCB Biopharma reported a
continuous-flow benzylic C—H oxidation photocatalyzed by
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riboflavin tetraacetate (RFTA) with iron perchlorate as an
additive to allow catalyst regeneration (Scheme 160A).”*° In

Scheme 160. (A) RFTA-Photocatalytic Flow C(sp*)—H
Benzylic Oxidation, (B) Photocatalytic Oxidation of the
Remote C—H Bonds of Aliphatic Amines, and (C) TBADT-
Photocatalytic Oxidation of C(sp*)—H Bonds in Flow Using
Oxygen
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(15 examples)
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Microflow conditions:
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Solvent: CH3;CN/H,0 3:1 (0.1 M)
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Microflow conditions:

PFA tubing (0.75 mm ID, 5.0 mL)
UV LED (Amay: 365 nm)
Solvent: CH;CN/1 M HCI 2.5:1 (0.14 M)

the proposed mechanism, the authors describe the formation
of a benzylic radical which interacts with singlet oxygen to
generate a peroxo-radical intermediate. The flow system
consisted of a capillary coil (1.3 mm ID, 10 mL volume)
irradiated by a UV lamp at 50 °C. The transformation works
efficiently in 25 min residence time. A different approach for
C—H oxidations was proposed by Schultz et al., who employed
tetrabutylammonium decatungstate (TBADT) as the photo-
catalyst (Scheme 160B).””" Unbiased aliphatic amines were
oxidized at remote C—H bonds using oxygen as the terminal
oxidant (or with hydrogen peroxide in batch). Using a
Vapourtec UV-150 photoreactor (10 mL) irradiated with 16
W UV-LEDs (365 nm), the corresponding ammonium salt was
obtained in 29—68% yield and after further derivatization, the
protected amine could be isolated. A scale-up was performed
by recirculating an acidic solution of pyrrolidine (70 mmol) for
22 h under UV light irradiation. After basic workup and
protection with Boc,O, the oxidized product was obtained in
46% vyield (598 g). In a more general study on C—H
oxidations, Noél et al. reported the continuous-flow photo-
oxidation of alkanes (Scheme 160C).””> A microflow photo-
reactor (0.75S mm ID, S mL volume) was employed to increase
the access to oxygen. In fact, in flow the oxygen delivered by a

https://doi.org/10.1021/acs.chemrev.1c00332
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mass flow controller (MFC) established a segmented flow
pattern, thus resulting in improved mixing due to the presence
of Taylor recirculation. In this way, both benzylic positions and
unactivated C(sp’)—H were oxidized efficiently, including
some biologically active molecules, such as artemisinin,
(—)-ambroxide, pregnenolone, and sclareolide. Moreover, a $
mmol scale reaction was performed, with comparable yields
obtained (59% vs 55% yield).

The activation of benzylic C(sp®)—H bonds and subsequent
oxidation to aldehydes without overoxidation to carboxylic
acids was optimized in flow by Singh et al. (Scheme 161).*

Scheme 161. Photoinduced Synthesis of Phthalides in Flow
Mediated by the Oxidation of Aryl Ketones
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The starting aryl ketone was pumped into a 13.3 mL PFA coil
and irradiated with UV light (250 W). Oxygen, introduced to
the solution with an MFC, was used to oxidize the excited
starting material, transforming it into the corresponding
benzaldehyde. After isomerization, phthalide derivatives were
formed over a 12.1 min residence time. The flow setup was
integrated with an in-line liquid—liquid extraction and a phase
microseparator, which allowed for the removal of aqueous
DMSO from the reaction mixture and to collect a stream of the
product, facilitating further workup steps. Notably, one of the
obtained products was an ischemic-stroke relevant natural
product (3-n-butylphthalide, NBP). This process was further
used in two telescoped syntheses, showing its adaptability to
multistep synthesis. Notably, the phthalide could undergo (i) a
reductive cleavage in a ThalesNano H-Cube (t; = 2.1 min),
affording a benzoic acid, and (ii) an arylogous Michael
addition with chalcone in flow (PFA capillary 1 mm ID, 0 °C,
tg = S1 min).

In 2020, Noél et al. reported the first photocatalytic
trifluoromethoxylation in flow (Scheme 162).”*" The authors
used the Ngai CF;O-agent, known to generate a trifluor-
omethoxy radical in the presence of a ruthenium(II) catalyst
under light irradiation.”** The flow setup consists of a PFA coil
(0.75 mm ID, 2.3 mL volume) irradiated with 400 nm LEDs
(10 W). The reaction was much faster in flow than in batch (1

Scheme 162. Photocatalytic Trifluoromethoxylation of
(Hetero)Arenes Systems in Flow
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vs 18 h). Notably, the addition of a base (KH,PO,, 1.0 equiv)
was key to reach higher yields in batch but did not improve
results in flow.

5.8.8. C—N Bond Formation. Aromatic amines are
important moieties present in many drugs and materials. The
classic synthetic strategy to access this functionality is the
electrophilic aromatic substitution, based on either (i)
nitration and reduction or (ii) halogenation followed by
nucleophilic substitution or Buchwald—Hartwig, Ullmann, or
Chan-Lam cross-coupling.”*® Marden et al. reported a
photochemical intramolecular C—H amination which does
not req7uire prefunctionalization of the arene partner (Scheme
163A).”*” The idea was to start from N-chloroamines, which
have been known since the 1960s to generate aminium radicals
under light irradiation.””® After describing the homogeneous
amination in batch,”*” the development of a flow strategy was
reported (FEP capillary: S mL volume) to overcome
limitations of the batch setup; that is, (i) the limited scale-up
and (ii) the safe handling of the hazardous N-chloroamines.

Scheme 163. (A) N-Chloroamines as Intermediates to Form
New C—N Bonds in Flow and (B) Photocatalytic Amination
Process Scaled up in Flow

(A) ‘
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The authors optimized the N-chloroamine synthesis and
amination as two separated flow steps, and finally show the
results of the combination of the two reactions. Interestingly,
the overall yield was inferior to the ones in batch (34% vs
60%), probably because of the nonoptimal conditions for the
photochemical step. In fact, optimal conditions in the
photochemical step required higher concentrations which
was not compatible with the previous synthesis, as the
maximum solubility of N-chlorosuccinimide (NCS) in
dichloromethane was limited to 0.41 M. However, the flow
process surpassed the batch setup in terms of productivity
(2.04 mmol'h™" in flow vs 1.0 mmol-h™" in batch), proving its
superiority for larger-scale reactions.

Similarly, Leonori et al. developed a photocatalytic
amination process in batch and in continuous-flow (Scheme
163B).””" The core event was the SET between the excited
Ru(II) complex and the in situ generated N-chloroamine. The
reaction, which proved to be very versatile, was scaled in flow
in one case. Using a Vapourtec E-series reactor (10 mL) and
starting from 29.4 mmol of piperidine, the desired product was
afforded in 5.65 g, corresponding to a 67% vyield and a
productivity of 13.1 mmol-h™, with a lower catalyst loading
than in batch (1 vs S mol %) and shorter time (10 min vs 30
min).

A different approach was proposed by Sen et al. in 2021.
In this case, aryldiazoesters were employed as carbene
precursors in flow to perform a N—H insertion to indoles.
With a PFA microreactor (2 mm ID, 6.3 mL volume)
irradiated with blue LEDs (3—4 W), the reaction time was
reduced from 22 h in batch to only 3 h in flow affording the
products in slightly higher yields than in batch (75% vs 70% for
the model compound).

Traditionally, HAT-mediated C—N bond formation was
limited to the use of an electrophilic N=N double bond, such
DIAD.*>*® However, Noél et al. demonstrated that the
combination of HAT catalysis (TBADT) and oxidative
radical-polar crossover strategy (RPC) triggers a new
mechanism for C—N bond formation (Scheme 164).°" In
fact, the HAT-generated alkyl radical can be oxidized with
TBHP to form a carbocation which is trapped by a suitable
nitrogen nucleophile, for example, azoles. To ensure the

730

Scheme 164. C—N Bond Formation Mediated by HAT
Catalysis and RPC in Flow
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carbocation is sufficiently stable, oxocarbenium ions were
selected. The transformation, which is also suitable for late-
stage functionalization, was translated into flow. To this end, a
Vapourtec UV-150 reactor (PFA tubing, 1.3 mm ID, 10 mL)
was irradiated with 60 W 365 nm LEDs. In flow, the reaction
required 1 h residence time, compared to 16 h in batch,
without any decrease in yield, and was also performed in a 10
mmol scale.

A dual photoredox/nickel catalyzed (hetero)aryl amination
method in batch was translated to a flow protocol by Buchwald
et al. (Scheme 165).>°*7** The flow reactions were performed

Scheme 165. (Hetero)Aryl Amination in Continuous Flow
by Dual Photoredox/Nickel Catalysis
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in a PFA capillary (0.8 mm, 10 mL volume) subjected to blue
LED irradiation (450 nm). Applying the batch conditions in
flow lead to clogging issues but were avoided by using DMSO
as solvent. The relatively short residence time in flow (1 vs 19
h in batch) enabled quick reaction optimization. Notably,
optimization revealed that a lower photocatalyst loading
resulted in less dehalogenation as side reaction and increased
yields. Optimal results were obtained at 80 °C with a Ru(bpy),
photocatalyst, NiBr,-dme catalyst and DABCO (1,4
diazabicyclo[2.2.2]octane) as base. Next, the substrate scope
of the developed flow protocol was investigated. For the C—N
cross-coupling with pyrrolidine, electron-poor, electron-neu-
tral, and electron-rich aryl bromides were well tolerated as aryl
electrophile (67—98% yield). Additionally, electron-poor aryl
chlorides were also found to be suitable coupling partners
(71-93% yield), whereas coupling with electron-neutral and
electron-poor aryl chlorides resulted in low yields. Also, a
number of primary and cyclic, secondary amine substrates were
successfully coupled with aryl halides. To make a comparison
with batch conditions and to exemplify the scale-up potential
of the method, a number of reactions were performed on a 10
and 50 mmol scale in batch and in flow. As expected, in flow
the high yield was maintained at larger scale, while yield
dropped for the larger scale batch reaction.

https://doi.org/10.1021/acs.chemrev.1c00332
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A nickel/photoredox catalyzed C—N coupling was also

proposed by Kappe, Williams et

al. for the continuous-flow

synthesis of arylhydrazine derivatives (Scheme 166).”** A

Scheme 166. Nickel/Photoredox Catalyzed Synthesis of
Arylhydrazine Derivatives in Flow
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mixture of aryl halide and tert-butyl carbazate (NH,NHBoc) in
DMSO was irradiated with UV-LEDs (395 nm) in a glass
microreactor (Corning AFR 0.4 mm ID, 2.8 mL volume) in
the presence of an iridium photocatalyst ([Ir(dtbbpy)(ppy).]-
PFy), nickel catalyst (NiBr,-3H,0), and base (DBU). A rapid
reaction optimization was performed in a Design of Experi-
ments study, which showed the strong dependency of the
reaction rate on photocatalyst loading and reaction temper-
ature. Under optimal conditions, 86% yield of the HCI salt was
isolated after Boc deprotection for the model substrate (4-
(triftuoromethyl)benzyl bromide). A substrate scope was
performed for a number of aryl halides, including N-
heterocycles and aryl chlorides, resulting in yields of 25—95%.

5.8.9. C-S and C-Se Bond Formation. Modifications of
amino acids are fundamental transformations as they provide
drugs, biotechnological tools, and catalysts.”’** A photo-
catalytic example in flow is the arylation of cysteine by Noél et
al. (Scheme 167).°>7%¢ In this case, a diazonium salt was
formed in situ starting from an aniline and {BuONO. By
irradiating the reaction mixture in the presence of eosin Y, the

Scheme 167. Photocatalytic Arylation of Cysteine and
Cysteine-Containing Dipeptides in Flow
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aryl radical was promptly formed, which reacted with the free
thiol moiety of cysteine. Using a microflow reactor (PFA coil:
0.5 mm ID, 0.45 mL volume), irradiated with 3.12 W white
LEDs, it was possible to reduce the reaction time to 30 s, with
the ability to scale up the reaction to 1 g. Moreover, a number
of dipeptides bearing a cysteine moiety were successfully
modified.

More recently, a different approach to modify thiols,
cysteine derivatives, and cysteine-containing dipeptides in
flow was reported.”” In this case, diazoalkanes were used
under visible light irradiation to perform a S—H bond
insertion. In the flow setup (PFA coil 0.5 mm ID, 0.98 mL)
irradiated with S0 W blue LEDs, a 110-fold increase in
productivity was observed compared to batch, as the reaction
time was reduced from 12 h in batch to 6.5 min in continuous-
flow.

Baumann et al. prepared [1.1.1]propellane in flow and
subsequently coupled it with diphengl disulfide without
intermediate purification (Scheme 168).”® The PFA reactor

Scheme 168. Photoinduced S—H and C—C Bond Insertion
Using [1.1.1]Propellane in Flow
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(3.17 mm ID, 10 mL volume) was irradiated with a medium-
pressure Hg lamp (90 W) and the desired product was
obtained in 95% yield in 10 min residence time. Considering
these interesting results, the procedure was also applied to 2-
chloro-2-oxoacetates, to form new C—C bonds. The obtained
acyl chlorides could be further functionalized with an aniline,
to afford the corresponding amide in 18—48% overall yield (S
min residence time).

A continuous-flow method based on dual photoredox/nickel
catalysis was developed by Collins et al. to form alkynZI
sulfides through C(sp)—S bond formation (Scheme 169).”””
To perform the C(sp)—S cross-coupling, a solution of bromo
alkyne and terminal sulfide was irradiated with blue LEDs (465
nm) in a PFA capillary reactor (1.0 mm ID, 13 mL volume), in
the presence of 4CzIPN as organophotocatalyst and a nickel
catalyst. In the flow setup, this resulted in 96% yield for the
model substrates in 30 min residence time. With optimized
conditions in hand, a substrate scope was performed, which
showed that electronic and steric variations in both coupling
partners are well tolerated. One notable example of the scope
was provided by the synthesis of a phenylalanine-substituted
thioalkyne in 94% yield. This encouraging result shows the
potential of the method to incorporate alkyne moieties into
peptide chains. Also, a photochemical macrocyclization was
performed through the C(sp)—S coupling of an alkyne and a

https://doi.org/10.1021/acs.chemrev.1c00332
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Scheme 169. Thioalkyne Formation via C(sp)—S Coupling
of Bromoalkyne and Terminal Thiols via Dual Photoredox/
Nickel Catalysis
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cysteine moiety, which is the first example of a thioalkyne
incorporation in a macrocyclic structure.

The dehalogenative C—S coupling of thiosugars in flow was
investigated by Messaoudi et al. by utilizing nickel/photoredox
dual photocatalysis (Scheme 170).”* First, optimization was

Scheme 170. Arylation of 1-Thiosugar through Ni(II)/

Ru(II)-Photocatalyzed in Flow
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carried out in batch confirming that aryl-iodides and
dimethylformamide (DMF) gave the best results. The
presence of the HAT reagent A was necessary to abstract the
hydrogen atom from the S—H bond. The selected (pre)-
catalysts were Ni(dtbbpy)(H,0),]Cl, (S mol %), [Ru(bpy),]-
(PFq), (2 mol %). Next, an extensive scope was carried out
with 29 examples consisting of various aryl halides and

Capillary tubing (10 mL)
Blue LEDs (450 nm)
Solvent: DMF (0.2 M)
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heterocycles with yields of 30—96%. Finally, the reaction was
translated to flow for the coupling of thioglucose with 4-
iodobenzonitrile at a 0.8 mmol scale in a capillary reactor (10
mL volume) irradiated with blue LEDs (450 nm) with a
residence time of 20 min affording the product in 79% yield.

Considering the growing importance of fluoroalkylsulfanyl
and fluoroalkylselenolyl functionalities in medicinal and agro-
chemistry, new photochemical transformations in flow were
developed to allow late-stage derivatization of organic
compounds in this direction.”®” One example is the 4CzIPN-
enabled trifluoromethylthiolation of benzylic bonds of various
alkyl (hetero)arenes (Scheme 171).”*" The regioselectivity of

Scheme 171. 4CzIPN-Photocatalytic
Trifluoromethylthiolation of Benzylic Bonds in Continuous
Flow
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the transformation relies on the inner-sphere HAT process that
always results with the generation of a radical at the benzylic
position. The procedure allows for the modification of
structurally diverse benzylic positions in moderate to good
yields. The scope is broad and shows an excellent functional
group compatibility. Flow technology was applied for the late-
stage trifluoromethylthiolation of three compounds. The
reaction was scaled up to 1 mmol and the productivity was
increased from 0.1 mmol in 12—24 h in batch to 0.2 mmol in 4
h in flow.

Regarding the light-induced C—Se bond formation in flow,
the selenolation of indoles reported by Argiello, Oksdath-
Mansilla, and co-workers is an interesting example because the
flow techniques allow for coupling under both reductive and
oxidative conditions and, therefore, to perform multistep
syntheses without the need for intermediate purification
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(Scheme 172A).”** The process starts with the formation of
diselenide intermediates derived from the chemical reduction

Scheme 172. (A) Organic Selenides Multistep Preparation
under Visible Light Irradiation and (B) Photocatalytic
Trifluoromethylselenolation of Indoles in Flow
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Green LED (Apax: 525 nm)
Solvent: CH;0H/H,0 95:5 (0.01 M)

of selenocyanates, which took place in 1 min residence time.
The following light-induced oxidative C(sp*)—H activation of
indoles in flow occurred in a PFA reactor (0.75 mm ID, 6.3 mL
volume) subjected to blue LED irradiation (3 W, 467 nm) and
led to the selenolated product in 64% yield in 2 h residence
time. One of the main challenges of this multistep trans-
formation, was the choice of a solvent mixture which is suitable
for both steps. After a first optimization in batch, it was found
that a 10—30 mM solution in CH;OH/H,0 (95:5 mixture
afforded the best results without any precipitation. The
C(sp*)—H activation required blue LEDs and 2 equiv of
indole, while no oxidant was needed as ambient oxygen proved
sufficient. When the two steps were combined, the final
product was obtained in 63% overall yield, compared to 49% in
batch.

Similarly, Dagousset, Pégot, Magnier, and co-workers
described the metal-free trifluoromethylselenolation of indoles
and pyrroles using the nucleophilic [Me,N][SeCF;] (Scheme
172B).”* This reagent interacts with the excited eosin Y,
affording a radical which reacts with the electron-rich aromatic
heterocycle. In contrast to their batch setup, which only
necessitates air, the continuous-flow reactor required oxygen to
be supplied to the reactor (PFA coil: 2.35 mL volume,
irradiated with green LEDs) to reach higher conversions.
Optimizing the continuous flow protocol, it was possible to
reach comparable yields as in batch but in much shorter
reaction time (50 min in flow vs 18 h in batch). Moreover, the
scale-up of the reaction to 1 mmol worked very eficiently.

5.8.10. C—B Bond Formation. The photochemical
synthesis of 1,2- and 1,3-diborylarenes was carried out by
Larionov et al. through a dual C—H/C—X borylation of
haloarenes with B,Pin, in flow (Scheme 173).”** The metal-
and additive-free method occurs under UV-C irradiation and
was performed in batch and in flow. Interestingly, the
regioselectivity of the reaction could be tuned by changing
the solvent and the electronic properties of the arene
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Scheme 173. Photochemical C—H/C—X Diborylation of
Haloarenes with B,Pin, in Continuous-Flow

BPin in iPrOH
RIS or in HFIP if
L . R =EWG in para
BPin R = EDG in meta
T,
X -(am—
R AN PN
! — B,Pin,
. \ BPin in HFIP
R
—
Microflow conditions:
BPin
FEP tubing (3.2 mm ID, 111 mL)
UV-C lamp (16 x 8 W)
Solvent: iPrOH or HFIP (0.1 M)
Selected les:
elected examples BPin
BPin BPln BPin
BPin F3C BPin BPin ;
BPin
Batch: 60% Flow: 88% (1.3 g) Batch: 87% Flow: 74% (2.9 g)
in iPrOH Batch: 68% (1.0 g) in HFIP in HFIP

in HFIP

functional groups. The synthesis of 1,2-diborylated arenes
was performed with excellent selectivity in isopropanol. In
HFIP (hexafluoroisopropanol), 1,2-selectivity could also be
obtained with substrates bearing electron-withdrawing groups
at the para position or with electron-donating groups at the
meta position. A reaction scope for the synthesis of 1,3-
diborylated arenes was performed in HFIP with good
selectivity for 2-, 4-, and 2,3-alkyl-substituted haloarenes.
Apart from the electronic effects of the substituents, the
difference in regioselectivity in isopropanol and HFIP was
explained by their polarity and by the formation of a solvent
cage trapping of the radical intermediates. The gram-scale
diborylation of a number of arenes was performed in batch and
in flow. The flow reactor consisted of a FEP capillary (3.2 mm
ID, 111 mL) placed in a photochemical chamber reactor with
16 X 8 W UV-C lamps. Comparable results were obtained in
batch and in flow, but the reaction time could be reduced from
16 h in batch to 3.7 h in flow.

Similarly, the photoinduced borylation of haloarenes and
arylammonium salts was performed to synthesize arene
boronic acids and esters (Scheme 174).”* Initial experiments
between bromobenzene and tetrahydroxydiboron as boron
source provided the desired phenylboronic acid in 92% yield
after 3 h irradiation with a UV-C lamp (254 nm) at 15 °C. The
reaction scope with bromoarenes showed broad functional
group tolerance, with high yields obtained for the borylation of
electron-rich and electron-poor arenes and with N-, O-, and S-
containing heterocycles. Additionally, the method was
successfully applied to iodo- and chloroarenes and even to
fluoroarenes containing electron-donating substituents. A
number of alternative borylating agents were used as well,
such as esters derived from pinacol, neopentyl glycol, and
1,1,3-trimethylethylene glycol, providing the corresponding
boronic esters in 75—90% yield. For two examples with
B,(OH),, the borylation was carried out in a FEP flow reactor,
resulting in 60% and 90% yield.

The metal-free borylation of various electron-rich aryl
halides in flow was achieved by Li, Lin, and co-workers
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Scheme 174. Photoinduced Synthesis of Aromatic Boronic
Acids and Esters from Haloarenes and Arylammonium Salts

N CI)R
X [ (T— B.
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R R
= B,(OH),4 or Bo(OR), =
X=F,Cl,Br, |, NRg* Microflow conditions:
FEP tubing (3.2 mm ID, 111 mL)
UV-C lamp (Apax: 254 nm), T=15°C
Solvent: CH30H or CH;CN (0.1 M)
Selected examples:
B(OH), B(OH), BPin
OCF3
Flow: 90% Flow: 60% 87% 90%
(0.66 g) (0.549)

using photocatalytic conditions (Scheme 175).”*° Reactions
were first carried out in batch under irradiation with a 300 W

Scheme 175. Metal-Free Borylation of Electron-Rich Aryl
Halides under Continuous Flow Conditions

EDG
| /\ Bopin, B rrm—it
> or \ [
B,neop, TMEDA
TBAF Bpin Bneop

Microflow conditions: 22-85%

(34 examples)

FEP tubing (1.0 mm ID, 0.78 mL)
High press. Hg lamp (300 W)
Solvent: CH3CN/H,0/Acetone (50 mM)

high-pressure mercury lamp. Acetonitrile with both water and
acetone as cosolvents were identified as the best solvent
system, whereas tetramethylethylenediamine (TMEDA) was
selected as base. Finally, it was found that yields could be
increased to 40% in batch when 2 equiv of B,pin, were
employed. However, 10 h of irradiation was necessary to reach
those results. To improve the performance of the protocol,
flow technology was implemented. To this end, a FEP capillary
(1.0 mm ID, 0.78 mL volume) was wrapped around a cooled
quartz immersion well which held the mercury lamp previously
used in the batch reactions. A stock solution containing all
reactants and reagents was infused using a syringe pump,
resulting in 77% yield in only 26 min residence time. When 0.1
equiv of tetrabutylammonium fluoride (TBAF) was used as an
additive the yield was further increased to 87% (85% isolated
yield). Lastly, an extensive scope was carried out in flow with
optimized conditions using both B,pin, and the neopentyl
glycolato-derivative B,neop, as borylating agents resulting in
22—85% vyield for 34 examples (t; = 26—52 min).

Another example of a photomediated borylation of organic
halides in continuous-flow is given by Poisson et al. A
heteroleptic copper complex was used to enable the photo-
catalytic borylation of aryl, heteroaryl, vinyl, and alkyl halides,
affordin§ the corresponding boronic-acid esters (Scheme
176A).”"" Reactions were screened for base (DIPEA) loading,
heteroleptic copper catalyst choice and loading, and acetoni-
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Scheme 176. Light-Induced Cu(I)-Photocatalyzed
Borylation of Aryl Iodides in Continuous Flow
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Microflow conditions:

Capillary tubing (10 mL)
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Solvent: CH3CN/H,0 9:1 (100 mM)
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trile and water cosolvent loading. Under optimal conditions,
yields of 80% were obtained with a newly designed copper(I)
catalyst. An extensive scope with 42 examples was performed
in batch. Four of these examples were subsequently translated
to flow to enable scale-up to 2.2 mmol, affording yields of 68—
819%. Similar yields were obtained for the scale-up experiments
as in batch. As an example, the borylation of para-iodoanisole
was isolated in 73% yield at a 21.3 mmol scale.

The same group also developed copper catalysts for the
photochemical hydroboration of alkynes and alkenes in
continuous-flow (Scheme 176B).”*® Reactions in batch and
in flow were performed under similar conditions as for the
borylation of aryl iodides using B,Pin, as reagent. With the
developed method, a total of 54 terminal and internal alkynes
and alkenes were hydroborated in 43—97% yield. A scale-up to
20 mmol for phenylacetylene resulted in similar high yields
(78%). Interestingly, by changing the reagent from B,Pin, to
PhMe,Si—BPin an anti-Markovnikov hydrosilylation of alkynes
and alkenes was achieved.”*’ As in the previous cases, the Cu-
photocatalyzed hydrosilylation method was applied to a wide
range of substrates resulting in generally excellent yields in
continuous-flow (>90% yield for 34 examples).

Another example of a metal-free borylation in continuous-
flow is given by Li et al, who performed a photomediated
borylation of aryl halides with tetrahydroxydiboron (Scheme
177).7>° Reactions were first carried out in batch with B,pin, as
the borylating reagent. After identifying acetonitrile/water with
acetone as cosolvent and N,N,N’,N’-tetramethyldiamino-
methane (TMDAM) as the best solvent system and base
additive respectively, the system was translated to a flow
system (FEP capillary 1.0 mm ID, 0.78 mL volume). The
photochemical borylation in flow afforded the desired products
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Scheme 177. Light-Induce Metal-Free Borylation of Aryl
Halides under Continuous Flow Conditions
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Microflow conditions:

FEP tubing (1.0 mm ID, 0.78 mL)
High press. Hg lamp (300 W), T=-5°C
Solvent: CH;0H/H,0 4:1 (0.9 M)
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in 37—93% yield and in shorter times than in batch (up to 30
min vs 4 h). Encouraged by these results, the use of a more
atom-economical borylating agent (tetrahydroxydiboron) was
investigated. With a small variation to the previous conditions
(methanol/water 4:1 as solvent system), the 4-iodoanisole
derivative was afforded in quantitative yields by '"H NMR in
only 10 min residence time. Because of the difficulties
associated with isolating the pure aryl boronic acid, aqueous
KHEF, was added to the product after irradiation to afford the
potassium aryltrifluoroborate in yields up to 93%.

A scalable method for the generation of bicyclo[1.1.1]-
pentane (BCP) trifluoroborate salts starting from their
corresponding acids was developed by researchers at Merck
(Scheme 178).”°" A solution of BCP and catechol diboron was
irradiated with blue LEDs (100 W, 460—46S5 nm) in five flow
reactors placed in series (30 mL total volume). The outlet
stream was collected in a reaction flask and combined with
Et;N and pinacol to form BCP BPin in 65% isolated yield and
was then treated with KHF, to form BCP BF;K. A scale-up

Scheme 178. Scalable Generation of Bicyclo[1.1.1]pentane
Trifluoroborate Salts

R ’*’ R il
Catechol diboron BPin
o "
i Pinacol, EtN Flow: t = 30 min, 65%
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Phth-OH T l KHF,
Microflow conditions:
R Capillary reactor (30 mL) R
Blue LED (100 W, A ax: 460-465 nm)
CO,H Solvent: DMA (0.12 M) BF3K

51%

2858

borylation reaction was performed, converting 200 g of BCP in
51% yield over two steps.
5.9. Miscellaneous

5.9.1. O, Oxidation. The visible-light mediated synthesis
of disulfides was investigated by Noél et al. via a mild method
involving aerobic oxidation and heterogeneous titanium(IV)
oxide photocatalysis (Scheme 179).”°” Reactions first took

Scheme 179. TiO,-Photocatalyzed Thiol Dimerization in
Flow with a Glass Packed-Bed Reactor
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place in batch and were later performed in continuous-flow to
accelerate the transformation. A reaction optimization was
carried out in batch to screen solvent, base, and light source
(CFL or white LED). The optimal conditions in batch were
provided by the use of ethanol, tetramethylethylenediamine
(TMEDA) and white LEDs, which afforded 75% vyield for the
symmetrical disulfide cross-coupling of benzyl mercaptan in 8
h. To both reduce the risk in handling molecular oxygen and to
accelerate the reaction, the transformation was translated to
continuous-flow via a packed bed reactor (PBR) strategy. The
PBR (3 mm ID, 4 cm length) consisted of a glass reactor which
was packed with TiO, (60 mg), glass beads (310 mg) and void
space (200 uL). To avoid leaching of TiO, particles and
clogging, the PBR was first flushed with a 1 M solution of
TMEDA in ethanol, which allowed the TiO, to form larger
aggregates and effectively avoided leaching during the reaction.
Again, the system was irradiated with white LEDs (4.8 W), but
a substantial rate acceleration was achieved in continuous-flow.
Full conversion was observed in S min residence time with
comparable isolated yields as in batch for 4 symmetrical
disulfides and 1 asymmetrical disulfide. Of note was that the
photocatalyst system remained stable over the course of 28 h
of run-time in continuous-flow, attesting to the TiO,
aggregation method employed in the PBR.

Another packed bed reactor is described by Reisner et al,
who used a packed column photoreactor (PCP) filled with a
mesoporous graphitic carbon nitride material (mpg-CN,) to
perform triphasic reactions, such as the photocatalytic
oxidation of benzylic alcohols and amines (Scheme 180).”>
This heterogeneous catalyst is responsible for the oxidation of
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Scheme 180. Photocatalytic Triphasic Oxidation of Benzylic
Alcohols and Amines Performed in a Packed Column
Photoreactor
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Microflow conditions: (6 examples)

FEP tubing (2 mm ID, 1 mL)
Blue LED (14 W, Apay: 470 nm); T = 55 °C
Solvent: CH3;CN (0.075 M)

the benzylic position under irradiation, while aerobic oxygen
gets reduced and finally acts as the terminal oxidant. The
reactor consisted of an FEP coil (2 mm ID, ~1 mL volume)
where mpg-CN, was packed (3.5 wt % in a glass bead
mixture). The air flow is controlled by an MFC. Blue LEDs
(14.4 W, 470 nm) were used to irradiate the PCP. When
switching to a biphasic (liquid—solid) system, the solvent and
substrate were presaturated with air. However, the conversion
dropped from 80% to 11%. The morphology of the
photocatalyst was also important, as nonporous, bulk CN,
tends to provoke high back-pressures leading to the hampering
of the biphasic flow. Furthermore, bulk CN, suffers from a
poor charge separation. With mpg-CN,, the residence time to
reach full conversion was 90 min, although after 75 min
overoxidation products were observed. In batch, the
conversion was only 39% after the same time. To test the
reusability of the photocatalyst, the reactor was used for 25
cycles consisting of 2.5 mL of benzyl alcohol in acetonitrile
(100 mM), followed by 2.5 mL of neat acetonitrile. The final
conversion was almost constant, dropping only 10%.

The visible-light-mediated oxidation of sulfides to sulfoxides
was investigated by Aleman, Cabrera, and co-workers using
Pt(1I) complexes as photocatalyst in continuous-flow (Scheme
181).7°* Reactions were first carried out in batch to evaluate
the optimal solvent and platinum catalyst to run the reaction
with EtOH/water (9:1) provided quantitative yields after 10 h
irradiation (CFL, 23 W) using the Pt(II) complex outlined in
Scheme 181. This was followed by a small substrate scope in
batch of 10 examples affording yields of 62—98%. Following
this, the reaction was translated to continuous-flow. The
reaction solution was pumped with an HPLC pump and was
combined in a T-mixer with oxygen before it was introduced in
a FEP photoreactor (1.6 mm ID, 4.1 mL) irradiated with blue
LEDs (15 W). In flow, a considerable increase in reaction rate
was achieved compared to batch, with full conversion for the
oxidation of methyl-p-tolylsulfide in 11 min residence time (10
h in batch). Additionally, for the 8 sulfoxides investigated
comparable yields were obtained as in batch. Concerning the
catalyst, this class of platinum complex is known to absorb light
in the visible spectrum region owing to a metal-to-ligand
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Scheme 181. Pt(IT)-Photocatalyzed Oxidation of Sulfides to
Sulfoxides in Continuous Flow
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Microflow conditions:

FEP tubing (1.6 mm ID, 4.1 mL)
Blue LED (15 W)
Solvent: EtOH/H,0 9:1 (0.15 M)

charge transfer (MLCT) and can work as a homogeneous
photocatalyst. In the studied transformation, its photocatalytic
ability outperformed those of Ru(bpy),;Cl, and Ir(ppy); and it
was more selective than both Rose Bengal and tetra-O-
acetylriboflavine. The authors suggest a radical mechanism
involving the formation of oxygen radical anion instead of an
energy transfer generating singlet oxygen. In fact, the reaction
is not accelerated in deuterated solvents and was shut off by
the addition of benzoquinone, a scavenger of superoxide
radicals.

Another oxidation-mediated by oxygen radical anion is
reported by Chen et al. using Rose Bengal for the
photocatalyzed N-demethylation of N,N-dimethylphenyl
amines (Scheme 182).”° Aiming to provide a practical route
to N-demethylate compounds, continuous-flow was used. The
flow reactor consisted of a FEP capillary (0.8 mm ID, 20 mL
volume) coiled around a quartz tube, which was irradiated with
34 W LED corn-shaped light bulb. The addition of an excess of
acetic acid (25 equiv) accelerated the transformation from 24
to 3 h. In order to fully convert the intermediate hyperoxide
into the product, either an acidic work up was performed, or
vitamin C was used as a hydrolytic reagent as a milder
alternative. The scale-up of the reaction was performed with a
steroid (mifepristone), which underwent demethylation in
65% vyield and 1.5 h residence time. Without acetic acid, the
reaction took more than 48 h in flow, whereas it took 6 h
under standard conditions in batch. Notably, during the
reaction N-formyl byproduct was formed, but this could be
converted into the desired product when treated with acid,
thus increasing the yield to 83%.

Horvath, Skoric, and co-workers reported the photocatalytic
oxidation of heterostilbenes.”*® Manganese(III) porphyrins
worked as the photocatalyst. Differently from metal-free
porphyrins, these catalysts perform an electron transfer after
light irradiation, affording Mn(IV) and Mn(V) complexes
which are then involved in follow-up reactions. The photo-
oxidation of the less aromatic furostilbene afforded a mixture
of up to five products. On the other hand, when starting from
the more aromatic and stable thienostilbene, the reaction was
more selective (up to two oxidized products were obtained).
Different glass microflow reactors were tested (0.376—0.498
mm ID, 4—32 uL volume), resulting in the acceleration of the
photooxidation. The complete conversion was obtained in less
than 4 min for the thienyl derivative (vs almost 16 h in batch)
and in less than 2 min for the furyl derivative (vs more than 2 h
in batch). As expected, with a residence time of 12 s, higher
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Scheme 182. Acetic Acid Accelerated Photocatalytic N-
Demethylation of N,N-Dimethylphenyl Amines
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conversions were obtained with a smaller channel architecture
(86% vs 81%).

The selective photooxidation of benzene into _Phenol was
reported by Su et al. using DDQ_as photocatalyst.”>” This is a
challenging transformation, especially because the product is
more prone to oxidation than the starting material. The
authors screened several parameters, such as residence time,
benzene concentration, molar ratio, and solvents. Optimal
results were obtained for a 30 mM benzene solution in
acetonitrile with 12:1:1.5 molar ratio of H,O:benzene:DDQ,
affording 94% phenol yield with >99% selectivity in 1 h
residence time. The implementation of a microreactor (PFA
tubing, 1 mm ID) irradiated with a 450 nm blue LED strip
proved to be beneficial for the transformation, outperforming
all the reported batch processes.

The oxygen-mediated photooxidation of benzylic organo-
trifluoroborates in flow was reported by Wang et al. (Scheme
183).”°" In a batch setup equipped with an oxygen balloon, the
corresponding aldehyde was obtained in only 12% yield over
180 min. In contrast, when switching to a flow setup (FEP
capillary 1.58 mm ID, 0.875 mL), irradiated with high-power
UV-LED, the aldehyde was obtained in 82% NMR yield.
Increasing the residence time to 7 min, while keeping the
oxygen flow constant, resulted in quantitative yields of
benzaldehyde. This result proved the importance of the
stoichiometry of the reaction, requiring at least 5 equiv of
oxygen. The excited Ir(III) complex catalyzes the SET that
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Scheme 183. Photocatalytic Oxidation of Benzylic
Trifluoroborates in Flow
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Microflow conditions:
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High-power UV-LED (300 mW-cm2, A,.: 365 nm)
Solvent: Acetone/CH;OH 3:1 (0.043 M)

oxidizes the trifluoroborates with generation of a benzyl
radical.

5.9.2. Multistep Synthesis. En route to the completion of
a four-step synthesis to pyocyanin, Baxendale et al. utilized
continuous-flow photocatalysis for the key final step of the
synthesis, allowing them to easily produce pyocyanin in gram
quantities (Scheme 184).”*” The final step consisted of the

Scheme 184. Flow Preparation of Pyocyanin in a
Continuous Mode through a Photooxidation
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Microflow conditions:

FEP tubing (10 mL) 1
Low press. Hg lamp (100 W, A,.,: 380 nm)
T=50"°C

Solvent: H,O (0.01 M)

photooxidation of a methylated salt to give pyocyanin and was
performed in a FEP capillary reactor (10 mL volume)
irradiated with a 100 W low-pressure mercury lamp equipped
with a blue wavelength filter (4,,,, = 380 nm). The system was
kept at 50 °C and 100 psi (6.9 bar), and required a residence
time of 30 min. Notably, as proven by experiments with
deuterated water, phenazine methosulfate is excited by UV
light irradiation and reacts with water, to finally afford the
product by deprotonation and oxidation. To avoid a long
extraction of the pyocyanin, which tends to stay in water
because of its zwitterionic nature, an in-line work up was
performed with a polymer-supported base (PS-DMA) as a
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quencher. Then, a reusable C18 functionalized silica packed
bed was employed to retain the pyocyanin, whereas the
unreacted salt was eluted. Finally, methanol was used to wash
away the product. To ensure the process could run
continuously, two quenching columns were used in parallel,
followed by two parallel purification columns. Using a set of
automated switching valves, it was possible to run the process
in one side, while the other was washed with water. An in-line
UV detector was integrated at the end to indicate when it was
necessary to switch to the parallel column. Using this method,
87% of pyocyanin was obtained starting from 1080 mL of stock
solution, corresponding to 2.88 g over 18 h run.

The synthesis of isoxazoles through a modular flow strategy
was reported by Oh et al. via a telescoped process.””’ A
Friedel—Crafts acylation of alkynes is followed by the azide
conjugate addition to the corresponding f-chlorovinyl ketones,
which undergo a photochemical-thermal reaction sequence to
afford the isoxazole (Scheme 185). The authors described how

Scheme 185. Continuous-Flow Synthesis of Isoxazoles
through a Modular Flow Strategy
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Microflow conditions:

Borosilicate glass reactor (1.4 mL)
UV-LED (10 W, Aax: 365 nm)
Solvent: DMF (0.01 M)

the f-chlorovinyl ketones also underwent cyclization with
NH,OH-HCI in the presence of potassium hydroxide.
However, the strongly basic conditions represented a limitation
in the scope evaluation. The reaction with sodium azide was a
valid alternative, especially when UV-LED (10 W, 365 nm)
was used to irradiate the reaction. The desired isoxazole was
obtained in 69% yield in batch; however, also 31% of 2H-
azirine was formed. To improve the chemoselectivity toward
isoxazole, a thermal treatment of the mixture after the
photochemical step was investigated in continuous-flow, to
avoid working with remaining unreacted azide species at high
temperature. NaN; (0.9 g) was placed in a stainless-steel
column (4.6 mm ID) with both ends closed with sea sand.
After addition of the azide to the f-chlorovinyl ketone, the
reaction mixture was injected in an in-line photoreactor
(borosilicate glass reactor, 1.4 mL volume) to afford the
isoxazole and the 2H-azirine, in a 67:33 ratio (t; = 9 min),
followed by an in-line heating module (PTFE tubing, 3 mL
volume) at 110 °C (tg = 20 min). The azide was completely
consumed, thus avoiding safety issues. After the thermal
treatment, the isoxazole was obtained in 90% yield, with only
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10% 2H-azirine side-product. With these positive results in
hand, the continuous-flow synthesis was applied to a total of 20
substrates in 45—91% yield.

5.9.3. Flow-Selective Transformations. The selective
synthesis of azoxybenzenes from nitrobenzenes was reported
by Nishiyama et al. by visible light irradiation under
continuous-flow conditions (Scheme 186).”°" Interestingly,

Scheme 186. Reactor-Dependent Photocatalytic

Azoxybenzene Synthesis
P
N%

Eosin Y (1 mol%)
Flow: 88% (tg =4 h) Flow: 1%
Batch: 1% (t =24 h) Batch: 19%

NO,

>

Microflow conditions:

N(CH,CH,0H)3
(6 equiv.)

FEP tubing (7.07 mL)
Green LED ( Apax: 525 nm)
Solvent: CH;0H/H,0 3:2 (0.04 M)

when the reaction was performed in batch, the photoreduction
of nitrobenzene with eosin Y and triethanolamine with a green
LED (525 nm) resulted mostly in the formation of aniline
(19% yield) and other reduction intermediates (nitro-
sobenzenes and phenyl hydroxylamines) after 24 h irradiation.
However, when the same reaction was translated to
continuous-flow by using PTFE capillary tubing (1 mm ID,
2.36 mL volume), 71% of azoxybenzene was obtained and only
7% of aniline with 4 h of residence time. Further investigation
demonstrated that the material of the tubing (clouded PTFE
or transparent FEP) did not have much effect on the reaction
outcome. The elongation of the photoreactor, while keeping
the residence time constant by increasing the flow rate (>2
mL-h™"), led to a higher selectivity, most likely because of the
better mixing at higher flow rates. Notably, it was found that
the residence time can be shortened by increasing the
equivalents of the reducing agent (triethanolamine). In another
work, the photosynthesis of azo compounds from nitrobenzene
was performed with graphitic carbon nitride (g-C;N,) as
heterogeneous catalyst in flow.”*” To avoid clogging, a gas—
liquid—solid segmented flow was established, by pumping
nitrogen gas into the photoreactor (PFA capillary, 1.6 mm ID,
30 mL volume), which was irradiated with purple LED (405
nm). The best productivity of the process (26.1 mmol-h™-L™"
with 7.5 min of residence time) was 5.6 times better compared
to the one obtained in batch (4.7 mmol-h™"L™").

The photomediated reduction of ortho-methyl phenyl
ketones to secondary alcohols was reported by Singh,
Pabbaraja, and co-workers utilizing water as a hydrogen source
to perform a phototransfer hydrogenation reaction (PTHR)
(Scheme 187).”°* For the optimization, 2-methylbenzophe-
none was introduced to a stream of water via a T-mixer, which
then entered a HPFA reactor (1 mm ID, 3 mL volume)
irradiated with a medium pressure 250 W lamp. The flow rate
of both inputs was varied with the optimal condition affording
a yield of 89% in 29 min residence time. For the scope, an in-
line work up system was implemented, which consisted of an
inlet stream of diethyl ether being introduced to the reaction
stream after the photoreactor followed by in-line liquid—liquid
separation with a hydrophobic PTFE membrane micro-
separator. Using this procedure, 25 ketones were successfully
reduced in yields of 37—88%.
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Scheme 187. Photochemical Reduction of Diaryl Ketones in
Flow with Water
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Microflow conditions: (25 examples)

HPFA tubing (1 mm ID, 3 mL)
Medium press. Hg lamp (250 W)
Solvent: CH;CN (0.0125 M)

Similarly, Polyzos et al. reported the photocatalytic
reduction of imines in flow in the presence of triethylamine
as a cheap reducing agent (Scheme 188).7°* This work

Scheme 188. Photocatalytic Reduction of Diphenylimines in

Flow with Triethylamine
o
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N
‘)\‘ “OO
71-98%

Microflow conditions:
(5 examples)

Ir(111) (0.5 mol%)
Et3N (5 equiv.)

PFA tubing (0.75 mm ID, 3 mL)
Blue LED (70 W, Apax: 447 nm)
Solvent: CH;CN (0.1 M)
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elected examples | Br
HN : HN :

7%
(starting from 23.89 mmol)
1.81 mmol-h™!

Ir(l11) = Ir(ppy),dtbbpy(PFg)

79%
(starting from 27.63 mmol)
1.59 mmol-h!

followed a previous report in batch where the main limitation
was the competitive dehalogenation of iodoarene substitu-
tents.””> The flow photoreactor consisted of coiled PFA
capillary (0.75 mm ID, 3 mL volume) irradiated by two blue
LED arrays (7 W, 447 nm) and pressurized to 40 psi (2.8 bar).
The system was combined with an in-line FlowIR (FTIR)
spectrometer which monitored the output over 9 h reaction
time. Starting from 23.89 mmol, with 7 min of residence time,
the desired amine was obtained in 77% (7.68 g), whereas the
deiodination process was almost completely suppressed. For
the N-(4-bromo-phenyl)-imine (27.63 mmol), the residence
time was extended to 9 min, resulting in 79% yield. On a
smaller scale (0.4 mmol), 5 different imines successfully
underwent photoreduction. Under the same conditions in
batch, significantly lower selectivity was observed, with 64% of
the dehalogenated amine obtained after 3 h of irradiation.
5.9.4. Si—H Activation. Organosilanes are useful function-
alities in medicinal chemistry and material science. Silicon-
centered radicals can be generated by hydrogen atom transfer
(HAT) in a straightforward strategy to activate silicon hydride
(Si—H), through either: (i) a direct HAT catalysis, (ii) an
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indirect HAT event, or (iii) a proton-coupled electron transfer
(PCET).”*°

In one example, Si—H bonds were activated in an SFMT
reactor through the combination of the organophotoredox
catalyst 4CzIPN with an HAT catalyst (Scheme 189A).”%” The

Scheme 189. (A) Photocatalytic Hydrosylilation of Alkenes
through an HAT Process in STFM and in Continuous Flow
and (B) Scale-up of the Photocatalytic Deuteration of
Triethylsilane in Continuous Flow with HAT Catalyst
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SFMT: 51-85%
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Flow: tg = 3 h, 85% (12 mmol scale)
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so-formed silyl radical reacted with both electron-poor and
electron-rich alkenes. In the latter case, the polarity-reversal
catalyst B for hydrogen atom abstraction was necessary. The
reaction was developed in batch, however, SEMT reactors
(HPFA capillary 0.762 mm ID, 1.5 mL volume) were
employed in case of low conversions to improve the results.
Larger-scale experiments (12 mmol) required a continuous-
flow reactor (HPFA capillary 1.57 mm ID). In this way, high
yields were obtained in only 3 h of residence time.

The photocatalytic deuteration of Si—H bonds in flow was
described by Wu et al. (Scheme 189B).”® 4CzIPN activates
the HAT catalyst B, while B® abstracts the hydrogen from the
Si—H bond. The feasibility of a large-scale synthesis was
evaluated using continuous-flow technology. The deuteration
of 100 g of starting material (Et;SiH) afforded 89% NMR yield
of the desired product. Moreover, flow conditions were much
more appealing than batch conditions, requiring (i) lower
HAT catalyst loading (2 mol % vs 10 mol %), (ii) lower
photocatalyst loading (0.2 mol % vs 2 mol %), (iii) fewer D,0O
equivalents (30 vs 50), and (iv) shorter reaction time (3 h vs
12 h).
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Figure 63. Examples of photoelectrochemical setups: (A) Homemade photoelectrochemical batch setup based on an H-type divided cell with an
“F” glass filter as membrane. Schematic representation (B) and picture (C) of a photoelectrochemical flow cell using TiO, deposited on FTO as
photoanode. Panel A: Reprinted from ref 780. Reprinted with permission from AAAS. Panels B and C: Reprinted with permission from ref 781.

Copyright 2017, with permission from Elsevier.

6. PHOTOELECTROCATALYSIS: MERGING
PHOTOREDOX CATALYSIS WITH
ELECTROCHEMISTRY

Synthetic organic electrochemistry and photoredox catalysis
have almost simultaneously witnessed a remarkable renaissance
in the past decade and are often compared to each other.’' In
most cases,””” single-electron transfer (SET) is the key step in
both techniques, leading to the generation of radical
intermediates.”’® However, the main difference between the
two activation modes is the way the electron transfer occurs. In
electrochemistry, SET occurs at an electrode surface and the
applied voltage is tuned via an external potentiostat.””' In
contrast, photocatalysis uses photons as energy carrier leading
to an excited state photocatalyst which can engage in SETSs
with other organic molecules. In photocatalysis, the redox
properties are dependent on the molecular structure of the
photocatalyst. Because of the difference in energy supply, it is
immediately clear that both scenarios pose different techno-
logical challenges and, thus, require disparate reactor designs to
carry out and scale these reactions.”””

The merger of electrochemistry and photocatalysis has
recently led to some new exciting opportunities for synthetic
organic chemists.””*”””? While it is technologically quite
complex as both electrode-processes and photon transport
phenomena need to be harmonized, their combination is often
used to solve a specific synthetic problem associated with
either photocatalysis or electrochemistry. As we will show in
this specific section, photoelectrochemistry allows to remove
certain oxidants and reductants, to close the catalytic cycle, or
to generate very powerful oxidants or reductants. It further
facilitates the lowering of the applied potentials in electro-
chemistry leading to milder reaction conditions and, thus, to
more selective transformations.

2863

6.1. General Considerations for Design of
Photoelectrochemical Batch and Flow Reactors

Combining electrochemistry and photocatalysis can be quite
challenging from the vantage point of reactor design. In a
single reactor, electrodes need to be installed, and simulta-
neously, a proper illumination of the reaction medium has to
be ensured. This means that technological hurdles in both
electrochemistry and photochemistry need to be overcome at
the same time. Notably, when highly reactive species are
involved, it is important that both the delivery of electrons and
photons are on par with each other. Hence, a proper design of
the reactor setup is crucial to ensure highly efficient and
reproducible reactions. However, as the field is relatively new,
the reported reactor designs are often exploratory and
homemade, and thus suboptimal with regard to the
optimization of electron, photon, mass, and heat transport.
Nevertheless, these designs provide some useful insights, and
as the field grows, it can be anticipated that commercially
available and standardized systems will become available in the
near future.

In batch, homemade reactors are the most common in the
current literature. The simplest arrangement consists of a
small-sized glass reactor equipped with two electrodes which is
subjected to light irradiation originating from LED or CFL
light sources. If the two electrochemical half-reactions are
incompatible, a divided cell can be used where the two half-
cells are separated by a suitable membrane (Figure 63A) (i.e.,
cation-exchange or anion-exchange membrane). It can easily
be understood that such devices might lead to interlaboratory
reproducibility issues.

The challenges associated with photochemistry (e.g.,
attenuation of light) and electrochemistry (i.e., ohmic drop)
can often be overcome when the reaction is miniaturized using
for example microreactor technology. It is reasonable to state
that all relevant processes will occur in the proximity of
electrodes due to short living nature of the generated reactive
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species. Hence, it is important that photons are delivered
efficiently proximal to the electrode surface. So far, the reports
on flow photoelectrochemistry have been limited to the
conversion of relatively simple molecules, such as CO, or
formic acid (see section 0 for more information). In these
examples, a suitable photocatalyst, such as TiOZ,774 Cu20,775
CuO,””® and BiVO,/WO,,””” is deposited on fluorine-doped
tin oxide glass (FTO). FTO is an electrically conductive,
chemically inert and transparent material and is often used as a
less expensive alternative to indium tin oxide (ITO) electrodes
in the development organic solar cells (Figure 63B and C).”’®
The reagents can subsequently be directed over the photo-
electrode using a suitable pump. While these photoelectro-
chemical flow cells could find use in synthetic organic
chemistry, it is our belief that this design, due to the
nontransparent nature of the heterogeneous photocatalyst, is
not going to be generally applicable (e.g., for homogeneous
photocatalysis). A suitable strategy would be to fill the narrow
interelectrode gap with electrolyte while the reaction solution
is flowing on the opposite side of the nontransparent, porous
electrodes (Figure 64).””" This side is subsequently covered
with a transparent plate, through which the reaction solution
can be irradiated.

*ﬁfiﬁzﬁfﬁif*ﬁ Transparent material
J
I—@

|

Electrode surface

et suce

S
—*—*—*—*«*—*—*—*—*— Transparent material

Figure 64. Schematic representation of generally applicable photo-
electrochemical flow reactor (PEC = photoelectrochemical cell).

Reaction solution
for anodic PEC

Solution with
supporting electrolyte

Reaction solution
for cathodic PEC

6.2. Generation of Highly Oxidizing/Reducing Species
Using Photoelectrochemistry

One of the most relevant applications of photoelectrochem-
istry is the generation of extremely powerful oxidizing or
reducing species, stemming from the excitation of an oxidized/
reduced photocatalyst. As shown in Scheme 190, the
photocatalyst (PC) interacts first with an electrode. Then,
the oxidized/reduced PC is excited by light irradiation to a
highly oxidizing/reducing species, which reacts subsequently
with the organic substrates (Sub). This allows to engage
previously unreactive substrates in useful synthetic trans-
formations, effectively expanding the substrate scope of a
transformation. The requirements to be met are (i) the
photocatalyst has to be reduced/oxidized at low voltages; (ii)
after electron transfer, the intermediates must be able to absorb
light and (iii) the resulting reactive species must live
sufficiently long to enable interaction with the substrate.

In one of the earliest synthetically useful examples (in 1979),
Moutet and Reverdy described the anodic oxidation of
phenothiazine (PTZ, E;;, = 0.79 V)’** which generates a
radical cation (Scheme 191).”*® After irradiation using a
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Scheme 190. Photoelectrogeneration of Highly Oxidizing
(A) or Reducing (B) Species”
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“PC = photocatalyst; Sub = substrate.

Scheme 191. Oxidation of Diphenylethylene Using
Phenothiazine (PTZ) as a Photoelectrochemical Catalyst
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H
mercury lamp (<400 nm), a highly oxidizing species is
obtained, which can subsequently oxidize diphenylethylene
(DPE). The so-formed radical cation of DPE reacts with
another DPE molecule undergoing either a [4 + 2]
cycloaddition or a 1,2-addition.

Successively, the same authors reported the oxidation of
benzylic alcohols to the corresponding aldehyde using
N,N,N’,N’-tetraphenyl-p-phenylenediamine (TPPD) as the
photoelectrocatalyst (Scheme 192).”%* After being anodically
oxidized (E,;,, = +0.68 V), TPPD generates a radical cation
which, under UV irradiation, reaches an excited state able to
oxidize the alcohol. Unfortunately, no yield was reported.

About four decades after these pioneering examples,
Lambert et al. reported an oxidative coupling of arenes using
trisaminocyclopropenium (TAC) ion as an photoelectrocata-
lyst.”® The electrochemical behavior of such an ion had
already been described in the 1970s,”*77% while in 2017 it
was used as an electrolyte.”*” Lambert et al. described how
TAC ions can be easily oxidized by a graphite anode (E,,, =

Pt rotating disk voltammetry
U = 0.6 V vs Ag/Ag*

Hg lamp (<400 nm)

Solvent: CH3CN (2 mM)
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Scheme 192. Photoelectrochemical Oxidation of Benzyl

Alcohol with TPPD
3 turnovers

TPPD (7 mol%)
LiCIO, (0.1 M)

Conditions: TPPD (Ej= 0.68 V)
Pt rotating disk, Uge, = 0.50 V vs Ag/Ag* Ph. _Ph
Hg lamp (>360 nm) N
Solvent: CH;CN (0.135 M)
N
Ph” “Ph

+1.26 V vs SCE) generating the corresponding air-stable
radical dication, which forms an extremely oxidizing species
after irradiation with white light. The radical TAC dication,
generated by the oxidation of TAC", represents an open-shell
doublet photocatalyst which undergoes an electron transition
from HOMO to SOMO when irradiated by visible light (23 W
CFL) (Scheme 193C). The SOMO—HOMO level inversion
explains its extremely high oxidation potential (EX = 3.33 V vs

SCE). Depending on the substrate, the reactor is either a
divided or an undivided cell equipped with graphite and Pt
electrodes, where the reaction mixture is exposed to irradiation
from a 23 W CFL. Notably, easy-to-oxidize substrates do not
need a divided cell configuration. The generated excited
dication (TAC>**)* can oxidize even benzene, whose radical
cation can be trapped by pyrazole (Scheme 193A). In this case,
TAC works as an SET catalyst (Scheme 193C).”* As an SET
photoelectrocatalyst, TAC* was also employed for the syn-
stereoselective acetoxyhydroxylation of olefins, affording the
corresponding glycol monoesters (36 examples, 31—82%
yield).””® It was also possible to translate the batch process
into a recirculating flow one for the scale-up (12—50 mmol).
The flow setup consisted of two separated reactors, namely, the
electrochemical cell and a PTFE-capillary photoreactor
irradiated with a 23 W CFL.

Calculations demonstrated that the strongly oxidizing
(TAC>**)* species has an aminyl radical cation character,
and for this reason, it can also act as a hydrogen atom transfer
(HAT) acceptor (Scheme 193B).”"! Compared to other
known HAT acceptors, such as selectfluor,””> N-hydroxy
succinimide,””” and K,S,0,,””* TAC offers several advantages,
including that it can be used in catalytic amounts (8 mol %), it
is regioselective, and no external oxidants are required. In this

Scheme 193. Use of TAC" as a Photoelectrocatalyst: (A) SET and (B) HAT Photoelectrocatalysis with TAC", (C) Proposed
Mechanism for the Photoelectrolyzed Transformations with the Orbital Configuration of the Oxidized and Photoexcited
TAC?** Species, and (D) Photoelectrocatalytic Diamination of Vicinal C—H Bonds

(A) % N R?
s ~
R = Rz—f(\\N - /N\N/Q
N N TAC* (8 mol%) @;f
LiClO4 (0.6 M) R2
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LiCIO4 .
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©6M) T o
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C(+)/Pt(-), Ucey =2.0 or 1.5V
CFL (23 W) w .,
Solvent: CH,CN (0.1 M) Me N Me
Me A Me
N N
Me Me
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way, activated C—H bonds, that is, located at the a-position
from ethers, can be functionalized with isoquinolines, azoles,
alkenes and alkynes. In 2021, the same group reported the
TAC"-photoelectrocatalytic diamination of vicinal C—H bonds
(Scheme 193D).”*° In this case, the excited dication
(TAC***)* oxidizes the alkylated arene substrate twice, thus
producing a cationic species, which undergoes multiple Ritter-
type C—H functionalization reactions with acetonitrile. The
reaction was performed in a H-type electrolytic cell equipped
with carbon felt anode and platinum cathode, irradiated with a
CFL. Interestingly, the choice of the supporting electrolyte
determined the selectivity to either the 3,4-dihydroimidazole
or the 2-oxazoline. The transformation proved to be generally
applicable and was used to functionalize nine bioactive
molecules and synthesize four, in good yields (31-72%).
When starting from benzylic-unbranched substrates, the
monoamination product is obtained instead.””® In fact, in the
case of branched substrates, an acid-catalyzed elimination step
takes place after the first amination, leading to a styrene
intermediate, which undergoes further oxidation and Ritter-
type functionalization. On the other hand, for unbranched
substrates the elimination would require a stronger acid than
TFA, and thus generates a benzylic amide.

To trigger photoelectrochemical reductions, a different set of
catalysts has to be taken into consideration. For instance, 9,10-
dicyanoanthracene (DCA) behaves as an electron-primed
photocatalyst, which is able to reduce various aryl halides to
their corresponding radical anions (Scheme 194A).7°° These
species undergo mesolytic cleavage, forming the corresponding
aryl radical by losing the halide. Then, the aryl radical reacts
with other reagents (namely, boron pinacolate, hexamethyldi-
tin, N-methyl pyrrole). The setup consists of an H-type divided

Scheme 194. (A) Photoelectrochemical Reductions with
DCA Allow the Activation of Aryl Halides and (B)
Molecular Orbitals of DCA and of Its Reduced and Excited

Derivatives
(A) e
X FG
7 % * 7
R— R—
— DCA (5 mol%) =
BuyNPFg (0.15 M)
X =Cl, Br
FG = [B], [Sn], Ar
__________ 26 examples, 17-90%
| X
via ! .
' R |
Conditions: o /' DCA
Zn(+)IC(-), Ugey = 3.2V CN
Blue LEDs (15 W x 2)
CH4CN (0.1 M) OOO
CN
(B)
DCA DCA™ (DCA™ )

E,eq=-3.2V vs SCE
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electrochemical cell equipped with a carbon felt cathode and a
zinc plate in the anodic half-cell. The entire electrochemical
cell is irradiated with blue LEDs. DCA can be cathodically
reduced to form an anion radical which is subsequently excited
by blue light irradiation, leading to a highly reducing species
(estimated at —3.2 V vs SCE) owing to a SOMO-HOMO level
inversion (Scheme 194B). Such a low reduction potential can
be compared to those of alkali metals. The use of alkali metals
has provided many synthetic opportunities to organic chemists,
yet these methods are 7plague with issues related to safety and
poor chemoselectivity.””” Mechanistic studies revealed that an
alternative pathway for DCA to first get photoexcited and then
reduced is less probable, as DCA does not absorb in the blue
region of the UV—vis spectrum.

DCA is not the only option to enable photoelectrocatalytic
reductions. A naphthalene-based analogue of perylene
monoimide (NpMI) can be reduced at a reticulated vitreous
carbon (RVC) cathode in a H-type electrochemical cell when
an adequate potential is applied (Scheme 195A).”°% As the

Scheme 195. Electron-Primed Photoredox Catalysis with
NpMI: (A) Photoelectrocatalyzed Arbuzov Reaction and
Coupling with N-Methyl Pyrrole and (B) Comparison
among Photoelectrochemical, Electrochemical, and
Photochemical Aryl Cross-Coupling versus Reduction

(A)

Cl
TN
R
=
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O
P(OEt)s O N-Me pyrrole
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o
o Ar = 2,6-diidopropylphenyl Me\
I N \
P—
Xy OEt ~
Ry- OEt X
= R—+ _
51-89% 41-82%
(12 examples) (8 examples)
®) ‘ Me
R! cl "M@ N N\ R! H
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—_—
2 2
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R’ N-Me pyrrole R R!
R1
Conditions:
RVC(+JRVC(), 0408 mA) © *hv | 44% >2%
Blue(:LD “ " Only & - 30%
Solvent: CH;CN (0.1 M) Only hv - -

or DMSO (0.2 M)

other—synthetically less important— half reaction, the
oxidation of Et;N was selected. The electrochemical reduction
of NpMI results in the formation of a mild reductant, which is
subsequently transformed into a highly potent one (E,.q< —3.3
V) upon absorption of blue light. NpMI proved efficient in the
reduction of aryl bromides and chlorides, which display a low
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Scheme 196. (A) Example of a Photocatalytic Cycle Where Electricity Is Used to Restore the Photocatalyst in the Last Step,
(B) Photoelectrochemical Alkylation of Heteroarenes Using Organotrifluoroborates, (C) Photoelectrochemical

Trifluoromethylation of Arenes with the Langlois Reagent, and (D) Trifluoromethylation of Mesitylene in Flow, with Spatial
and Temporal Separation of the Electro- and Photocatalytic Steps
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FEP tubing (0.5 mm ID)
Blue LED

Solvent: CH,CN (0.05 M)

redox potential (~—2.4 V). In this way, the photoelectroca-
talyzed Arbuzov reaction was made possible using electron-rich
aryl chlorides as substrates. The radical coupling of (electron-
rich) aryl chlorides with N-methyl pyrrole was also feasible.
The direct comparison between the photoelectro activation
and the individual photon or electron activation modes showed
a clear benefit of photoelectrocatalysis. Neither photocatalysis
nor electrolysis alone afforded the cross-coupling product
(Scheme 195B).

6.3. Closing the Photocatalytic Cycle with an
Electrochemical SET

Understanding the underlying mechanism of a photocatalytic
transformation is a crucial research aspect within synthetic
organic chemistry.””> Fundamental insight into the photo-
catalytic cycle allows researchers to devise new s;fnthetic
pathways as well as to overcome present limitations.”*’*7%%%%
Particularly, closing of the catalytic cycle and regeneration of
the photocatalyst is of fundamental importance to increase
TON and TOF values, although this is often overlooked.
Photocatalyst regeneration does not involve light and can take
place in several ways, involving either a cocatalyst, an external
stoichiometric agent or by quenching of a reactive
intermediate.””’ However, the use of electrochemistry to
close the cycle provides a more atom-economical solution as it
does not require any additional sacrificial agent (Scheme
196A). One important example is presented by the work of Xu
et al.,, where photocatalysis and electrochemistry were merged
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to develop an oxidant-free C—H alkylation of heteroarenes
with organotrifluoroborates as coupling partners (Scheme
196B).** Mes-Acr* was selected as a suitable photocatalyst,
which is excited by blue LED irradiation in an undivided
electrolytic cell. The excited species Mes-Acr** (2.06 V vs
SCE) can undergo an SET with organotrifluoroborate, yielding
the corresponding alkyl radical and Mes-Acr. Whereas the alkyl
radical further reacts with the heteroarene yielding the target
compound, Mes-Acr is oxidized at the RVC anode back to
Mes-Acr’.

Mes-Acr® can also enable the trifluoromethylation of
(hetero)arenes using the Langlois reagent as CFs-source
(Scheme 196C).*>* The transformation is carried out in an
undivided electrolytic cell with a graphite felt (GF) anode and
a Pt cathode, subjected to blue LED irradiation. Importantly, a
continuous-flow version of this transformation proved to be
efficient, showing that the photoexcitation and electro-
oxidation can occur sequentially in two different reactors
(Scheme 196D). The flow system consists of a modular
electro-flow cell based on a commercial flow reactor by IKA***
connected to a transparent FEP capillary subjected to blue
LEDs.

Based on their previous work,®> Lambert et al. have
proposed an photoelectrocatalytic approach to trigger the
nucleophilic aromatic substitution (SyAr) of fluorinated arenes
using 2,3-dichloro-5,6-dicyanoquinone (DDQ) as the photo-
catalyst (Scheme 197).° Although SyAr is widespread in
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Scheme 197. Photoelectrocatalytic SyAr Starting from
Unactivated Aryl Fluorides and DDQ as Photocatalyst

e e O

DDQ (15 mol%)
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41-78%
(40 examples)
via

Conditions: - e------oo- DDQ o
C(+)/Pt(-), Ugey =15V
Blue LED cl CN
Solvent: CH;CN (0.067 M)
Cl CN
. = heteroarenes, alcohols, amides 0

organic chemistry, unactivated substrates are challenging
unless very harsh reaction conditions (e.g., high temperatures,
strong bases) are employed. However, when irradiated with
blue LEDs, DDQ gets into an excited state (3.18 V vs SCE)
which is sufficiently high in energy to oxidize fluorinated
arenes. The generated aryl radical cation subsequently reacts
with a nucleophile to afford a radical which is most likely
reduced by the Pt cathode. The anion can then remove
fluoride after which the targeted substitution product is
formed. At the anode, DDQ’™ is oxidized to complete the
catalytic cycle. When N-containing heteroarenes, alcohols and
amides are used as nucleophiles, the obtained yields are
moderate to good (41—78%). The same photocatalyst (DDQ)
was used by Lambert et al. to ox1dlze arenes and form phenols
in the presence of water.®®® Moreover, the radical cation
obtained by oxidation with DDQ can also react with alcohols,
acids, and nitrogen nucleophiles. For the batch reactions, a
three-neck flask was equipped with a carbon felt anode and a
platinum wire cathode and was irradiated with blue LEDs. To
prove the scalability of the transformation, the light-induced
step was performed in continuous-flow. The flow reactor
consisted of an electrochemical cell coupled with one or three
PFA coils placed in series, irradiated with blue LEDs. In these
setups, 4 mmol of benzene was processed in 48 and 22 h,
respectively, resulting in comparable yields of phenol (55% and
60%). The reaction was further scaled up to 15 mmol,
affording the 56% yield over 60 h.

Another interesting example where the use of electro-
chemistry allowed to close the photocatalytic cycle is the
oxidation of alcohols using flavin. Photocatalytic methods for
this reaction were limited to the oxidation of benzylic
alcohols,*”’ %% due to the limited redox potential of the
photocatalyst.”' One method to improve results for the
alcohol oxidation was reported by Konig et al.,, who reported
that the addition of catalytic amounts of thlourea, serving as an
electron-transfer mediator, improved yields.*'' However, the
applicability of the transformation remained limited. On the
basis of this insight, Lin et al. expanded the scope to secondary
alcohols by using electricity as the final oxidant of the
photocatalyst (Scheme 198A).%"* All reactions were performed
in a glass tube containing a carbon foam anode and a platinum
coil cathode which was irradiated with blue LEDs. Detailed
mechanistic studies revealed that thiourea is oxidized by the
excited state of riboflavin tetraacetate (RFTA*) and the
resulting radical abstracts a hydrogen atom from the alcohol,
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Scheme 198. Flavin-Photocatalytic Oxidation of Alcohols
Using Electrochemistry to Close the Photocatalytic Cycle
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forming a ketyl radical. This ketyl radical reacts further with
(RFTA')-H affording the desired ketone together with
(RFTA)-H,, which is subsequently oxidized at the anodic
surface, closing the photocatalytic cycle (Scheme 198B). The
use of electrochemistry is key to success, as the previously used
final oxidant (O,) provoked thiourea degradation.

An photoelectrocatalytic oxidative azidation was developed
by Lei et al, which involves the use of a HAT photocatalyst
(DDQ, 9-fluorenone or bis(4-methoxyphenyl)methanone) and
a Mn(II) complex in an electrochemical cell (Scheme
199A).%"% The transformation performs well with secondary
benzyl and tertiary C(sp®>)—H bonds. In addition, the late-stage
azidation of several biologically active molecules was realized as
well. The core events in the proposed mechanism are (i) the
coordination of the azide by Mn(II), which is subsequently
oxidized to Mn(III) and (ii) the excitation of the photo-
catalyst, which induces the HAT on the substrate, generating a
carbon-centered radical (Scheme 199B).

HAT photocatalysis was also employed by Ravelli et al. in
the photoelectrocatalytic cross-dehydrogenative coupling
between unactivated alkanes and benzothiazoles (Scheme
200A).°"* In this transformation, TBADT fulfills three roles:
(i) HAT photocatalyst, (ii) photoredox catalyst, and (iii)
electrocatalyst. In fact, the authors proposed the following
mechanism (Scheme 200B): the reactive excited state of
TBADT (wO) abstracts a hydrogen from the unactivated
alkane, affording a carbon-centered radical which interacts with
the benzothiazole. The so-formed N-centered radical can
undergo two possible pathways, either a spin-center shift
(SCS) or a back-HAT (b-HAT). Both processes lead to the
formation of a carbon-centered radical intermediate which gets
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Scheme 199. (A) Photoelectrochemical Azidation of
Secondary Benzylic and Tertiary C—H Bonds and (B)
Proposed Mechanism
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oxidized by TBADT (Scheme 200B). The reaction was
performed in a H-type electrochemical cell irradiated by UV-
LED and modest to good yields of the coupled products were
obtained (21—88% yield, 15 examples).

6.4. Decoupled Light-Induced and Electricity-Driven
Processes

In some cases, the photon-induced and the electron-induced
processes do not interact in the same catalytic cycle. In this
Review, we refer to such processes as decoupled. One example
of a decoupled process is reported by Thiyagarajan et al. in the
synthesis of maleic acid from furfural, where the photocatalytic
and electrochemical step occur in two separated steps.®'” First,
the photochemical oxidation of furfural with MB as photo-
sensitizer takes place affording the S-hydroxy-2(SH)-furanone.
This is, then, transformed into maleic acid through an
electrochemical or even biochemical step, involving the
Laccase—TEMPO system.

This two-step approach was also adopted by Xu et al. to
selectively alkylate acridinium dyes.*’° A photochemical
microflow reactor (PFA, 0.9 mm ID, 2 mL) was combined
with an electrochemical flow reactor (graphite(+), Pt(—), 0.25
mm distance between electrodes, 0.25 mL volume, 85 mA) to
first perform a cross-coupling with an organotrifluoroborate
and then (after pumping TEMPO into the mixture) an
electrocatalytic dehydrogenation to restore the aromaticity of
the acridinium dye (12 examples, 48—98% yield). The
procedure could be repeated twice to obtain 3,6-disubstituted
compounds.

In another example, Stephenson et al. described a one-pot
transformation for the depolymerization of lignin in which the
two activation modes take place in two different moments.*'”
First, an N-hydroxyphthalimide (NHPI)/2,6-lutidine-electro-
catalyzed benzylic oxidation of several lignin model com-
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Scheme 200. (A) Photoelectrocatalytic Cross-
Dehydrogenative Coupling between Alkanes and
Benzothiazoles with TBADT and (B) the Proposed
Mechanism

" ey Y

A S
R—=H R+ )—H —— R:— />—R
Z N TBADT (4 mol%) Z~N
LiNTf (0.05 M)
21-88%
(15 examples)
Conditions:

TBADT = Buy(W4403,) (W)
UV LED (40 W, Ay 390 nm)

Pt(+)/Pt(-), Uce = 150 mV
Solvent: CH;CN/H,0 10:1 (0.25 M)

Wieg = [W10032]*
wO = reactive excited state

Proposed mechanism

(B)

SCS S \d ) S
@E oy s @EN*CV%' L
H N
Wred(H+)

[~ i
L ‘_i_w

pounds was performed. Then, without any work up or
isolation, [Ir(ppy),(dtbbpy)]PFs photocatalyst and other
additives were added, and the corresponding reaction mixture
was irradiated with blue LEDs. This resulted in the cleavage of
the C—O bond. Notably, the reaction works efficiently with
native lignin as well. The second step was also performed in a
flow reactor (4.6 mL, 0.76 mm ID, 0.1 mL-min~") affording
the cleavage products in good to excellent yields in 46 min
residence time (Scheme 201).

In other cases, the electro- and photochemical process occur
in the same reactor, as reported by Scheffold et al. in 1983.518
Vitamin B,,, was used to catalyze the nucleophilic acylation of
electron-poor alkenes with anhydrides at a stirred Hg-pool
cathode in an H-type cell under argon. The reaction mixture
was irradiated with two 500 W incandescent bulbs at 30 cm
distance for 10—15 h. The Co(IlI)- and Co(II)-complexes
present in the vitamin core can be easily reduced at the
cathode to form Co(I), which reacts with the anhydride
yielding Co(II)-acyl complexes. These intermediates fragment
under light irradiation. The formed acyl radicals subsequently
attack the olefin resulting in the formation of the
corresponding 1,4-dicarbonyl product (Scheme 202).

More recently, Stahl et al. reported a decoupled photo-
chemical/electrochemical method enabling C(sp*)—H amina-
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Scheme 201. One-Pot Electrocatalytic Oxidation—Photocatalytic Reductive Cleavage of Lignin Model Compounds
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Incandescent bulb (2 x 500 W)
T
Solvent: DMF R/\/\/NS\| Ph)\/\/NHTs
““““““““““““““““““““““ N
Proposed mechanism - - l T
X2 4 2X L
N 1,5-HAT 2 NHT:
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0] CCl 4
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EWG (22 examples)
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J\(EWG ©
R? i 0
K (¢} CClI %7 L . HN)J\CCI
g DA OH3
NH 1) BuyNI (10 mol%)  Ar
tions under mild conditions (i.e., lower cell voltage) (Scheme KPZ'jGT(SOgHM) 54-67%
203).*" Because of the lower voltage, a higher functional Conditions: (6 examples)
group tolerance was achieved compared to strategies, which C(#)/Pt(-), Uey = 0.5 V vs FclFc*
rely solely on electrochemistry.”*°~*** To improve the cfL@ow)
Y . Y i ry. . p i Solvent: CH3;CN/CF3CH,OH 7:1 (0.1 M)
versatility of the electrochemical reaction, a low-potential
electron-mediator (2" — I,) was employed. The Bronsted
base (CF;CH,0") deprotonates the substrate, promoting the centered radicals.*** The reaction is performed in an undivided
iodination. Next, light induces the homolytic cleavage of the cell equipped with RVC and a platinum plate, irradiated by
N-I bond, yielding an N-centered radical (Scheme 203A).°" blue LEDs. The authors managed to perform the alkylation of
Reactions were carried out using an undivided cell equipped a diverse set of heteroarenes using cerium(III) chloride in the
with a graphite anode, a platinum wire cathode, and a Ag/Ag" presence of HCI (Scheme 204A). However, when oxamic acids
reference electrode. The reactor was irradiated with a CFL were used as starting materials, 4CzIPN instead of CeCl; was
light source. This transformation could be applied to the employed (Scheme 204B). Although these two transforma-
synthesis of pyrrolidines, oxazolines, and amino alcohols tions present similarities, the authors proposed that light and
(Scheme 203A—C, respectively). electricity are necessary in different steps. Concerning the
Inspired by the photoelectrochemical C— H alkylation using reaction with carboxylic acids, cerium trichloride is oxidized at
alkyl trifluoroborates as coupling partners,*”> Song, Xu et al. the anode and forms Ce(IV), a species able to coordinate the
developed a Minisci-type reaction where ubiquitous carboxylic starting material. Subjected to irradiation, this transient species
acids were used as precursors for the generation of carbon- undergoes a ligand-to-metal charge transfer (LMCT) leading
2870 https://doi.org/10.1021/acs.chemrev.1c00332
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Scheme 204. (A) Photoelectrocatalytic Minisci-Type Alkylation Using CeCl;, (B) Decarboxylative Cross-Coupling of
Heteroarenes with Oxamic Acids Using 4CzIPN as a Photocatalyst, and Proposed Mechanisms (C) and (D) of the Two

Transformations
(A) 4 *

@—H R-COOH @R
CeCl3*7H,0 (5 mol%)
BuyNCI (0. iv.

uyNCI (0.5 equiv.) 28-90%
(55 examples)
Conditions:
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H +e H +-
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VY .

R = 9H-carbazol-9-yl

to decarboxylation and formation of the alkyl radical (Scheme
204C). In this case, electricity is used to close the
photocatalytic cycle. In contrast, when starting from the
oxamic acids, the excited photo-organocatalyst mediates an
SET transforming the carboxylate into a radical that extrudes
CO,. The photocatalytic cycle is closed by the radical cation
intermediate, while at the anode the final oxidation takes place
yielding the desired product (Scheme 204D).

A photoelectrochemical dehydrogenative cross-coupling was
developed by Xu et al. using chlorine radicals as HAT agents
(Scheme 205A).%*° Chloride was anodically oxidized generat-
ing chlorine which is subsequently homolytically cleaved by
UV light. These chlorine radicals induce a HAT process, thus
forming carbon-centered radicals, which subsequently react
with a suitable heterocyclic acceptor (Scheme 205B). The
transformation proved to be very general and scalable; 122
mmol of starting material could be efficiently converted
yielding 67% of the target product with a reaction time of 86 h.
This was achieved using a 1 L beaker-type cell equipped with
two pieces of RVC (anode) sandwiching a Pt plate cathode.
This cell, which was irradiated with four 398 nm LEDs (20 W
each), was connected with a S L reservoir containing the
reaction mixture. A peristaltic pump would maintain the flow
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Scheme 205. (A) Photoelectrochemical Dehydrogenative
Cross-Coupling Using Chloride as HAT Agent and (B)
Proposed Mechanism
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H R-H —— » .—R
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UV-A LED (20 W, Amax: 398 nm)
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HCI Cl
AN AN
| T \_/ +o H
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between the cell and the reservoir with a flow rate 13.5 mL-

min~ L

6.5. Photoelectrochemical CO, Reduction

The energy needs of our society result in the generation of
large quantities of greenhouse gases, especially CO,, impacting
severely our climate.*”® To minimize the emission of these
gases in the atmosphere, it is necessary to promote a shift from
a fossil-based economy to a circular carbon-neutral one. Up to
date, one of the most promising energy alternatives would be
sunlight, which is the most abundantly available energy source
and could be stored into the chemical bonds of the so-called
“solar fuels”, most commonly hydrogen derived from water
splitting.*>’~***  Another possibility is represented by the
reduction of CO,,**' which can be converted into high-energy
containing molecules, such as carbon monoxide, formic acid,
methanol, and methane. However, it is a very complicated
reaction due to the potential generation of various reduction
products (Scheme 206A-H). To tackle this grand challenge,

Scheme 206. Possible Half Reactions of Electrochemical
CO, Redcutions and Water Oxidation (E° vs RHE)®**

= 148V -

CO, + 1€ _El=t48V Cco; A)
E'=_011V

CO,+2H" +20 ———— >  CO+H,0 B)

CO, + 2 4260 —EZ01OV hooow ©)

CO, + 4H* + 4e” _E=-006V_ HCHO + H,0 @)
E°=10.04V

CO,+6H" +6e- ————— >  CH30H +H,0 E)
E°=+0.18V

CO, +8H"+6e7 —— > CH, + 2H,0 (F)
E° = +0.00 V.

2H* + 2 — 5%  h ©)
E°=11.23V

2H,0 — T O, +4H +4e (H)

several approaches have been described, includin§ solar
thermo-cataly’tic,83’2 biologica1,833 2ph0totherma1,834’83‘ solar-
driven,*****” electrochemical®**~*** (in some cases the electric
energy is supplied by a photovoltaic system),***** photo-
chemical,***~**° and photoelectrochemical (PEC)**°~%?
methods.

Unfortunately, all these technologies share several important
challenges. First, the poor selectivity remains one of the main
issues, and is caused by the similar redox potentials of carbon
dioxide to different reduction products. Moreover, the derived
products of CO, reduction are generally more reactive than the
starting material itself. Also, undesired, parallel hydrogen
evolution reactions subtract the required protons from the
reaction medium (see Scheme 206A-H). To address this issue,
the conversion of CO, and H,O into syngas (a mixture of CO
and H,) often represents a good compromise and is a useful
product for the Fischer—Tropsch synthesis.****** Second, the
generation of products, such as methane, methanol, and formic
acid, is generally kinetically unfavored due to multiple proton-
coupled electron transfer (PCET) steps associated with the
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process. Last but not least, although the amount of this gas has
increased in the atmosphere, CO, is not easily available and
thus any strategy for CO, valorization implies also CO,
production.®**

Compared to other techniques, photochemical methods do
not require high temperatures or pressures. Photochemical
approaches can be divided into: (i) photocatalysis,***~** (ii)
electrochemical reduction coupled with a photovoltaic system
(PV-EC),*”%%° and (iii) photoelectrochemical reduction with
one (or two) photoelectrodes. The first strategy implies the
use of a catalyst and eventually a photosensitizer; its efficiency
can be measured by the photochemical quantum yield.**° In
the PV-EC approach, the two involved technologies can be
optimized separately, but the need for current—voltage
matching as well as the high associated cost constitute
drawbacks of this strategy.

In the next sections, we will detail some of the fundamental
concepts about PEC technology,”®" which presents several
advantages, such as lower operative cost, the possibility to
apply a bias potential to reduce overpotentials and induce
selectivi?r (especially together with a cocatalyst), and good
stability.”>> Later on, we will focus our attention on the
development of continuous-flow systems for PEC reductions.

6.5.1. PEC Cells: Main Components. As any other
electrochemical cell, PEC devices consist of three electrodes
(working, counter, and reference electrode), of which at least
one is photosensitive, immersed in a solution containing an
electrolyte (Figure 65). The modular approach (PV—PEC)

e

i |
|
L solar fuels e S
@ He - @
N H* 21N
@ CO, + H*
2H* + O,

Figure 6S. Schematic representation of a PEC cell: in yellow the
(photo)anode, in green the (photo)cathode, and in gray the reference
electrode. Blue line in the middle: proton-transfer membrane.

refers to the case when the applied potential has a photovoltaic
origin.*® Considering the equations in Scheme 206, the
conduction band of the (photo)cathode should match the
required CO, reduction potential, whereas the valence band
should be more positive than the oxidation potential of water
(Figure 6S5). In fact, when irradiated by light of a suitable
wavelength, one electron in the semiconductor is promoted
from the valence band (VB) to the conduction band (CB),
leaving a hole behind. These electron—hole pairs can trigger
reductions and oxidations. In fact, from this excited state, the
SET takes place initiating the reaction in solution and the
recirculation of current in the reactor.

Different electrodes have been developed in the past decades
and are based on the combination of a semiconductor material
and a metal, or on the use of two different semiconductors
(Table 2). In this case, the use of external bias is often
necessary.”*> Since the first report on photoassisted water
splitting in 1972,%% TiO, has been the preferred choice for
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Table 2. Selected Examples of PEC Electrode Materials”

PEC system Anode Cathode Electrolyte
Photoanode n-type semiconductor: TiO,, 77874 Pt, Cu,0O, Sn/Sn0O,, biocathode®”” 0.5 M NaCl, 0.5 M
BivO,,*”* w0,%° NaHCO;
0.5 M H,80,

Photocathode Metal or metal alloy (Pt) p-type semiconductor: C“20|L§e complex],*”® Cu;Nb,0g,*”® Au/p- 0.5 M NaHCO,

GaN,””” Si NW@CoN/CN 0.05 M K,CO;,

Photoanode and n-SrTi0, %! InPI[Ru complex],**" TiO,IN,Zn—Fe,0; Cr,0,°*’ 0.1 M KHCO,
photocathode 0.1 M NaHCO,

“For more examples, see refs 851, 854, 855, and 871.

catalyzing photoelectrochemical reactions, despite the need for
UV light. Other materials such as WO;, a-Fe,0; and BiVO,
have been studied as well****% to exploit a larger share of the
solar light spectrum. Hybrid photoelectrodes have also been
reported, consisting of a semiconductor with molecular catalyst
anchored on it.*7~%7°

p-Type semiconductors are doped with impurities which are
accepting electrons from the valence band and are used as
material for the photocathode. Subjected to irradiation, holes
will be generated in the p-type semiconductors. These holes
can accept electrons when in contact with a proper electrolyte,
whose redox potential is within the semiconductor band gap
but with a different Fermi level (Eg). The phenomenon
continues until the two E. are equal (Figure 66A)."*>*% At the

<'002 +H*
solar fuels

(A)

hv

p-type semiconductor . = electrolyte
photocathode

----- = Fermi level

e/
B’
H,0
2H* + O,

n-type semiconductor
photoanode

Figure 66. p-Type (A) and n-type (B) semiconductors in PEC cells
(CB = conduction band, VB = valence band, h* = hole).

interface between the electrode and the solution, a space-
charge region is formed due to the movement of electrons.
This is called a depletion layer on the electrode side or
Helmholtz layer at the electrolyte site. The in-built electric
field in this region provokes an upward bending of both
valence and conductive bands. This bending band effect is
essential to break the electron—hole pairs and consequently to
transfer the electrons to carbon dioxide more efficiently.
Photocathodes are made of a conductive material coated with a
p-type semiconductor with the following properties: (i) it can
absorb light in the visible region, (ii) it is chemically resistant

2873

in the reaction medium, and (iii) its CB energy level is more
negative than the redox potential of CO,.

n-Type semiconductors, which are employed as material for
photoanodes, consist of semiconductors doped with impurities
donating an excess of electrons to the conduction band.
Therefore, when they are immersed in a solution with a
suitable electrolyte, they can transfer electrons to the
electrolyte with a consequent decrease of their Ep and
downward valence and conduction band bending (Figure
66B). The VB holes are pushed toward the electrolyte solution
and for this reason n-type semiconductors are used for
oxidations.””"*** In a photoanode—photocathode PEC device,
a p-type and an n-type semiconductor are connected through
an ohmic contact.

The nature of the electrolytic solution is equally important
as the choice of the electrodes. In fact, pH plays a key role in
the reduction of CO,.*** For instance, if the proton source is
missing in the media, the major reduction product is CO. A
sacrificial proton-donor can be used to overcome this issue
(e.g., amines). The reactor design is another crucial factor for
the success of the process. In fact, it should minimize resistive
losses between the electrodes, avoid optical losses and limit
mass-transfer issues. Proton-exchange membranes are often
used to separate the anodic and cathodic chambers and it is
fundamental to prevent undesired reactivity which would lower
the overall productivity of the PEC cell.

The performance of a PEC cell can be described by
calculating various parameters, such as the solar-to-fuel (STF)
efficiency,”™ current density, faradaic efficiency,**® stability of
the electrodes,”” ¥ >*7%% tyrnover number (TON), turnover
frequency (TOF),*® and the overall production rate (Table
3).
6.5.2. PEC CO, Reduction and Continuous-Flow
Techniques. Carrying out PEC reductions in continuous-
flow would be crucial to develop industrial applications. The
reactor design requires careful evaluation to minimize issues
related to mass-, heat-, photon- and charge-transport
phenomena.*”® The main requirements are (i) the homoge-
neity of the light irradiation (xenon arc lamps are the most
used, while the window in the reactor is generally Pyrex or
quartz); (ii) the dissipation of the generated heat; and (iii) the
separation of the anode and cathode into two compartments,
often with proton exchange membranes (PEMs), anion
exchange membranes (AEMs) or alternatively bipolar
membranes (BPMs).*" Moreover, theoretical studies based
on a validated multiphysics and multiphase (gas, solid and
liquid phases) model confirmed the importance of CO, flow
rate on the current density and on CO, conversion
efficiency.*”

One of the earlier reports dates back from 2015.*® On the
basis of the results obtained in batch,***®*”° the authors
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Table 3. Overview of the Main Parameters to Evaluate the Efficiency of a PEC** Cell”

parameter definition formula
()26 (2)
solar-to-fuel efficiency  total chemical energy produced by the solar energy which reached the electrode area (with no  grp — ©\ s mol
(STF) external voltage applied) p (™ 2
wl (57 )-area (em®)
I(a)
current density (CD) charge flow produced at the electrode CD = ———-
area (cm”)
Mproduct (mOI)YF (L)
faradaic efficiency (FE) ratio between the current contributing to CO, reduction and the observed current. FE = ) mol/ 100
Q (C
. . . _ g Eivem (V)
energy efficiency (EE)  amount of the applied electrical energy used to make the product EE = FE- E. (V)
cell
electrode stability the photocurrent should be stable in time time (h)

turnover number
(TON)

turnover frequency
(TOF)

molar formation of product per unit of catalyst.

it is the TON divided by time

production rate (PR)

production of a selective product per time and per electrode area

TON = Mproduct (m()l)/”catalyst (mol)
T(OI;)= Mproduct (mOI)/(ncatalyst (mol)-t
S

nproduct (mmOI)

" time (h) X area (cm?)

“rese = generated chemical fuel per time unit; AG® = change in Gibbs energy for that particular fuel; P, = power density of the light source; I =
current; n = number of moles; Y = number of electrons required to reduce CO, to that particular product; F = Faraday constant; Q = measured

charge; Ey,erm = thermodynamic potential.

selected copper(I) and copper(Il) oxides as photoelectrodes,
having suitable band gap of about 2.0—2.2 and 1.3—1.6 eV,
respectively. The main parts of the designed reactor are (i) a
reference electrode (Ag/AgCl/saturated KCl), (ii) an optical
window (transparent slab), (iii) a gasket with the micro-
channel, placed on top of the cathode, (iv) a photocathode (6
cm? in CuO/Cu,O hybrid nanorod arrays supported on
copper foil), (v) a gasket with microchannel arrays, positioned
under the cathode, (vi) an ion exchange membrane (Nafion
NER-212), (vii) a microchannel arrays over the anode, (viii) a
stainless steel anode, and (ix) the various in- and outlets, for
the anolyte and the catholyte (Figure 67A). The reactor was
illuminated with a solar simulator and the reaction mixture was
pumped through the reactor assembly with a flow rate of 5 mL-
h™". The major reduction products in flow were longer-chain
alcohols such as ethanol and isopropanol (FE = 75—96%,
Figure 67B), whereas the batch setup with no microchannels
was selectively affording methanol. The production rate was
0.22 mL-m~>h~", which is 6 times higher than in batch.
Differential electrochemical mass spectrometry (DEMS) is
an analytical technique that can be used as an online
quantitative analytical tool to detect the evolution of O, and
C0,.*7°7%% Recently, it has been used in combination with a
photoelectrochemical thin-layer flow cell in the simultaneous
photoelectrocatalytic oxidation of water and formic acid under
well-defined mass-transfer controlled conditions.””* The thin-
layer photoelectrochemical flow cell has a rectangular shape.*””
The quartz cylinder (thickness 4 mm, diameter 10—12 mm) is
positioned in front of the TiO,/FTO working electrode. These
two parts form a thin-layer channel with a volume of about 8
uL. The counter electrode consists of a platinum foil which is
in a separate compartment connected to the electrolyte inlet
port. The reactor is illuminated by a 200 W Hg(Xe) arc light
source (LOT-QD). DEMS is used to monitor the overall
photocurrent and the mass spectrometric ion currents of the
water and formic acid oxidation products, that is, O, and CO,,
respectively (Figure 68). Although the addition of formic acid
causes an increase in the overall photocurrent, it also inhibits
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Figure 67. (A) Photoelectrochemical reactor in flow and its main
parts: (1) catholyte inlet and location of the reference electrode, (2)
optical window (transparent slab), (3, 5, and 7) microchannel arrays,
(4 and 8) electrodes, (6) ion exchange membrane, (9) outlet of
anolyte, (10) outlet of catholyte, and (11) inlet of anolyte. (B) CO,
reduction products (flow rate = 5 mL-h™"). Panel B: Reprinted with
permission from ref 893. Copyright The Electrochemical Society.
Reproduced by permission of IOP Publishing, Ltd. All rights reserved.

the oxygen evolution as formic acid is competitive with water
absorbed and oxidized at the anode.

Andreu et al. developed a PEC flow cell to convert CO, into
formate.”®" TiO, was used as the photoanode, while the
cathode consisted of electrodeposited tin on a gas diffusion
electrode (GDE), which was placed next to the reference
electrode (Ag/AgCl 3.4 M KCl). GDEs are porous electrodes
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Figure 68. Photoelectrochemical oxidation of formic acid in flow
using DEMS to detect the evolution of oxygen and CO, (SCE =
standard calomel electrode).

which enable the electrochemical reaction between a liquid
and a gaseous phase.””® The anodic and cathodic compart-
ments were divided by an ion exchange membrane (Nafion
117). A solution of 0.5 M NaOH and one of 0.5 M NaHCO,
served as the anolyte and catholyte, respectively. A mass flow
controller delivered the required amount of CO, (10 mL-
min~") to the reactor and the photoanode was irradiated with
light emitted by a solar simulator (Solar Light 16S equipped
with a 300 W Xe-lamp and AM 1.5G filter, Figure 63B). The
PEC flow cell, which requires an external bias, can reach up to
64% FE, 70% EE, and 0.24% STF.

Kalamaras, Xuan, Andresen, and co-workers designed a
sandwich-type microfluidic photoreactor with a 100 mm
PMMA sheet placed between the working and the counter
electrode in Pt.””® Two gaskets of a thermoplastic film (Surlyn
30 mm, Dyesol) were positioned between the PMMA layer
and the electrodes, resulting in a total reactor volume of ~50
uL (Figure 69A). This reactor was compared to a 15 mL batch
reactor. As a light source, a solar simulator (AM 1.5G, 100
mW-cm ™) was chosen. For the working electrode, different
semiconductors (a-Fe,0;/Cu0O, CuO/Cu,0, Cu,0O, CuO)
were deposited on the FTO support and were evaluated in
terms of their activity in a 0.2 M NaHCO; solution (Figure
69C). The authors found that 0.08 mL-min~" was the optimal
flow rate for CO,; longer residence times resulted in the
reoxidation of the products and the formation of oxygen
bubbles which decreased the overall efficiency, whereas at
higher flow rates the reaction time was too short to observe
sufficient product formation. The best STF (0.48% after 1 h)
was obtained with a-Fe,0;/CuO. This constitutes a very good
result considering the low solubility of CO, in aqueous media,
and compared to the batch reactor (best STF 0.2% after 12 h,
Figure 69B). It is also worth noticing that the continuous-flow
microfluidic PEC reactor displays an enhanced formation of
methanol with the a-Fe,0;/CuO.

Urbain et al. reported on the production of syngas (a
mixture of H, and CO) in a PEC cell combined with silicon
photovoltaics, which requires no external bias.””" The cell,”**
separated by a bipolar ionic exchange membrane, operates with
1 M KOH as anolyte and 0.5 M KHCOj as catholyte. The cell
is equipped with a leak-free Ag/AgCl 3.4 M KCI reference
electrode. The cathode is made of copper foam coated with
nanosized zinc flakes, whereas the photoanode consists of a
silicon heterojunction solar cell structure with nickel foam.
Such a system was thought to improve the efficiency of water
oxidation, which represents the anodic transformation. The
photoanode is irradiated by a 150 W xenon lamp (Figure 70).
The use of Si heterojunction technology and other cheap and
abundant metals is an important economic factor for
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Figure 69. (A) Microfluidic reactor for CO, reduction into formate
and methanol. (B) Product concentration in a batch setup after
different times. (C) Product concentration at different flow rates after
1 h PEC reduction. Reprinted with permission from ref 776.
Copyright 2019 Royal Society of Chemistry.
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Figure 70. Photoelectrochemical flow reactor for syngas production
based on the use of silicon photovoltaics as photoanode. Reprinted
with permission from ref 901. Copyright 2017 Royal Society of
Chemistry.

scalability. With a flow rate of 20 mL-min™", the FE for CO
production reached up to 85% and displayed an STF of 4.3%.

6.5.3. PEC Cells Applied in Organic Synthesis.
6.5.3.1. Alcohol Oxidation. As said, PEC cells are mostly
studied for solar fuel production, reducing either water to
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hydrogen or CO, to alcohols and other organic compounds,
whereas oxygen is produced at the anode. However, the
oxygen evolution reaction (OER) is kinetically not favored. A
potential solution could be to replace the water oxidation
reaction with another one which is more favored, hereby
affording more valuable compounds. Alcohol oxidation
represents a classic transformation and is often used to test
the efficacy of photoanodic materials. As a concrete example,
the synthesis of 2,5-furandicarboxylic acid (FDCA) from S-
hydroxymethylfurfural (HMF) is highly relevant from an
industrial standpoint.””* Choi et al. evaluated a PEC cell with a
BiVO, photoanode under solar illumination to oxidize HMF to
FDCA (Scheme 207).°"* Using a reactor equipped with a

Scheme 207. HMF Oxidation to FDCA in a PEC Cell with a
n-Type BiVO, Photoanode
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fritted glass to separate the anodic and cathodic chamber, the
product was obtained in high yields (FE > 93%) owing to the
use of TEMPO as a mediator. In an electrochemical cell,
TEMPO enables the use of non-precious-metal electrode, such
as carbon felt electrode, although with higher applied potential
(1.54 V vs RHE). The proposed oxidation could potentially
work as a counter-reaction for hydrogen production, possibly
without overpotential if the photoanode material is modified.

BiVO,/WOQO; composite photoelectrodes are known to
provide higher performances in water splitting due to the
capacity of WOj; to transport the photoexcited electron from
the conduction band of BiVO, to the F-doped SnO, (FTO)
conductive glass substrate.””” This n-doped semiconductor
proved its utility also in the photoelectrochemical oxidation of
benzylic alcohols (Table 4, entry 1).°”° The photoelectrode
proved to be stable and a TON of around 1200 was reported.

The use of an aqueous medium often limits the scope of
application because of the limited solubility of organic
molecules and accelerates photoanode corrosion. An alter-
native is presented for both alcohol oxidation and even more
challenging C—H functionalizations (e.g., oxidation of cyclo-

hexene and tetralin), which can be performed in acetonitrile
with a BiVO,-based photoanode subjected to simulated
sunlight (Table 4, entry 2).”°° Although these reactions have
been already widely studied,””’~”"* this procedure reduces the
electrical energy use by 60% and suppresses the photo-
corrosion of the photoanode. N-Hydroxysuccinimide (NHS)
serves as a useful hole-transporter, whereas pyridine is
important to deprotonate NHS. In the case of cyclohexene
and tetralin, fBuOOH is also necessary as an external oxygen
source (Figure 71).
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Figure 71. Linear sweep voltammetry curves of the NHS-mediated
oxidation of benzylic alcohol (A), cyclohexene (B), and tetraline (C)
in a PEC cell equipped with BiVO, photoanode (scan rate = 10 mV-
s™"). Reprinted from ref 906. Published by Nature Publishing Group.

Dye-sensitized photoelectrosynthesis cells (DSPEC),”'*~"*'
employed in water splitting, constitute a special example of
PEC cells, in which light absorption by organic molecules and
catalysis are merged with wide band gap n-type semi-
conductors.””” Light is absorbed by a molecular compound,
while an electron injection occurs into the conduction band of
the semiconductor. Subsequently, there is a catalytic single
electron transfer initiating the water oxidation.

Table 4. Oxidation of Benzylic Alcohols to Carbonylic Compounds in PEC Cells

photoanode cathode solution irradiation results ref

1 BiVO,/WO; Pt wire 0.1 M Bu,NBF, MeCN visible light irradiation (100 mW-cm™) S examples, 905
(63-97%)

2 BiVO, glassy 0.1 M LiClO,, NHS, solar simulator integrated with a xenon 3 examples 906
carbon pyridine MeCN arc lamp (100 W§’ (38-75%)

3 nanolTO/TiO, coderivatized with Pt wire 20 mM acetate buffer, 0.1 ~ Lumencor spectral light engine injection efficiency 907

Ru"P?>* and Ru"OH,* M LiClO, (Amax = 445 nm) =27%
current efficiency =
3.7%
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Meyer et al. used a photoanode made of mesoporous films
of TiO, nanoparticles or of core/shell nanoparticles with tin-
doped In,04 nanoparticle cores (nanoITO) and thin layers of
TiO, deposited by atomic layer deposition (nanolTO/
TiO,).””” Next, the metal oxide was functionalized with an
oxidation catalyst (Ru(II)OH,**) and a chromophore (Ru-
(I1)P**, Scheme 208A). The oxidation was performed in a

Scheme 208. (A) Structure of the Modified Photoanode
Material nanoITO/TiO, and (B) Anodic and Cathodic
Reactions in a DSPEC
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Ru(IV)=0%* + PhCH,0OH —> Ru(ll)-OH,2* + PhCHO
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+2e”
2H* —> H,
Net:
PhCH,0H —» PhCHO + H,

customized three-neck cell (Table 4, entry 3). After excitation
of the chromophore and electron injection into the CB of the
semiconductor, the catalyst oxidizes benzylic alcohol affording
the corresponding aldehyde (Scheme 208B). At the counter-
electrode, hydrogen is produced. The current efficiency based
on benzyl alcohol dehydrogenation reached 3.7%, which is 10
times better than the values obtained with TiO,.

In the examples discussed so far, hydrogen is the sole
product produced at the cathode. A notable exception was
described in 2020, describing a PEC platform configured with
a molybdenum (Mo)-doped bismuth vanadate (Mo:BiVO,)
photoanode and an inverse opal ITO (IO-ITO) used for
cathodic reactions.”*” The setup consists of two compartments
connected by a salt bridge. The ene-reductase of the Old
Yellow Enzyme family from Thermus scotoductus (TsOYE) is
hosted in the cathodic compartment. TsOYEs are known to
catalyze the asymmetric trans-hydrogenation of conjugated
C=C double bonds.”*® Flavin mononucleotide (FMN) is
used to regenerate the enzyme. N-type BiVO, was selected as
the photoanode material, because of its ability to oxidize water
into hydrogen peroxide. However, to improve its electrical
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properties, hexavalent molybdenum has been used as a metallic
dopant to form Mo:BiVO,. The use of molybdenum allowed
to reduce the resistance at the electrode interface. The
production of hydrogen peroxide was exploited to perform an
enantioselective hydroxylation of ethylbenzene to (R)-1-
phenyl-1-hydroxyethane in the presence of unspecific perox-
ygenase from Agrocybe aegerita (AaeUPO) as a biocatalyst.
Ethylbenzene was converted into the corresponding alcohol
with high enantioselectivity (99% ee) independently from the
applied voltage. The production reached its maximum at 0.8 V
(0.51 mM-h™'). In contrast, the reduction is less selective due
to nonenzymatic racemization of the product, which reaches
the highest production at 1.0 V (0.5 mM-h™" with 82% ee,
Scheme 209). The photocurrent response was studied using
linear sweep voltammetry and showed a great increase in
photocurrent when the system was irradiated.

Scheme 209. Use of Biocatalysts in a PEC Cell to
Enantioselectively Combine Oxyfunctionalization and
Hydrogenation Reactions
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6.5.3.2. C—H Functionalization in PEC Cells. Since PEC
cells combine the selectivity of electrochemistry with the ability
to modulate the photoelectrode material, they are anticipated
to be very interesting for C—H functionalization chemistry. A
specific example is the dehydrogenative C—P cross-coupling
between N-substituted tetrahydroisoquinolines and diphenyl-
phosphine oxide. The PEC cell consists of a photoanode in
BiVO,, which was subjected to irradiation from blue LEDs.”**
The addition of N-hydroxyphthalimide (NHPI) as a mediator
in the system was key to reach higher yields (Scheme 210).
The pure electrochemical version of the transformation proved
to be also effective (21 examples, 43—99% yield), but required
much higher voltages (0.1 V vs 1.5 V).

The modified BiVO,/WO; photoelectrode presents advan-
tages with respect to the pristine material due to the position of
the conduction band of WO; (+0.42 eV), which facilitates
electron injection from the conduction band on BiVO, (0 eV).

https://doi.org/10.1021/acs.chemrev.1c00332
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Scheme 210. C—P Cross-Coupling in a PEC Cell
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As a consequence, lower applied voltages are needed to enable
the dimethoxylation of furan.”*® In addition, excellent faradaic
efficiencies were obtained (up to 99%).””° Notably, the
oxidation is mediated by bromide which is oxidized to a Br*
species, with a TON of 122 (Scheme 211A). The use of a
mediator reduces the formation of byproducts, which were
reported in dark conditions.””®”*” These byproducts are
derived from the oxidation of methanol.

Another relevant characteristic of the valence band of WO,
is that it has almost identical potential as that of titanium
dioxide, while the conduction band can reduce oxygen.
However, differently from TiO,, WO; absorbs in the visible
light region. Sayama et al. took advantage of these properties,
performing the oxidation of cyclohexane into a mixture of
cyclohexanol C-ol and cyclohexanone C-one (KA oil).””*
Earlier, the oxidation of cyclohexane to KA oil was reported
with molecular oxygen using WO; loaded with Pt particles
(Pt/WO;) under visible light irradiation.”” However, the
quantum efficiency was relatively low because of the poor
charge separation of the photocatalyst, that implies a fast
charge recombination of the photogenerated electron—hole
pair. This limitation can be overcome using porous WOj as the
photoanode. The system also involves a mixture of tBuOH and
HNO; and a platinum cathode, where oxygen is reduced to
water (Scheme 211B). The longer the reaction time, the higher
the ratio of C-one:C-ol was. The production rate can be
increased by applying a smaller voltage. CO, is also detected,
stemming from the total oxidation of cyclohexane. However,
the selectivity calculated as the partial oxidation is excellent
(99%) with an apparent faradaic efficiency of 76%.”*

Another material often employed as photoanode is hematite
(a-Fe,05).”>”*" As an example, a PEC cell equipped with
hematite was used to aminate C—H bonds (Scheme 211C).”**
The addition of HFIP to the reaction mixture leads to a high
ortho-selectivity probably due to the hydrogen-bond net-
work.”>® Hematite is characterized by a valence band with a
potential comparable to the oxidation potential of mesityl
acridinium and can, therefore, have similar reactivity. The hole
produced in hematite by blue light irradiation is transferred to
the arene which gets oxidized, while the photoexcited electron
is transferred to the cathode where hydrogen is produced.
Although the transformation was already known, this process is
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Scheme 211. (A) Bromide as a Mediator in the
Methoxylation of Furan, (B) Use of WO, Photoanode in the
Oxidation of Cyclohexane, and (C) Hematite Photoanode
Used for C—H Amination
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conceptually different from previous strategies, which were
either photochemical”****> or electrochemical.”**** First,
the light is absorbed by a solid-state semiconductor, while in
photoredox catalysis the process is homogeneous. Second, in
an electrochemical process, the applied voltage is used to
match the Fermi level of the metal electrode with the redox
potential of the substrate. In PEC, the energy level of the
valence band transferring the hole is independent from the
applied potential.

7. OUTLOOK

The impact technology makes is directly correlated with how
deep it is embedded in a certain field. It is fair to say that the
use of flow reactors for photochemical transformations is one
of the most successful examples in flow chemistry. Capillary
reactors have delivered many advantages over classical batch
vessels, including a more homogeneous irradiation of the
reaction mixture, ease of scale-up and the potential of handling
challenging reaction conditions. Arguably, these advantages
propelled transparent capillaries to the forefront as the best
and most suitable reactor technology for photochemistry.
High-throughput experimentation (HTE) platforms have
enabled researchers in industry to accelerate the drug discovery
process. Recent trends in HTE include the miniaturization of
the experiments (e.g., droplet microfluidics or well plates) to
limit the consumption of precious scaffolds. Key in successful
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HTE is the possibility to analyze the individual experiments
quickly and accurately. Owing to rapid developments in on-
and in-line analytical tools (so-called process analytical
technology, PAT), a large variety of sensors (e.g, NMR, MS,
IR, UV—vis, Raman, pressure, and temperature sensors) have
been developed in the past decade which allow to analyze
reaction samples in real time.”*

These HTE techniques allow experimentalists to execute a
large number of experiments in an automated and parallel
version. It should be further noted that microreactors and
other miniaturized experiments provide a high degree of
control over transport phenomena, thus allowing the collection
of reliable data which is not affected by mass, heat and photon
transport limitations. Furthermore, the impact of human error
on the data is minimized when the entire system is automated.
In other words, HTE platforms allow to gather reproducible,
standardized kinetic data, which are generated under identical
experimental conditions. The collected data includes both
positive and negative results which is otherwise rarely reported
in the literature. It is therefore highly attractive to use this data
to feed different machine learning algorithms and accelerate
the pace of future reaction optimization. Notable examples
have illustrated the intriguing synergy between HTE and Al in
other disciplines.”***” However, it can be anticipated that it is
only a matter of time before the first examples are reported in
synthetic photochemistry and photocatalysis.

Another area where technology can make an impact is the
field of photoelectrocatalysis. This innovative activation mode
is still at its infancy and, hence, unoptimized homemade setups
have been used so far. It can be anticipated that in the near
future more studies on the key chemical engineering aspects of
photoelectrocatalysis will be carried out, leading to improved
reactor designs. Because of the important scale effects of both
electrochemistry and photochemistry, microreactors should
provide decisive benefits for the reproducibility and scalability
of photoelectrocatalysis.

Despite the clear advantages of using technology for
photochemical transformations, there is still a lot of techno-
skepticism in synthetic organic chemistry. One potential reason
is the lack of knowledge due to the classical compartmentaliza-
tion of the different disciplines. Chemistry, chemical engineer-
ing, and computer sciences have all their individual course
programs, and there is little to no communication between
these disciplines. Implementation of technology in synthesis is
often only done out of sheer desperation, even in industry. To
avoid such scenarios, students should be brought into contact
with different technological courses as early as possible,
including flow chemistry,941 artificial intelligence, and basic
programming. Integrated courses should be developed linking
chemistry with other disciplines, which show clear-cut
advantages of technology for, for example, organic synthesis,
and these courses should also explain how these fields are
interrelated. In that way, at later stages of their career, chemists
will recognize technological opportunities faster and will have
the courage to implement technology with less hesitation.”**
Another reason for the aversion to technology is its often-
perceived complexity. This is a clear message to the engineers
who develop new technology: diminish the complexity to make
products as simple and as easy to use as possible. It is not
needed that a single product should solve all potential
problems, which would increase the complexity significantly.
In contrast, it is often said that “simplification is the ultimate
sophistication”.”*® Indeed, the creation of user-friendly

2879

technology will ensure a rapid uptake by the widest possible
audience. Engineers and technology developers must realize
that most chemists essentially do not care about the
technology behind a reactor, as long as it works and solves
the issues they are facing. As a final reason for avoiding
technology, the high investment costs can be quoted. This is
especially the case in academia, where investments are often
avoided due to limited funds. However, advances in DIY-
assembled flow setups,sw‘944 3D-printing technology,148 and
cheap electronic toolkits”*® (e.g, Arduino) have democratized
technology in recent years.
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