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/Abstract: Photochemical transformations of molecular build-
ing blocks have become an important and widely recog-
nized research field in the past decade. Detailed and deep
understanding of novel photochemical catalysts and reac-
tion concepts with visible light as the energy source has en-
abled a broad application portfolio for synthetic organic
chemistry. In parallel, continuous-flow chemistry and micro-
reaction technology have become the basis for thinking and
doing chemistry in a novel fashion with clear focus on im-
proved process control for higher conversion and selectivity.

As can be seen by the large number of scientific publica-
tions on flow photochemistry in the recent past, both re-
search topics have found each other as exceptionally well-
suited counterparts with high synergy by combining chemis-
try and technology. This review will give an overview on se-
lected reaction classes, which represent important photo-
chemical transformations in synthetic organic chemistry, and
which benefit from mild and defined process conditions by
the transfer from batch to continuous-flow mode.

/

1. Introduction
1.1 Benefits of performing synthesis in continuous flow

The goal for continuous-flow chemistry is to overcome the
challenges and problems of classical synthesis concepts in
batch vessels, for example, less efficient process control, mod-
erate conversion and selectivity, high energy consumption,
and long reaction times.” In general, the overall concept of
continuous-flow chemistry can be described as a technological
environment that allows continuous mixing and reacting of
physical phases in a small and defined volume under highly
controlled conditions.” This theoretical definition gives an out-
look on several advantages for running synthesis in continu-
ous-flow mode:

1) A small reaction volume, encased in a solid and robust re-
actor housing, can be used for high-pressure and high-tem-
perature reactions with the advantage of quick and effi-
cient heating and cooling for nearly perfect process control
and higher conversion.

2) Mixing of substrates with reagents or quenching of reac-
tion solutions can be done far more efficient on a small
volume scale with the advantage of higher selectivity (less
byproducts).

3) The flow rates of the substrate and reagent solutions deter-
mine the residence time inside the reactor with the advan-
tage of exact time control of phase contacting under de-
fined physical conditions.
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4) Heterogeneous catalysts can be immobilized inside the
small reactor volume with the advantage of less complicat-
ed workup and product separation.

5) In the case of photochemical reactions, small reaction vol-
umes like thin films in open microchannels or fine streams
in capillaries can be fully irradiated during the residence
time in the reactor with the advantage of higher conver-
sion and selectivity owing to less over-irradiation and con-
secutive degradation.”

6) Modern LED technology allows the construction of very
small and adaptable light sources for flow photoreactors
with the advantage of less energy consumption and less
safety issues and heat management compared with stan-
dard mercury or xenon lamps.” Based on the aforemen-
tioned advantages, flow photochemistry has also come into
the focus for detailed investigations by chemical engineers.
Hence, a deeper and more detailed understanding of the
physical and engineering challenges and pitfalls is available
now through the characterization of photoreactor equip-
ment and concepts.”’ This knowledge is most beneficial for
chemists, as it helps to understand why some reactions
work properly, but some of them do not yield the expected
results.”®

Nevertheless, continuous-flow photochemistry has become
an accepted research field as well owing to the fact that
simple flow reactors can be built from inexpensive materials
(e.g., polymer capillaries, LEDs), whereas in parallel many com-
panies provide modular concepts for continuous-flow synthesis
including high-power light sources for photochemistry.”®
These technological prerequisites to improve light-matter in-
teractions on a smaller length scale have lowered the gap for
doing chemistry with technology and resulted in countless
publications from research groups worldwide that have trans-
ferred their expertise in photochemistry from batch to flow
mode.”?

1.2 Progress in visible light photochemistry and photo-
catalysis

Besides the technological achievements mentioned above, the
field of photochemistry applied to organic synthesis was revi-
talized in the last decade as well. The key reason for this rapid
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development can be attributed to the application of visible
light as an energy carrier. Spatially and energetically defined ir-
radiation with visible light allows mild and selective activation
of photocatalysts or substrate-catalyst complexes." Well-
known, but expensive ruthenium or iridium metal complexes
have been used widely, however, they have to compete with
less expensive copper, iron, or chromium centered metalorgan-
ic complexes.**?'¥ |n addition, the use of metal-free sensitiz-
ers like biological-derived catalysts of Rose Bengal, porphyrin,
or riboflavin derivatives broadens the application range of
photocatalysis with visible light as well.*9' In particular, the
development of tailor-made high-performance dyes and lay-
ered materials like perylene diimides or graphitic carbon ni-
tride plays a major role for these purely organic photocatalyt-
ically active materials.'®"” In addition, various charts are avail-
able in reviews or other formats that summarize photocatalyt-
ically active compounds and provide a very good overview on
their use in photooxidation or -reduction.'*®"'® On the other
hand, inorganic semiconductor materials contribute as well to
the application of photochemistry in fine chemicals synthesis.
Besides TiO,, as the most prominent semiconductor, bismuth
and tungsten oxides have been used as selective photocata-
lysts in batch and flow."**'® Organic-inorganic hybrid materi-
als or specifically doped semiconductors were developed to
shift the absorption range of the pure materials towards the
region of visible light."**?% |n recent years, so-called dual catal-
ysis concepts have been recognized as well for photochemical
transformations in conjunction with other classical catalyst sys-
tems for, for example, light-triggered activation with subse-
quent metal catalyst-based conversion.?" Stereoselective con-
version of substrates became available by merging organocat-
alysis with photochemistry. Activation of the substrate by
chiral additives like amino acid-based organocatalysts and pho-
tochemical conversion with either an organometallic complex
or as colored electron donor-acceptor (EDA) complexes repre-
sents an elegant way to introduce chiral centers into sub-
strates. In particular, the in situ formation of EDA complexes is
of high interest. The single compounds of the complex usually
have no absorption in the visible light, but upon complexation
charge transfer can occur, which results in a new absorption
band with 4,,,,>400 nm. In consequence, such supramolecular
substrate assemblies do not necessarily need a separate photo-
catalyst for the desired molecular transformation.””? On the
contrary, less reactive substrates with strong bonds between,
for example, aryl carbon and halogen atoms can be converted
with special photocatalysts that allow a consecutive excitation.
This concept is based on the two-fold light absorption in sepa-
rate steps. The first absorption results in a stable photocatalyst
intermediate (e.g., radical anion), which then can absorb a
second photon to reach the excited state with high reduction
potential. Aryl chlorides could be cleaved by this pathway and
used for C—C bond formation without expensive noble metal
catalysts."% 23 All these enticing results stimulated the whole
field of photocatalyst development with the aims of specific
light absorption properties and reduction or oxidation poten-
tials as well as the deep understanding of photophysical pro-
cesses from catalyst excitation to interaction with the substrate
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and final conversion to the product.”?” This summarizing intro-
duction demonstrates the vitality of photochemistry and appli-
cation-related research looking for novel synthesis routes
under mild and selective conditions as alternative to classic
thermal chemistry.

1.3 Scope of this review

The beneficial use of microreaction technology and continu-
ous-flow concepts for improving photochemical synthesis
routes has been discussed and published in several reviews
and books.?#! Based on this literature, one can assume that
another review on this topic is not necessary anymore. But
photocatalysis is a highly vivid and productive research field,
especially in conjunction with flow technology. The number of
publications on this research field increase nearly on a weekly
basis (Figure 1). But as usual, a review cannot cover all exam-
ples on a specific topic, but needs a selection of interesting ex-
amples from the large number of available publications.
Hence, a decision was made for examples that represent im-

Number of publications
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Figure 1. Number of publications per year from 1999 to 2019 for the topics
“photocatalysis” AND “flow” derived from Web of Science database analy-
SiS.[ZG]
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and finished his Ph.D. thesis in 2008 with
Carsten Schmuck, focusing on supramolecular
polymer chemistry in polar solutions. After-
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portant chemical transformations such as, for example, oxy-
genations, C—X coupling reactions, and incorporation of vari-
ous functional groups or defined changes in the molecular
substrate structure. Some examples will also be presented that
are part of a reaction sequence with reactive intermediates. In
this case, continuous-flow chemistry is excellently suited for
the in situ generation of such compounds with immediate use
in the next step. In summary, eleven reaction classes have
been selected. Up to three examples will be presented per re-
action class and discussed according to the specific advantages
of continuous-flow photoreactor equipment, for example, in-
creased safety, lower energy consumption, or better conver-
sion and selectivity by improved mixing and advanced process
control. Throughout the manuscript yields are given for the
flow reactions. If possible, these values will be compared with
the results from the batch reactions. Finally, the review ends
with a conclusion and an outlook on future trends for this vi-
brant research field.

2. Recent Synthesis Concepts with Flow Photo-
chemistry

2.1 Photooxygenation with '0,

The photochemical in situ formation of singlet oxygen has
gained great importance for the mild synthesis of natural prod-
ucts and drugs such as artemisinin 4, one of the most impor-
tant ingredients for anti-malaria drugs (Figure 2).*” In 2012,
the Seeberger group developed the continuous-flow synthesis
of this active pharmaceutical ingredient (API)-based on a fluori-
nated ethylene propylene (FEP) capillary reactor, which was
used to contact the liquid phase with oxygen gas in slug flow.
Here, flow reactor equipment with small reaction volumes is
particularly useful for the safe handling of pure oxygen gas
and its transformation into singlet oxygen for synthetic appli-
cations. Primarily, meso-tetraphenylporphyrin (TPP) or 9,10-di-

aam
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H
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upto88% OH

Acid
Hock cleavage

48% - 69%

Figure 2. Three-step synthesis of artemisinin 1 with air as the oxygen
source: photooxygenation with '0,; acid-catalyzed Hock cleavage and rear-
rangement; oxidation with 0, (other hydroperoxides and tautomers are
omitted for clarity).
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cyanoanthracene (DCA) were used as a sensitizer with a
medium-pressure Hg lamp or LEDs as light source.”®

Meanwhile, this process was re-invented by the same group
by utilizing the crude toluene extract of Artemisia annua leaves
as a natural source.” Besides the starting material dihydroar-
temisinic acid 1, the extract also contains natural chlorophylls,
which were applied as sensitizers for the singlet oxygen forma-
tion. The strong light absorption of the extract at 416 and
672 nm by the natural sensitizers allows the adaptation of the
LED arrays of the flow reactor setup to 420 and 660 nm. For
comparison of the novel process to already published results,
the crude extract was enriched with pure 1 to a concentration
of 0.5m. Trifluoroacetic acid (TFA) was also added to the ex-
tract (0.375m) to enable the acid-catalyzed Hock cleavage in
the second step of the flow synthesis (see Figure 2). The flow
photoreactor (FEP, 5 mL) was set to a temperature of —20°C
and irradiated either with 420 or 660 nm. In the case of
420 nm LED emission wavelength, a yield of 88% was ob-
tained for the hydroperoxide intermediate after 5 min, whereas
irradiating the reaction solution with 660 nm resulted in ap-
proximately the same yield of 87% after only 3 min. Subse-
quent transformation of the hydroperoxide intermediate 2
through the Hock cleavage and oxidation in a second capillary
reactor (FEP, 7 bar, 30°C, 7,.,,=10 min) gave the desired prod-
uct artemisinin 4 in 64 % yield, which is slightly lower than the
flow synthesis with 69% when using pure substrates and cata-
lysts. Of course, the crystallization of the artemisinin might
become more complicated from the extract solution than from
the cleaner full synthetic solution, but this work clearly shows
the potential of chlorophylls as natural and easy to apply sensi-
tizers.

The work of Seeberger et al. can be regarded as a starting
point for several other projects related to the synthesis route
and synthesis process of 4. For example, Kappe et al. presented
a flow reduction of artemisinic acid to dihydroartemisinic acid
1 by in situ generated diimide from hydrazine.®” Feth et al. op-
timized the photochemical oxidation step in the industrial syn-
thesis of 4 by using process analytical tools like ATR-MID-IR (at-
tenuated total reflection middle infrared) and UV/Vis spectros-
copy to monitor the reaction kinetics.”’”? Noél etal. used a
novel flow reactor concept based on luminescent light concen-
trator technology for the synthesis of 4 with solar light.®”
Amara et al. turned their focus to the optimization of the envi-
ronmental aspects of artemisinin synthesis.*? They developed
a catalyst system that allowed a dual-use of sulfonated cross-
linked polystyrene as a Brognsted acid (instead of TFA for the
Hock cleavage) and as the heterogeneous support for TPP as
the sensitizer. The di-protonation of the porphyrin core leads
to non-covalent ionic interactions between the sensitizer and
the ion-exchange resin (Figure 3). This concept allows a
straightforward immobilization of TPP on the surface of the
polystyrene beads with negligible leaching of TPP. The strategy
of George et al. also envisages the use of liquid carbon dioxide
as the main solvent and oxygen gas carrier at a low tempera-
ture of 5°C. A flow photoreactor setup was designed with a
sapphire glass tube as the main element and three LED arrays
as a daylight source. Liquid CO, was transferred from a reser-
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Figure 3. Heterogenized sensitizer on acidic polymer support for the contin-
uous-flow synthesis of artemisinin in liquid CO,. Reproduced with permission
from ref.[32], copyright 2015 Springer Nature.

voir with a cooled HPLC pump to a static stainless-steel mixer,
where it was contacted with oxygen gas for a final concentra-
tion of 2 mol%. Starting material 1 was fed as a toluene solu-
tion (0.1m) with a HPLC pump into a second static mixer,
where it was mixed with the liquid CO,/O, stream. The system
pressure was set to 180 bar and the mixed substrate streams
were transferred into the sapphire glass photoreactor contain-
ing the dual-function catalyst.

Within four passes, 98% conversion could be achieved with
a yield of 51% for 4. This process was then optimized with a
photoreactor of doubled length and residence time, yielding
approximately full conversion with a slightly decreased yield of
48% in one pass. George et al. could show several advantages
with this flow approach: a) the acidic environment of the het-
erogeneous catalyst support pushes the reaction selectively to
the Hock cleavage as already seen in homogeneous batch re-
actions,*® and b) a second step with prolonged heating and
an oxygen atmosphere is no longer necessary, which is in con-
trast to the synthesis developed by Seeberger et al.”® In addi-
tion, the use of chlorinated solvents like CH,Cl, or relatively
toxic TFA is no longer needed. The immobilization of the sensi-
tizer also allows an easier crystallization of artemisinin 4 with
greatly minimized contamination with TPP.

2.2 Cyanation

The incorporation of cyanide groups into molecules allows the
construction of nitrogen-containing compounds with great
versatility for subsequent derivatization to, for example,
amines, amides, or carboxylic acids.®” At room temperature
the oxidative addition of cyanides to primary amines mostly re-
sults in dimeric products. Seeberger etal. circumvented this
problem by running the oxidative Strecker reaction at —50°C
with singlet oxygen as the primary oxidant for the formation
of the imine intermediate (Figure 4).5* Efficient gas-liquid con-
tacting was made possible as slug flow in a capillary reactor
(FEP, 7.5mL, 7,.=3min) at 8 bar system pressure. Singlet
oxygen was formed in situ by using TPP as the sensitizer and
an LED array as a light source with an emission wavelength at
420 nm, perfectly fitting to the Soret absorption band of the
porphyrin core. With this setup it was possible to oxidize acti-
vated (benzylic) and unactivated amines to the corresponding
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hv (420 nm) TMSCN
NHz 0, TPP ‘NH TBAF NH
B —— CN
THF THF
50 °C -50 °C
5 6 7
90%
Oy OH
XNHZ —
" “NHz*Cr
8 9
87%

Figure 4. Top: Cyanation of benzylamine 5 via imine intermediate 6 trapped
by cyanide at low temperature (z,.,,=3 min; TPP = meso-tetraphenylporphy-
rin, TMSCN = trimethylsilyl cyanide, TBAF = tetrabutylammonium fluoride).
Bottom: Neopentylamine 8 as the starting material for the synthesis of p,L-
tert-leucine hydrochloride 9.

imines, which were then converted to a-amino nitriles with tri-
methylsilyl cyanide (TMSCN) as the cyanide source and tetra-
butylammonium fluoride (TBAF) for activation of the silyl
group. In the case of benzylamine (5), a yield of 90% was pos-
sible. As an example for subsequent derivatization of the cya-
nide group, neopentylamine 8 was first converted to its o-
amino nitrile and then hydrolyzed to b,L-tert-leucine hydro-
chloride 9 in 87 % yield over both steps (Figure 4).

The same strategy was also used for the flow synthesis of
fluorinated a-amino acids. Seeberger et al. developed a semi-
continuous two-step synthesis, which in the first step converts
primary amines with fluorinated side chains (10) to the respec-
tive amino nitriles 11 by using the above-described photoreac-
tor setup and process (—50°C, 7 bar, 7,.,=4 min).*® After sol-
vent exchange from 2-MeTHF (2-methyl tetrahydrofuran) to
acetic acid and aqueous HCl, 11 was hydrolyzed in a second
capillary reactor (22 mL, 7,,,=37 min) at 110°C and 8 bar to
the corresponding amino acid 12 (Figure 5). Fluorinated homo-
benzylic and benzylic amines were converted to fluorinated
amino acids 13 and 14-17 with moderate yields between 50
and 67 %. The quick and straightforward use of the crude inter-
mediate mixture from the first synthesis step in a flow reactor
also allowed the conversion of the 4,4,4-trifluorobutylamine to
17 in 64% yield although its alkyl amino nitrile tends to de-
compose upon purification.

Contrary to the above-mentioned examples, Opatz et al.
used sunlight instead of artificial irradiation from LED arrays.””
A FEP capillary (25 m, approx. 20 mL) was braided and stabi-
lized along a wire netting, which also prevented self-shadow-
ing of the capillary. The reactor was directly oriented to the
sun and repositioned every hour for maximum solar radiation
on sunny and non-hazy days between May and August in
Mainz, Germany. With this setup, several substrates were
screened for the oxidative cyanation of tertiary amines. Rose
Bengal was used as the sensitizer for the in situ formation of
singlet oxygen in slug flow and KCN was the cyanide source.
Their “sunflow” approach outperformed the batch reaction in
time and yield. In the case of isoquinoline 18, the flow synthe-
sis yielded the product 19 in 93% within 5 min, whereas the
batch synthesis reached only 80% yield in 180 min (Figure 6).
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hv (420 nm)
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TMSCN -
P " ea )N\H ?  30% MOk NH;%H
Rf R¢ CN Ry
2-MeTHF AcOH 0
10 -50 °C, 4 min 11 10°C,37min 42
NH3+CI NH,*Cl
NH3*CI o)
m b
15
64% 67% 50%
NHs*CI NH,*Cl
F (0]
F3C °
E OH OH
16 17
60% 63%

Figure 5. Top: Semi-continuous synthesis of fluorinated a-amino acids by ox-
idative cyanation of fluorine-containing primary amines (TPP = meso-tetra-
phenylporphyrin, TMSCN = trimethylsilylcyanide, TBAF =tetrabutylammoni-
um fluoride). Bottom: Examples of fluorinated amino acids obtained with
the two-step cyanation/hydrolization of amines.

hv (solar light)
Rose Bengal, O,

N H,O / CHsCN
r.t., 5 min

iy

flow: 93% (5 min)
batch: 80% (3 h)

18

CN

= M@

flow: 94% (2 min)
batch: 89% (3 h)

CN

N N

flow: 73% (3 min)
batch: 65% (16 h)

Figure 6. Top: Strongly accelerated cyanation of tertiary amines by the use
the “sunflow” capillary photoreactor. Bottom: Simple (20) and complex
amines (21) can be easily converted to their cyanated derivatives.

Even more impressive is the performance for a simple alkyl
amine like tributylamine. Within 2 min 94% yield for 20 was
reached compared with 89% in 180 min for the batch synthe-
sis. Atropine, a more complex and biological relevant tertiary
amine, was converted to 21 with 73% yield in 3 min. Here, the
batch synthesis was far behind with 65% yield in 960 min.
These examples clearly show that photochemistry can be per-
formed in a more sustainable way by resorting to massively
available energy resources like solar radiation.

2.3 Hydrogen atom transfer (HAT) reactions

Hydrogen atom transfer reactions are considered as an excel-
lent tool for the selective activation of R—H bonds with subse-
quent formation of new bonds to carbon atoms or hetero-
atoms.”¥ In particular, the use of catalysts with decatungstate
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anions [W,,03,]*" as the photoactive material allows the mild
activation of C—H bonds to radicals with subsequent addition
to, for example, electron-deficient olefins.®” This reaction path-
way was described by Protti et al. for the two-step flow synthe-
sis of y-lactones from aldehydes and a,-unsaturated esters.”*”
Heptanal 22 and diethylmaleate 23 (each 0.2M in acetonitrile)
were chosen as model substrates for the process development
in a capillary photoreactor (polytetrafluoroethylene (PTFE),
12 mL) and with a medium-pressure Hg lamp (125 W) as the
light source. Tetrabutylammonium decatungstate (TBADT) was
applied as the photocatalyst (2 mol %) for the in situ formation
of the acyl radical from heptanal. Within a residence time of
T,,s=120 min (corresponding to a flow rate f,=0.1 mLmin™"),
the desired acyl succinate 24 was obtained in 67% yield
against 44% within 24 h in batch mode. The product stream
containing 24 was then mixed in a T-piece with a solution of
NaBH, (0.4 ™ in EtOH, f=0.1 mLmin~") and fed into a second
capillary reactor (10 mL, 7,.,=50 min). The ketone was efficient-
ly reduced, yielding the y-hydroxy ester, which cyclized to the
desired y-lactone 25 upon acidic workup in 65% overall yield
(Figure 7). With this flow approach the photocatalyzed step
was done in only 120 min compared with the 24 h necessary
in batch mode. Finally, the space time yield of the flow photo-
reactor is 67 mmolL™"h™', which is approximately six times
higher than the batch synthesis.

In a second example, decatungstate was used for the very
important oxyfunctionalization of aliphatic amines in the (-
and y-positions via HAT as the key step.*" Usually, free aliphat-
ic amines are only hydroxylized at the nitrogen atom or in the
C,-position. Schultz et al. deactivated this directing functionali-
ty of the amine nitrogen atom by protonation. This step en-
ables the selective conversion of remote and less-activated
methylene groups in the - and y-positions to ketones by HAT
reactions with decatungstate as the photocatalyst. After high-
throughput screening of the reaction conditions in batch
mode, the model substrate pyrrolidine 26 (0.7 m in aqueous
acetonitrile solution) was converted after 2 h of irradiation
with UV light at 365 nm to pyrrolidin-3-on 27 in 65 % yield. Op-
timal reaction conditions were found to be 1 mol% sodium
decatungstate (NaDT), 1.5 equivalents H,SO, for protonation,
and 2.5 equivalents H,0, as oxidant. The exclusion of acid led

hv (Hg lamp) 0

o) [COOEI TBADT COOEt
N
\ﬂﬁLH COOEt  CHCN °
rt., 120 min COOEt
22 23 24
flow: 67% (120 min)
batch: 44% (24h)
1) NaBH,
EtOH 6]
r.t., 50 min o
2) acidic workup
5
25 COOEt
65%

Figure 7. Two-step flow synthesis of y-lactones by decatungstate photocata-
lyzed HAT reaction in the first step (TBADT = tetrabutylammonium decatung-
state).
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solely to the formation of N-hydroxypyrrolidine. Omission of
light or photocatalyst only results in traces of the desired prod-
uct. The reaction fails as well with visible light (420 or 450 nm)
instead of UV light, which supports the assumption that deca-
tungstate is the photoactive catalyst for the HAT reaction.
Schultz et al. were able to functionalize several primary linear
and secondary cyclic amines as well as amino acids with
ketone groups in remote positions. The authors used flow re-
actor equipment for scaling-up the oxygenation of pyrrolidine
26 to 5 g (Figure 8). Instead of H,0,, oxygen gas was used as
the terminal oxidant (f=0.5mLmin"") and mixed with the
substrate solution (f=1mLmin"") in a T-piece prior to the
inlet of the capillary photoreactor (FEP, 10 mL). An LED array
was used as the light source with a main emission wavelength
at 365 nm (16 W radiant power). The system pressure was set
to 4.5-5 bar for stable gas-liquid contacting in slug flow. After
circulating the reaction solution for 22 h, pyrrolidin-3-on 27
was obtained in 56% yield corresponding to a space time
yield of 15 mmolh"mL"".

hv (365 nm)
NaDT
H,SO -
o HH yso,
N _—
; / CH3CN / H,0O ;—7
30 °C (e}
26 27
56% (22 h)
5 g scale

Figure 8. Oxyfunctionalization of pyrrolidine 26 with HAT in the remote and
less-activated Cg position (NaDT =sodium decatungstate).

The photocatalytic oxidation of activated and unactivated
methylene groups in cyclic and linear alkanes was investigated
under flow conditions by Noél et al.*? Process development
was done with cyclohexane 28 as the model substrate
(143 mwm), pure oxygen gas as the oxidant, and tetrabutylam-
monium decatungstate (TBADT) as the photocatalyst in aceto-
nitrile acidified with aqueous hydrochloric acid (1 m, 2.5:1). The
reaction screening was performed in a capillary photoreactor
(perfluoroalkoxy (PFA), 5mL) at room temperature using an
LED array with 365 nm emission wavelength. With 5 mol%
TBADT at normal pressure with a residence time of 7=
45 min, the conversion of 28 yielded 81% cyclohexanone 29
and 9% cyclohexanol 30 (Figure 9). Compared with the synthe-
sis in batch mode, the flow synthesis was faster by a factor of
18 (13 min vs. 4h at 53% yield with 2 mol% TBADT). The
faster conversion can be attributed to the increased oxygen
gas mass transfer in slug flow and improved light penetration
through the thin films and the liquid slugs.

Based on these optimized reaction conditions, a broad
scope of activated methylene groups in benzylic or allylic posi-
tions were oxidized to ketones; for example, cyclohexene to
cyclohexen-1-one 31 (70%) or 1,3-dihydro-2-benzofuran to 2-
benzofuran-1-one 32 (71%). Unactivated methylene groups
were also converted very efficiently, as in the cases of cyclo-
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hv (365 nm) o] OH
TBADT, O,

@

CH3CN / HClyq

28 r.t., 45 min 29 30
81% 9%
o) o O 2
O,
0 T
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31 32 33 34 35 o)
70% 71% 79% 67% 59%

Figure 9. Top: Decatungstate-based C(sp®)—H aerobic oxidation of cyclohex-
ane (TBADT = tetrabutylammonium decatungstate). Bottom: Activated and
unactivated C—H bonds oxidized with decatungstate anions as the HAT pho-
tocatalyst.

heptane to cycloheptanone 33 (79%) and cyclohexanone to
cyclohexan-1,4-dione 34 (67 %). Even very complex structures
like artemisinin 4 were oxidized to artemisitone-9 35 on the
5 mmol scale in 59% yield. The work of Noél etal. is a very
good example of the safe and straightforward use of oxygen
gas as a sustainable and cheap oxidant under efficient flow
conditions with decatungstate anions as a selective photocata-
lyst.

The last example in this section is about the cerium-based
photocatalyzed functionalization of low molecular weight al-
kanes.*® Zuo et al. use hydrocarbons of C, to C, structure for
alkylation and arylation reactions as well as for amination with
di-tert-butyl azodicarboxylate (37). The principle behind this
approach is the formation of cerium(lV)-alkoxides with, for ex-
ample, CI;CCH,OH, which are activated by visible light result-
ing in Ce" species and alkoxy radicals. This highly electrophilic
intermediate abstracts a hydrogen atom from, for example,
ethane, which is subsequently converted with the nucleophilic
azo compound 37 to the product 38 under recovery of the
Ce" salt (Figure 10).

In the case of batch tests, good conversions of 63 to 76 %
could be achieved for all C; to C, hydrocarbons within 2 to 9 h
reaction time. The transfer to flow mode was done with ten
glass microreactors in series, each with an internal volume of
450 pL. Air-cooled LED arrays were used with an emission
wavelength of 400 nm. With this setup, the reaction time
could be decreased considerably to 6 min for ethane, propane,
and butane, and 15 min for methane. In the latter case, pres-
sure restrictions of the glass microreactors did not allow a
higher yield than 15% in 15 min residence time. Engineering
efforts are necessary here to optimize the reactor equipment
for higher pressure stability, and hence better conversion. In
the case of the higher alkanes, the amination of ethane (36)
reaches the highest yield of 90% in 6 min residence time. With
these results, Zuo et al. could show that the functionalization
of natural gas feedstock compounds is possible with abundant
Ce salts as photocatalysts. By the application of flow photo-
reactors, a significant reduction in reaction time could be
achieved by improved gas-liquid mixing.
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flow: 15% (15 min)
batch: 63% (2 h)

flow: 76% (6 min)
batch: 70% (9 h)

flow: 56% (6 min)
batch: 76% (6 h)

Figure 10. Cerium-based photocatalysis with visible light enables alkane
functionalization. For the batch synthesis of 39, perdeuterated MeCN was
used. For the batch synthesis of 38, 40, and 41, CeCl; was used instead of
(nBuyN),CeClg.

2.4 Cyclization

Biologically active compounds are often complex, hetero-
atom-rich polycycles with a high degree of substitution on the
hydrocarbon scaffolds. In particular, the fusion of nitrogen-rich
heterocycles to polycycles shows great potential for com-
pounds with pharmaceutical applications and has attracted
broad attention in the development of synthetic methodolo-
gies.*¥ Jamison et al. developed a strategy for the mild synthe-
sis of polycyclic quinoxaline derivatives from ortho-heterocycle-
substituted arylisocyanides as the substrate. Phenyliodine(lll)-
dialkylcarboxylates were used as the alkyl radical source
upon photocatalytic activation with fac-lr(ppy); or Ir(ppy),-
(dtbbpy)PF, (dtbbpy = 4,4'-di-tert-butyl-2,2"-bipyridyl, ppy = 2-
phenylpyridine) as photocatalysts (Figure 11, last step). In the
batch process, 1-(2-isocyanophenyl)-1 H-pyrrole 44 was used as
the model substrate and converted with phenyliodine(lll)dicy-
clohexylcarboxylate and fac-Ir(ppy); in N,N-dimethylformamide
(DMF) to the desired pyrrolo[1,2-alquinoxaline 45 in 73 % vyield.
The batch synthesis was done at 25°C with a fluorescent bulb

o {2

HCOOAc
o Crl -
CH;CN ~
NH, 2.3 min N o
42
POCI; | Hiinig's base
CH3CN | CH,Cl,
2.8 min
hv (white)

PhI(OCOCy),
[Ir(dtbbpy)(ppy)2IPFe

Lt ~
7
N CH5CN

25 °C, 9.5 min NC

45 44
flow: 47% (14.6 min for all 3 steps)
batch: 73% (5 h for last step)

Figure 11. Three-step synthesis of a pyrrole quinoxaline derivative 45
through formamide formation, dehydration, and photochemical cyclization
with carboxylated cyclohexane (dtbbpy = 4,4'-di-tert-butyl-2,2"-bipyridyl,
ppy = 2-phenylpyridine).
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(26 W) as the light source. Based on this approach, Jamison
et al. converted several pyrrole and other five-membered nitro-
gen-rich arylisocyanides into the respective quinaxoline deri-
vates in moderate yields (pyrazole, 45%) to very good yields
(tetrazole, 81%). The mild reaction conditions allowed the in-
corporation of various alkyl groups, bile acid derivatives, or
amino acids.

The benefit of continuous-flow equipment was demonstrat-
ed in this work by the integration of the isocyanide formation
prior to the photocatalyzed cyclization step. In the first step 2-
(1 H-pyrrolo)aniline 42 was converted in a capillary reactor
(PFA, 7,.=2.3 min) with formic acetic anhydride in acetonitrile
to the formamide 43, which was subsequently dehydrated to
the isocyanide 44 with POCI; and diisopropylethylamine
(HUnig's base) in CH,Cl, by using a second capillary reactor in
line (PFA, 7,.,=2.8 min). The crude reaction mixture containing
the isocyanide, any byproducts and residual reagents was final-
ly mixed with phenyliodine(lll)dicyclohexylcarboxylate and
[Ir(dtbbpy)(ppy),IPFs in MeCN and irradiated in a third capillary
reactor (PFA, 7,.,,=9.5 min) at 25°C. Although the desired prod-
uct was obtained over all steps only in a moderate yield of
47 %, the flow synthesis showed several advantages. Besides
the minimized contamination of the experimenter with foul-
smelling isocyanides, clever solvent and catalyst selection
avoids unnecessary work-up procedures or solvent changes
between each step of the continuous-flow synthesis protocol.
In particular, for the photochemical step, the efficient irradia-
tion leads to a strong reduction in reaction time from 5 or
24 h to 9.5 min.

In a second example, Tranmer et al. demonstrated the flow
synthesis of 6(5H)-phenanthridinone derivatives, which have
been developed for reliable access to potential poly(ADP-
ribose) polymerase inhibitors.*’ The authors could show that
their photochemical cyclization route is superior to the known
methodologies based on the Schmidt reaction, which uses ex-
plosive HNs, or the Ullmann and Suzuki coupling reactions,
with rather moderate yields. Tranmer et al. used 2-chlorobenz-
amides (e.g., 48, synthesized from benzoyl chlorides and ani-
line derivatives) to investigate the impact of the solvent, sub-
strate concentration, flow rate, and type of UV light filter
equipment. Optimized conditions were found with acetone as
the solvent, 5 mm substrate concentration, a flow rate of fi=
0.2 mLmin™" (FEP, 10 mL, 7,,,=50 min), and a simple quartz
glass filter with a medium-pressure Hg lamp as the light
source. Under these process conditions, a broad substrate
screening at 60 °C reactor temperature (Figure 12, second step)
was performed. A high yield of 99% was obtained for fully un-
substituted 2-chlorobenzamide 48. Varying the substitution
pattern of the aryl groups with electron-donating methoxy
groups (50) or electron-withdrawing chlorine atoms (51, 52)
gave moderate (67 %) to very good yields (93 %). These results
are far better than any other yields reported in the literature
so far.

Tranmer et al. then combined the precursory amidation reac-
tion between 2-chlorobenzoyl chloride 46 with aniline 47 with
the photocyclization reaction. The starting materials, dissolved
in acetone, were pumped via a mixing T-piece into a simple
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72% (2-step from 46)
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Figure 12. Top: Continuous-flow synthesis of 2-chloroamide building block
48 with subsequent photocyclization to 6(5H)-phenantridinones 49. Bottom:
Substitution patterns of the starting material determine the effective yield of
the two-step synthesis. “1-step” = starting material is aryl amide, “2-step” =
starting material is aryl acid chloride.

coil reactor (10 mL, 7,.,,=50 min) at 60 °C. Interestingly, no ad-
ditional base like NEt; was necessary to quench the hydrogen
chloride emerging from the amidation in the first step. The
raw amide product solution was then directly transferred into
the capillary photoreactor and converted into the desired phe-
nanthridinones, for example, with a slightly lower yield of 77 %
for the methoxy derivative 50 (80%) or with an apparently
lower yield of 72% for the unsubstituted phenanthridinone 49
(99%). It is worth pointing out that a lower yielding, but fast
and safe multi-step flow synthesis is an important tool for a
rapid drug discovery process under more sustainable condi-
tions, as no purification of intermediates is necessary.

2.5 E/Z Isomerization

The isomerization of double bonds finds various applications
in materials and biomedical science. Stilbene derivatives are
known as molecular switches in polymers™? or as anticancer
drugs with only one active isomer.*” Usually, UV light is neces-
sary to initiate the isomerization from E to Z. To avoid numer-
ous side reactions occurring with UV light, Rueping et al. pro-
posed the use of an iridium complex for visible light E-to-Z iso-
merization of stilbene derivatives through energy transfer from
the triplet state of the sensitizer to the stilbene.*® For econom-
ic and ecological reasons, the authors used at first a two-phase
batch system with ionic liquid [bmim][BF,] (bmim = 1-butyl-3-
methylimidazolium) as the catalyst phase for Ir(ppy),(bpy)PFs
(bpy =2,2"-bipyridine) and toluene as the substrate phase for
E-stilbene 53. In this combination, the expensive Ir catalyst was
recycled up to eight times with a mean yield for the Z isomer
54 of 94% upon irradiation with a standard fluorescence lamp
(11 W). For the transfer from batch to flow mode, a more effi-
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cient phase separation between ionic liquid and substrate
phase was necessary and was achieved by replacing toluene
with n-pentane. E-Stilbene 53 (0.1 M in n-pentane) and Ir(ppy),-
(bpy)PFs (3 mol% in [bmim][BF,]) were pumped via a T-piece
for premixing into a microplate glass reactor with separate
mixing elements (1.1 mL, 7,,,=6.5 min) and irradiated by a
stripe of high-power LEDs at 470 nm emission wavelength
(Figure 13). As desired, the phases separated immediately after
leaving the glass microreactor. With this approach it was possi-
ble to directly recycle the catalyst-containing ionic liquid phase
back into the process. The Z isomer 54 was obtained in quanti-
tative yield, most likely owing to the excellent mixing and the
strongly improved irradiation of the reaction solution inside
the microstructured channel of the flow reactor.

Reiser et al. used a similar approach for the E-to-Z isomeriza-
tion of cinnamyl acetate 55 with visible light.”*? The authors
synthesized a polymer-bound sensitizer system based on fac-
Ir(ppy); with one ligand attached to a short polyisobutylene
polymer chain (Glissopal 1000, n=17). The sensitizer is soluble
in apolar heptane whereas the substrate is dissolved in polar
acetonitrile. Both solvents combined result in a thermomorphic
solvent system, which homogenizes to a single phase at
elevated temperatures greater than 85°C. The immiscible sol-
vent phases were mixed with a T-piece in slug flow (fi=
100 uLmin~' each) and transferred into a glass microreactor
(1.7 mL, 7,,=28.5 min), which was heated to 90°C in parallel to
irradiation with blue light at 455 nm (Figure 14). A backpres-
sure valve was set to approximately 4 bar to prevent any boil-
ing of the solvents inside the reactor. Under these conditions,

a) hv (470 nm)

(Ir(ppy),(PIP-ppy)IPFg
Humig's base

o)
n-pentane O
[bmim][BF ]
53 6.5 min 54
flow: quant. (Z/E 99:1)
batch: 98% (Z/E 99:1)

[bmim][BF,]
Continuous recycling of photosensitizer

Figure 13. (a) E/Z isomerization of stilbene with visible light in a two-phase
flow system. (b) Schematic representation of the continuous catalyst phase
recycling. Reproduced with permission from ref. [48], copyright 2015 Wiley-
VCH.
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CH,CN / heptane OAc

90 °C, 8.5 min 56

O

Figure 14. (a) E/Z isomerization of cinnamyl acetate 49 in continuous flow.
(b) Schematic representation of temperature-controlled phase separation
and catalyst recycling (ppy = 2-phenylpyridine, PIP = polyisobutylene poly-
mer). Reproduced with permission from ref. [49], copyright 2016 Royal Soci-
ety of Chemistry.

efficient contacting between sensitizer and substrate was pos-
sible, yielding an E-to-Z isomer ratio of 18:82. After cooling
down and phase separation, the apolar catalyst was cycled
back into the reactor via the T-piece. The whole process per-
formed stably for more than 25 h with constant E/Z ratio. Here,
catalyst leaching of 2.6 % took place, especially in the first two
hours of this cycling process. The loss of the Ir catalyst can be
attributed to the undesired solvent phase transfer of the sensi-
tizer, bound to shorter, hence more polar polymer chains, from
apolar heptane to polar MeCN. Within a further 8 h, the mean
loss in Ir dropped to a low value of 0.1% and stayed constant
for the residual 15 h of the process time. Reiser et al. demon-
strated with this more complex approach that polymer-bound
sensitizers can be constantly recycled in continuous flow and
separated efficiently from a single solvent reaction phase by
wise solvent selection and process parameter control. This ap-
proach is explicitly important and interesting for the recycling
of expensive and rare metal catalysts like Ir.

The next example presents the reverse isomerization from Z
to E for the photochemical preparation of E-cyclooctene deriv-
atives. These building blocks are essentially useful for inverse
electron demand Diels—-Alder reactions with 1,2,4,5-tetrazines.
Bormans et al. optimized a literature known methodology™”
for the light-induced Z-to-E isomerization of cyclooctenes by
applying a capillary photoreactor instead of a standard batch
reactor.”" Two capillaries (FEP, each 4.1 mL) were used in paral-
lel and wrapped around a single UV lamp (21-25 uWcm™3).
The reaction solution consisting of Z-cyclooctenol 57 as sub-
strate (21 mm), methyl benzoate as singlet sensitizer (47 mwm),
and diethylether/hexane as solvent mixture (1:4) was pumped
through the microcapillaries (each 5 m) and irradiated with UV
light at 254 nm (Figure 15). The resulting E/Z mixture was then
transferred to a packed bed column filled with AgNO; on SiO.,.
The desired E-cyclooctenol 58 selectively binds to Ag™ in the
packed bed and is extracted from the reaction solution. Resid-
ual Z-cyclooctenol 57 is recycled back to the reservoir for fur-
ther irradiation in the flow photoreactor. This approach al-
lowed a decrease in reaction time (70%, 3.4 h) compared with
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Figure 15. Continuous-flow synthesis of E-cyclooctenes in a microfluidic re-
actor setup with integrated product extraction. Reproduced with permission
from ref. [51], copyright 2017 Royal Society of Chemistry.

the literature procedure without irradiation in a microfluidic
environment (73%, 8 h). The more complex and fluorine-con-
taining cyclooctene derivative 59 could be obtained in 76%
within 6 h of cycling.

Just recently, Rutjes et al. introduced an advanced process
for the Z-to-E isomerization of cyclooctenes.” The authors ap-
plied a slightly larger FEP capillary photoreactor with a total
volume of 10.7 mL available for irradiation. Contrary to the
packed bed trap containing Ag™ ions, Rutjes etal. used a
liquid-liquid extraction system with an aqueous silver nitrite
solution against the organic heptane phase, which contains
the E isomer enriched cyclooctene mixture. With this approach,
the authors were able to provide a larger scale production of
up to 2.2 gh™' of E-cyclooctenes.

2.6 Fluorination and trifluoromethylation

Fluorinated compounds are exceptionally important for phar-
maceutical and agrochemical applications. A single fluorine
atom substituent or a CF; group has a strong impact on the
electronic properties of a molecule and can change its lipophi-
licity or Brgnsted acid and base characteristics, two important
pharmaceutical parameters for, for example, oral bioavailability
of a drug.”® Common fluorine sources such as (diethylamino)-
sulfur trifluoride (DAST) or trifluoromethyl sources like Umemo-
to’s reagent need either cautious handling owing to its explo-
sive character or are less used owing to their high prices.*”
Nevertheless, several methods have been developed for batch
and continuous-flow monofluorinations of fine chemical build-
ing blocks. Selectfluor, a DABCO (1,4-diazabicyclo[2.2.2]octane)-
based fluorination source, was used by Paquin et al. for the
first photochemically catalyzed monofluorination subsequent
to a decarboxylation.®™ The same reagent was used by Kappe
etal. for the monofluorination of ethylbenzene as a model
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substrate and Colestidol as industrially relevant building block
for fragrance compositions.®® A comprehensive overview on
monofluorination reactions of organic compounds has been
summarized by Paquin etal. in 201557 In the case of single
fluorination of allylic alcohols, Jamison et al. broke new ground
by applying SF, a nontoxic and inexpensive insulator gas, as
the fluorinating reagent in visible light photocatalysis.”® For
the development of the desired deoxyfluorination methodolo-
gy, 5-phenyl-2-penten-1-ol (0.1 mmol) was used as the model
substrate for allylic alcohols with Ru(bpy);PFs as the photocata-
lyst (3 mol%) and diisopropylethylamine (Hiinig's base) as a
hyperstoichiometric reductant at room temperature and pres-
sure. Several solvents were tested under these conditions with
1,2-dichloroethane, which was a superior solvent than DMSO,
MeCN, or tert-amylalcohol. Its less polar character allows a
better solubility of SF; and most likely a better stabilization of
the reactive fluorinating reagent stemming from the photoacti-
vated SF¢ radical anion. Owing to its better solubility in 1,2-di-
chloroethane (DCE), Ir(ppy),(bpy)PFs (5 mol%) was finally used
as the photocatalyst with only 3 equivalents of Hiinig’s base as
the reductant. A conversion of 96% was achieved with 55%
yield and a ratio of 1.2:1 for the linear and branched isomers,
respectively. The authors transferred the successful batch syn-
thesis into flow mode by using a simple gas-liquid contacting
setup consisting of a Y-mixer with a saturation loop (0.18 mL,
T,.s= 1 min) for intensifying the SF, gas transfer into the DCE
solution at approximately 6.9 bar, which was maintained with
a backpressure regulator. The slug flow was then conveyed
into a second capillary (2.7 mL, 7,,,=15 min), which was irradi-
ated with blue light at 470 nm (Figure 16). Under these condi-
tions, 2-dodecen-1-ol 60 was converted to the desired mono-
fluorinated compounds 61 and 62 in 45% yield (ratio linear/
branched 1.1:1) compared with 55% in batch mode (ratio
linear/branched 1.2:1). Although achieving a lower yield, the
flow synthesis was superior in reaction time with 16 min
versus 14 h in batch mode, corresponding to productivities of
0.19 mmolh™" versus 0.04 mmolh™". Besides the improved pro-
ductivity, the new deoxyfluorination method by Jamison et al.
applies SF; as a very safe fluorinating reagent with a nearly un-
beatable price. But one should also keep in mind that SF4 is
one of the most potent greenhouse gases with a global warm-
ing potential of 23900 times of CO,.”

The Noél group has developed a broad range of continu-
ous-flow methodologies for the incorporation of fluorine-
based functional groups as important structural motifs in mo-

hv (470 nm)
SFg
[Ir(dtobpy)(ppy)2]PFs X
“ Hiinig's base e Y OF 61
s > 0H
(CH,Cl), F
60 r.t., 15 min W 62
8

flow: 45% (15 min), 61/62 1.1:1
batch: 55% (14 h), 61/62 1.2:1

Figure 16. Continuous-flow deoxyfluorination of allylic alcohols with insula-
tor gas SF; as the fluorine source (dtbbpy = 4,4'-di-tert-butyl-2,2"-bipyridyl,
ppy = 2-phenylpyridine).
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lecular building blocks. Besides the perfluoroalkylation of het-
eroaryls® and trifluoromethylation of aromatic thiols,”*" a two-
step flow synthesis of allylic alcohols from Grignard reagents
with subsequent difluoroalkylation of the vinyl double bond
was presented as well in the last years.® Furthermore, Noél
et al. also used their expertise in the photocatalyzed activation
of CF;l as an inexpensive, gaseous reagent for the trifluoro-
methylation or hydrotrifluoromethylation of styrene deriva-
tives.® Solvent, catalyst, and base screening was done in
batch mode with styrene 63 as the most simple substrate
(0.5 mmol). Optimal conditions were found with DMF as sol-
vent (0.1 molL™"), fac-Ir(ppy); as the photocatalyst (1 mol%),
and cesium acetate as a mild base (2 equiv). At room tempera-
ture and pressure, 63 was converted within 18 h to the desired
trifluoromethylated compounds 64 and 65 in 75% isolated
yield with an E/Z ratio of 72:28. Furthermore, the transfer from
batch to flow mode had a strong impact on both yield and re-
action time. The capillary photoreactor applied was based on a
standard PFA tubing (1.25 mL) and blue LEDs with an overall
electrical power of 6.24 W (Figure 17). Gas-liquid contacting
was done with a T-piece as a static mixing element (fi=
1.25 mLmin™, f;=1.20 mLmin™"). In the case of 63, the yield
could be increased to 95% within a residence time of t,,=
60 min. Equivalent results were achieved for more complex
molecules 66-69 as well. Interestingly, the use of the flow pho-
toreactor setup not only improves the productivity of the pro-
cess, but affects the E/Z ratio as well, tending towards a higher
amount of the E isomer. For styrene 63, the E/Z ratio increased
from 72:28 to 98:2. In the case of 4-acetoxysytrene conversion
to 69, the E/Z ratio changed even more drastically, from 19:81
in batch mode to 98:2 in continuous-flow mode. This remark-
able raise in favor of the E isomer can be attributed to the
shorter residence time in the flow photoreactor and in conse-

hv (blue)

CF3l X CF3
CsOAc
fac-Ir(ppy)s 64 flow: 95% (60 min). E/Z 98:2
—_—

batch: 75% (18 h), E/Z 72:28

N
CF; 65
CF3 /@/\VCFs
Cl

66 67
flow: 71% (40 min), E/Z 92:8 flow: 91% (50 min), E/Z 96:4
batch: 65% (24 h), E/Z 87:13 batch: 88% (24 h), E/Z 54:46

Nw /(j/\v -
4 CF
<s s AcO

68 69
flow: 62% (60 min), E/Z 74:26 flow: 95% (30 min), E/Z 98:2
batch: 35% (24 h), E/Z 66:34 batch: 91% (24 h), E/Z 19:81

o
DMF / MeOH

63 r.t., 60 min

Figure 17. Top: E isomer-selective trifluoromethylation of styrene (63) with
CF;l under continuous-flow conditions (ppy = 2-phenylpyridine). Bottom: Ex-
amples demonstrating the broad scope of styrene derivatives for photocata-
lytic trifluoromethylation.
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quence to a shortened irradiation time. Under these reaction
conditions, the photocatalyzed isomerization of the E isomer
to the Z isomer by energy transfer from the exited photocata-
lyst to the vinyl double bond is suppressed.®”

For the selective hydrotrifluoromethylation of styrenes, Noél
et al. changed the solvent from DMF to a mixture of DCE and
ethanol (9:1, v/v) containing 1.2 equivalents of 4-hydroxythio-
phenol as a hydrogen atom donor (Figure 18). This reagent
became necessary to avoid predominant formation of byprod-
ucts stemming from overoxidation and dimerization of the sty-
rene substrates. Styrene 63 was converted to 3,3,3-trifluoropro-
pylbenzene 70 with a yield of 77 %, slightly lower than 79% in
batch mode, but again with a strong decrease in reaction time
from 24 h to 50 min in flow mode. Both methodologies allow
the incorporation of trifluoromethyl groups into a broad varie-
ty of styrene derivatives or vinyl group containing substrates
under very mild conditions.

hv (white)
CFsl
4-HTP H
©/\ fac-Ir(ppy)s Q&C&
(CH,Cl), / EtOH
r.t., 50 min
63 70

flow: 77% (50 min)
batch: 79% (24 h)

Figure 18. Hydrotrifluoromethylation of styrene derivatives with 4-hydroxy-
thiophenol (4-HTP) as a hydrogen atom donor (ppy = 2-phenylpyridine).

In the last example, Stephenson et al. give a rare example
for the development of a new synthesis process in flow, which
also includes a detailed protocol for the transfer from milli-
gram quantities to kilograms. In the first work, the authors in-
troduced the combined use of trifluoroacetic acid anhydride
(72) and pyridine N-oxide together with Ru(bpy);Cl, as photo-
catalyst as a broadly applicable reagent mixture for the
trifluoromethylation of various arene building blocks.® Selec-
tive cleavage of the anhydride by pyridine N-oxide results in
the ionic adduct formation of 1-[(trifluoroacetyl)oxylpyridinium
trifluoroacetate, which can be easily reduced by the sensitizer
and converts into the desired CF; radical, CO,, and pyridine.
Various vinyl, aryl, and heteroaryl substrates were converted to
the respective CF;-containing compounds in low (17%) to
moderate yields (74%). In the case of N-Boc (tert-butyloxycar-
bonyl) pyrrole 71, scale-up attempts have been performed as
well. On the lab scale, this heteroarene was converted in batch
mode to the single and double trifluoromethylated product
(ratio 1:1) with 74% yield. On the 5 g batch scale, only 53%
yield was obtained with a single to double substitution pattern
of 4:1. On the 18 g scale, the yield was comparable with 57 %,
whereas on the 100 g scale the yield was as low as 35% even
after 62 h instead of 15 h. The transfer to flow mode resulted
in a yield of 71% on the 20 g scale at a residence time of only
T,es=10 min. On the basis of this very positive result, Stephen-
son etal. employed the continuous-flow synthesis on a kilo-
gram scale (Figure 19).%® A common capillary photoreactor
was used (PFA, 150 mL) with three underwater LED light sourc-
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mg scale: 74% 73/74 1:1 (12 h)

5 g scale: 53% 73/74 4:1 (12 h)

18 g scale: 57% 73/74 5:1 (15 h)
100 g scale: 35% 73/74 13:1 (62 h)

20 g scale: 71% 73/74 3:2 (10 min)
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N * FsC7 0N
Boc O FsC” "O" 'CF; CH3CN Boc O
45 °C, 30 min
75 72 76

flow: 60%-65% within
48 h processing time

1.2 kg scale

Figure 19. Top: Batch and flow evaluation for trifluoromethylation of pyrrole
compound 65 with TFAA as source of trifluoromethyl radicals. Bottom: Real
process scale-up for the trifluoromethylation of 1.2 kg of pyrrole derivative
75 (bpy =2,2"-bipyridine).

es for blue light irradiation. The complete system was cooled
with water to a temperature of 45°C. With this setup, 2-methyl
N-Boc pyrrole-2-carboxylate 75 (5.33 mol, 1.2 kg!) was convert-
ed with 0.1 mol% Ru(bpy);Cl, and 2 equivalents of the tri-
fluoroacetic acid anhydride (TFAA)/pyridine N-oxide adduct to
the desired trifluoromethylated pyrrole building block 76 with
a yield of up to 65% during 48 h of process time, which
corresponds to a substrate consumption of 25gh™' and
111 mmolh™', respectively. After workup of the raw material, a
final productivity of 87.2 mmolh™' was obtained, which out-
performs the previous batch (4.2 mmolh™') and flow syntheses
(142 mmolh™") by a factor of up to six. Surely, this work by
Stephenson et al. is an outstanding example that large-scale
flow photochemistry is growing out of its infancy.

2.7 Arylation via diazonium salts and diazo compounds

The conversion of amines into their corresponding diazonium
salts is an attractive route for the activation of carbon atoms
towards bond formation with other (hetero)atoms.”” Besides
well-known metal-catalyzed coupling reactions with diazonium
salts as starting materials, light-mediated syntheses have been
developed as well in recent years."™ Just recently, Ackermann
et al. published their work on arene C—H activation in flow by
using a photocatalyst based on manganese as an earth-abun-
dant metal.® In the case of carbon-sulfur bond formation,
Noél et al. developed a mild and biocompatible, that is, metal-
free arylation method for the amino acid cysteine.”” Based on
their prior investigation of the Ziegler-Stadler reaction for the
photochemical synthesis of thioether derivatives,”” Noél et al.
performed batch screening reactions regarding diazonium salt
formation, solvent, sensitizer, and light source. N,C-Protected
cysteine 77 was arylated with 4-fluoroaniline 78 in 46% yield
by using tBUONO and p-toluenesulfonic acid for in situ diazoti-
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zation, acetonitrile as solvent, Eosin Y as the metal-free sensitiz-
er, and a compact fluorescent lamp as the light source. The
transfer to continuous-flow mode was done by using a capilla-
ry photoreactor (PFA, 450 uL) and a white light LED array
(Pye=3.12 W). tBUONO (0.2 M in acetonitrile) was mixed via a T-
piece with an acetonitrile solution containing N-Ac-L-cysteine-
OMe 77 (0.1m), eosin Y (1 mol %), p-fluoroaniline 782 (0.13 m),
and p-toluenesulfonic acid (4 mol %) before entering the irradi-
ated capillary. Within a very short residence time of 7,,,=30s,
the N,C-protected amino acid was converted to the desired
thioether 79 in 79% yield (Figure 20). By using these optimized
flow conditions, various aniline derivatives were converted in
situ into diazonium salts for subsequent coupling with the
thiol group of cysteine. In the case of unsubstituted aniline,
the yield was increased by 22 to 72% for the flow synthesis.
For 4-ethynylaniline, a prolonged residence time of 7,,=60s
was necessary to reach 61% yield compared with 49% yield in
2 h for the batch reaction. As a representative of dipeptides,
Leu-Cys was converted with 4-trifluoromethylaniline to the cor-
responding thioether 82 in 86% yield (flow mode) and 61%
yield (batch mode).

In another example, Kappe etal. did not use an in situ
formed diazonium salt, but the corresponding diazo anhydride
85, which is the self-condensation product of arylnitrosamine
and arylhydroxydiazene, both intermediates occurring during
diazonium salt formation.”? These anhydrides are known to
decompose into aryl radicals, which can be promoted by light
with a wavelength greater than 300 nm. Kappe et al. used this
concept for the intensified flow synthesis of various bi(hetero)-
aryls. For example, 4-chloroaniline 86 (0.4 m) and thiophene 84
(8 equiv) were mixed with tBUONO (1.2 equiv) in a T-piece
before entering the capillary photoreactor. UV light was sup-
plied by a mercury lamp with a filter blocking wavelengths
below 300 nm. Within a residence time of 7,,,=45 min, the

hv (white)
Eosin Y F

mixture was converted to 2-(4-chlorophenyl)thiophene 80 in
80% yield compared with 57% in batch mode with 5 h reac-
tion time (Figure 21). Electron-deficient anilines were converted
in good yields (87, 88). Electron-rich anilines or bulky groups
close to the amino function hinder the reaction most likely by
the side-reaction between aryl radicals and residual aniline
starting material. Other heteroarenes like N-Boc pyrrole or
furan are converted as well in good yields of 79% for 89 and
71% for 90. The synthetic method of Kappe et al. is an inter-
esting example for a photochemical conversion of an in situ
formed and labile, but photoactive species, which could be in-
tensified under flow conditions to higher yields in shorter reac-
tion times.

Besides charged diazonium salts, neutral diazo compounds
also play a pivotal role in organic synthesis. Usually, diazoal-
kanes are stabilized by electron-withdrawing groups or m-sys-
tems in close proximity to the diazo group. In contrast, non-
stabilized diazoalkanes, like diazomethane, must be prepared
in situ for safe handling.”” Ley etal. recently developed a
method for the photochemical synthesis of diazo compounds
made from oxadiazolines as safe precursors for diazoalkanes.””
The authors applied a literature-known methodology from
Warkentin et al., who describe the selective photolysis of 1,3,4-
oxadiazolines (92) with UV light at approximately 300 nm into
diazoalkanes (93) and alkylacetate.” Importantly, the synthesis
of oxadiazolines is a straight-forward one-pot, two-step proce-
dure with a broad variety of ketones available as the starting
materials. Ley et al. combined these advantages for the photo-
chemical in situ formation of various unstabilized diazoalkanes
and their subsequent conversion with para-substituted arylbo-
ronic acids. For example, 4-chlorophenylboronic acid 91
(0.05m in dichloromethane), oxadiazoline 92 (2 equiv), and
diisopropylethylamine (Hunig's base, 2 equiv) were pumped as
one solution into a capillary photoreactor (FEP, 10 mL, 7=
80 min), which was cooled to 10°C and irradiated with UV
light at 310 nm (9 W). Inline IR analysis was used to monitor
the reaction with the C=0 stretch band of methyl acetate at

M2 BuoNo o]
\ TOH
HN N
CH3CN HN
\f( rt., 30s \ﬂ/ 79

8

O flow: 79% (30 s)
batch: 59% (2 h)

ST

flow: 61 % (60's)
batch: 49% (2 h)

0
\o)J\;/\s/Q
HN

flow: 72% (30 s)
batch: 50% (2 h) o

\OJ\iﬂs
NHBoc

Figure 20. Top: Biocompatible arylation of cysteine’s thiol group in 77 via in
situ formed diazonium salts with subsequent photocatalyzed activation.
Bottom: N-Boc-L-Leu-L-Cys-OMe in 76 as an example of a dipeptide for se-
lective arylation of a thiol group.

flow: 86%
batch: 61%

Chem. Eur. J. 2020, 26, 16952 - 16974 www.chemeurj.org

16964

NH. hv (>350 nm) B
tBUONO
SN s
S CHZCN 86
cl 84

25 °C, 45 min Cl flow: 80% (45 min)

batch: 57% (5 h)
©/N¢N,O\N¢N\©

"diazo anhydride" 85

S S N o
Boc
Br OoN Cl Cl

87 88 89 90
79% 75% 79% 1%

Figure 21. Top: Proposed diazo anhydride formation in the photochemical
reaction pathway of light-induced C—H arylation of arenes. Bottom: Exam-
ples for arene and heteroarene substrate scope for photocatalytic C—H aryla-
tion.
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1746 cm™' as a probe for the successful photolysis of the oxa-
diazoline. The resulting product solution, containing the de-
sired tertiary boronic acid 94, was not isolated, but stirred
either with TBAF (3 equiv) or under air atmosphere (Figure 22).
In the first case, B(OH), was substituted with a hydrogen atom
in 71 % overall yield for 95, in the second case, with a hydroxy
group in 76 % overall yield for 96. This mild synthesis method
allows the conversion of diazoalkanes functionalized with, for
example, C—C triple and double bonds (85% for 97 and 89%
for 98). Diazoalkanes based on O-, N-, or S-heterocycles and
carbocycles (as 4-, 5-, and 6-membered ring systems) are con-
verted smoothly as well (99, 100). In addition, the substitution
pattern of the aryl boronic acid can be varied as well with, for
example, CF; (68% for 101) or NHAc (88% for 102) instead of
a chlorine atom. Finally, the tertiary boronic acid was also
trapped as a pinacol ester for further derivatization in other re-
actions, for example, for the construction of a quaternary
carbon center in 103 through the conversion with 2-lithiofuran
in 47 % yield. Ley et al. have developed a mild and very power-
ful method for the metal-free cross-coupling of C(sp? and
C(sp®) centers by using the photochemical in situ formation of
unstabilized diazoalkanes under safe and excellently control-
lable flow conditions.

TBAF
hv (310 nm) or

" Hiinig's base B(OH),| air R

CH,Cl,
10 °C, 80 min

Cl cl
91 92 \ Ne /
94 R=H 95(71%)

OH 96 (76%)

non-stabilized
diazo compound 93

55 58955

97 98 99 100 101 102 103
85% 89% 53% 42%  68% 88% 47%

Figure 22. Top: Easy access to unstabilized diazo alkanes via flow photolysis
of oxadiazolines 92 with excellent functional group tolerance (TBAF =tetra-
butylammonium fluoride). Bottom: Examples for arene and heteroarene sub-
strate scope for photocatalytic C—H arylation.

2.8 Light-induced cross-coupling reactions

In analogy to photocatalyzed arylation reactions with diazoni-
um salts, novel variations of classical transition metal cross-
coupling reactions have been developed as well. For instance,
dual-catalysis approaches apply Ru or Ir complexes as photo-
sensitizers together with another organometallic catalyst for
the bond formation.”" Unfortunately, rare earth metals make
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this route less sustainable and cost-effective for process scale-
up. To overcome this issue, Alcazar et al. developed a photo-
sensitizer-free Negishi cross-coupling protocol based on earth-
abundant metal complexes of Zn and Ni.”® The authors per-
formed first batch tests with methyl 4-bromobenzoate 105
(0.1m) and readily available benzylzinc bromide 106 (0.2 m)
with fac-Ir(ppy); as the photosensitizer (1 mol%) and various
Ni-based complexes as cross-coupling catalysts. Blue light irra-
diation in a commercially available 24-vial photoreactor yielded
conversions between 26% (Ni(cod); cod=1,5-cyclooctadiene)
and 65% (NiCl,-glyme, dtbbpy) to the desired product. Tests of
the same reaction were then transferred to continuous-flow
mode with a flow rate of f,=250 uLmin™' for each stream
combined in a T-mixer prior to the inlet of a commercially
available capillary photoreactor (z,,,=20 min). Roughly the
same maximum conversion of 64% was obtained with
Ni(dtbbpy)Cl, as the cross-coupling catalyst. Surprisingly, the
omission of the Ir photosensitizer resulted in a higher conver-
sion of 70%. Without irradiation at 450 nm, the conversion
dropped to 4%. In contrast, full conversion could be achieved
by combining visible light with a reaction temperature of 60 °C
(Figure 23). Spectral analysis of the reaction solution and the
single compounds revealed a significant absorption band in
the visible region for the Ni*" complex with dtbbpy and the
organozinc compound in the ligand sphere. Basic mechanistic
investigations point to a visible light accelerated reduction of
Ni*™ to Ni° in a first step and an acceleration of the reductive
elimination within the catalytic cross-coupling cycle by blue
light absorption.

In addition to the continuous-flow cross-coupling reaction,
the authors also used a novel continuous-flow protocol for the
on-demand preparation of organozinc halides used in this
work.””" Especially in the case of 4-bromoanisole, a building
block, which is usually not applied to Ni-catalyzed Negishi cou-
pling, the fresh preparation of the organozinc halide was es-
sential and resulted in 53% conversion to the cross-coupling
product, whereas the commercially available zincate reagent
did not even react. Based on the flow protocol developed by
Alcazar etal., a broad range of bromo- and iodo- as well as
chloroarenes were converted to bis(hetero)aryl compounds.
Most of the presented examples clearly benefit from blue light
irradiation resulting in an increase in conversion of up to 90 %.

Alcézar et al. also published their work on the scalability of
light-induced Negishi cross-coupling reactions.”® A commer-
cially available pilot-scale continuous-flow photoreactor was
applied to the synthesis of trifluoromethoxylated phenylben-

hv (450 nm)
ZnBr N|C|2 glyme
= (Ul
THF / DMF
60 °C, 20 min 106

flow: 93% (20 mln)
batch: 65% (n/a)

Figure 23. Negishi cross-coupling reaction with in situ formed visible light
absorbing Ni/Zn complexes for accelerated C(sp*)—C(sp?) bond formation

(dtbbpy = 4,4'-di-tert-butyl-2,2"-bipyridyl).
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zoate 107 and 5-benzylpyrimidin-2-amine 108 (Figure 24). The
goal of this work was to outline the possibility for the on-
demand synthesis of potential APIs for preclinical medical pro-
grams with a suitable scale of several 10 gday . In the case of
107, the throughput was increased by a factor of seven to
56 gh™', which corresponds to a daily production of more
than 130 g. In the case of 108, a factor of 11 was achieved,
yielding 3.4 gh™" or more than 80 gday ™.

®
O\
F3CO T N/)\NHZ
107 108
93% (15 min) 94% (15 min)
56gh’ 34gh'

Figure 24. Potential APIs via scaled-up light-induced Negishi cross-coupling.

Moreover, the authors also applied modern process analyt-
ical technology by the incorporation of a benchtop NMR spec-
trometer, which was adapted to continuous-flow mode with a
simple PTFE tube as a flow cell (Lamor frequency for 'H:
43 MHz). Inline "H NMR analysis was used to monitor the prog-
ress in organozinc halide formation with the benzyl CH, group
as a probe. In summary, the work of Alcédzar et al. is an impres-
sive proof for the straight-forward combination of continuous-
flow synthesis with solid materials like zinc, light-induced con-
version of in situ formed metalorganic intermediates, and inno-
vative analytical tools for process control.

In analogy to the Ni-mediated Negishi C—C coupling, Noél
et al. also developed a sustainable continuous-flow method for
the C—C Kumada coupling of alkyl Grignard reagents with aryl
chlorides using Fe complexes, in situ built with imidazolium li-
gands.” Irradiation with blue light accelerates the C—C cou-
pling reaction considerably as shown by the increased product
formation of, for example, cyclohexylbenzene from benzene
chloride (109) and cyclohexyl magnesium chloride (110,
Figure 25). Within a short residence time of 5 min, the yield in-

hv (450 nm)
Fe(acac);
cl MgCl  NHC ligand
_—
+ THF
25°C, 5 min
109 110 111
with light: 99%
without light: 39%
|
N
H
112 113

with light: 100%
without light: 2%

with light: 98%
without light: 0%
gram scale: 11.36 gin 2.5 h

Figure 25. Blue light accelerated Kumada coupling with enhanced substrate
scope in electron-rich aryl chlorides.
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creased from 39% without light to 99% with blue light irradia-
tion. An even stronger tendency could be shown by the use of
electron-rich aryl chlorides like N-methylated anilines or indole,
which previously needed high temperatures and long reac-
tions times. N,N-Dimethylated chloroaniline could be fully con-
verted to 112 (2% without light), 5-chloroindole yielded 113 in
98% although there was zero conversion without light. Impor-
tantly, the latter process could be easily scaled-up to the multi-
gram scale of approximately 12 g in 2.5 h, which corresponds
to a space time yield of 454 mgh™"'mL™". These results clearly
show the highly relevant expansion of the Kumada C—C cou-
pling with light in continuous flow.

2.9 Activation of CO,

Carbon dioxide is a highly attractive C, building block for
chemical synthesis owing to its general availability from the
natural photosynthetic cycle or by the emission from anthro-
pogenic sources. The high stability of CO, is reflected in the
low reactivity of this feedstock gas, which limits its application
in mild synthesis methods.®” Contrary to the usually applied
two-electron chemistry, Jamison et al. combined a mild photo-
redox process with continuous-flow technology for the selec-
tive one-electron reduction of CO, in the synthesis of amino
acids.®" For CO, activation, a high reduction potential of F°=
—2.21V in DMF (vs. saturated calomel electrode, SCE) is neces-
sary, usually enhanced with an overpotential of 0.1-0.6 V. This
challenging reaction condition rules out the standard photore-
dox catalysts containing Ru or Ir as ligand centers. Based on
the prior work by Yanagida et al.,®? the authors decided to use
para-terphenyl as a sensitizer (20 mol%) with a reduction po-
tential of F°=—2.63V in DMF (vs. SCE) and a maximum ab-
sorption band at A,,,=283 nm. For process development, N-
benzyl piperidine 114 was used as the substrate, potassium tri-
fluoroacetate (3 equiv) as a base, and DMF as the solvent
(Figure 26). Efficient gas-liquid contacting was achieved in slug
flow with a T-piece mixer prior to the inlet of the capillary pho-
toreactor. A UV light source was integrated in the reactor with
a cut-on filter for irradiating the reaction solution with light of
wavelengths greater than 280 nm. At a system pressure of
3.4 bar and a residence time of 7,,,=10 min, 114 was convert-
ed to the carboxylic acids 115 and 116 in 92% yield with a re-
gioselectivity of 52:1 in favor of 115 with the carboxylic acid in
the benzylic position. Comparative batch experiments with
CO, bubbled through the solution resulted in a yield as low as
30%. With these conditions in hand, Jamison et al. used the
continuous-flow setup to convert N-benzyl piperidine deriva-
tives with various substitution patterns at the aryl core into
the desired amino acids. Methyl substitution in the ortho-posi-
tion results in an excellent yield of 99% for 117, methoxy sub-
stitution still gives 90% yield for 118. The yields for chloro-sub-
stituted benzylamines is highly dependent on the position of
the chlorine atom: 58% for ortho-, 85% for meta-, and 95%
yield for para-substitution in 119. Carboxylated isoquinoline
120 was obtained in 46 % yield. Acyclic benzylamines like N,N-
diethylbenzylamine can be converted as well in a good yield
of 87% for 121. A more complex molecule like ticlopidine, an
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Figure 26. Top: a-Carboxylation of amines with photoredox-activated CO,
performed in a continuous-flow photoreactor. Bottom: Examples of the
amine substrate scope for photocatalytic amino acid synthesis with CO..

anti-platelet agent, was converted to 122 with a yield of 38%
as a single regioisomer. In particular, this last example shows
the potential of the mild photoredox activation of CO, for late-
stage functionalization approaches.

In another example, Jamison et al. used photoredox CO, ac-
tivation for the hydrocarboxylation of styrene derivatives.®®
Importantly, the reactive CO, radical anion from the photore-
dox cycle leads to the formation of the anti-Markovnikov prod-
uct. This selectivity stems from the addition of the CO,~ to the
B-position of the vinyl group, which generates in consequence
a stable benzylic radical. This pronounced (-selectivity is in
clear contrast to noble metal catalyzed hydrocarboxylation re-
actions, which yield the Markovnikov product (a-selectivity).
Process development resulted in optimized reaction conditions
for the p-terphenyl photocatalyzed (20 mol%) hydrocarboxyla-
tion with 1,2,2,6,6-pentamethylpiperidine (PMP, 2 equiv) as the
reductant and 19 equivalents of water as the proton source in
a DMF/hexane solvent mixture (3:1). This additive/solvent com-
bination became necessary to prevent any clogging of the ca-
pillary reactor owing to byproduct precipitation. With these
conditions, styrene 63 (0.142m) was converted within a resi-
dence time of 7,,,=8 min to 3-phenylpropanoic acid 123 in
87% yield at atmospheric CO, pressure in the flow system
(Figure 27). The diacid byproduct 124 was obtained in 3%
yield. The batch-mode synthesis yielded only 36% of the de-
sired product with a very small amount of diacid byproduct
(below 1%).

Jamison et al. then investigated a broad range of core-sub-
stituted styrene derivatives. Moderate to good yields were ob-
tained for electron-rich to electron-neutral substituents at the
styrene core (125-129). In the case of a-substituted styrenes,
only monocarboxylated products were obtained, for example,
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Figure 27. Top: Highly -selective hydrocarboxylation of styrenes by p-ter-
phenyl photocatalyzed CO, activation in continuous flow (PMP =1,2,2,6,6-
pentamethylpyridine). Bottom: Examples of styrene substrate scope for pho-
tocatalytic carboxylic acid synthesis with CO,.

3-phenylbutanoic acid 130 (63%) or 1,2,34-tetrahydro-
naphthalen-1-ylacetic acid 131 (67 %). Styrenes with B-substitu-
tion such as cis- or trans-1-phenylpropene were converted to
the corresponding monoacid 132 in 42% and 66 % yield, re-
spectively, with very low diacid byproduct formation. The work
of Jamison et al. highlights the possibilities of photochemistry
as an orthogonal synthesis route to metal-catalyzed reaction
pathways with opposite product selectivity. Furthermore, flow
technology demonstrates an advanced synthesis process with
strongly increased conversion for the (3-selective hydrocarbox-
ylation of a broad range of styrene derivatives.

2.10 Borylation

Arylboronic acids are commonly used building blocks in syn-
thetic organic chemistry with special focus on carbon-carbon
and carbon-heteroatom bond formation.® In addition to usu-
ally applied synthesis routes via Grignard or Li reagents, metal
catalysis, or noble metal-free catalysis, Li et al. developed an ef-
ficient photochemical route for the borylation of aryl halides.®
For the reaction optimization in batch mode, p-iodoanisole
133 (0.1 M) was used as the model substrate with bis(pinacola-
to)diboron 134 as the borylation reagent (2 equiv). Bis(di-
methylamino)methane (TMDAM) was used as an additive
(50 mol%) and 0.9Mm acetone in acetonitrile/water (4:1) as a
complex solvent system (Figure 28). The reaction mixture was
placed in a quartz test tube and irradiated for 4 h at room tem-
perature with a high-pressure Hg lamp (300 W) at a maximum
emission of 365 nm. Strong UV irradiation results in the forma-
tion of an aryl radical. Homolytic cleavage of the carbon-
iodide bond in the excited aryl iodide is proposed by the au-
thors as well as the decomposition of an aryl iodide radical

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 28. Top: Efficient borylation by photolysis of aryl halides as the activa-
tion step (pin =pinacol, TMDAM = N,N,N',N'-tetramethyldiaminomethane).
Bottom: Examples of the arene scope for the photolytic borylation with dif-
ferent borylation reagents.

anion, which stems from a single electron transfer from the
amine additive. Radical cleavage of the protonated borylation
reagent by the aryl radical then leads to the desired product
135 in 81% vyield at 94% conversion. Here, anisole is the major
byproduct through deiodination in 10% yield. These excellent
results were even outperformed by the transfer of the devel-
oped synthesis route to continuous-flow mode. Li et al. used a
standard FEP capillary (780 uL) wrapped around an immersion
well, which was equipped with the Hg lamp already used. This
setup allowed full conversion after a short residence time of
Tres=15 min at —5°C with 88% yield for the pinacol-protected
boronic acid 135 and 4% vyield for anisole as the byproduct
from dehalogenation. These final flow conditions also allowed
a reduction of the borylation reagent to 1.5 equivalents as it
was rapidly consumed in the flow reactor and did not decom-
pose as it was the case under batch conditions with a pro-
longed irradiation time.

Li et al. screened a broad variation of aryl iodides and bro-
mides by applying their novel borylation route. As a represen-
tative example for aryl iodides, ethyl 4-iodobenzoate was con-
verted to 136 in 90% yield under flow conditions whereas
only 81% yield was possible in batch mode. The less reactive
ethyl 4-bromobenzoate yielded 78% product in flow mode.
Gram-scale borylation was performed with iodobenzene and
p-iodophenol in a commercially available reactor system with
7.8 mL capillary volume. The desired arylboronate products
were obtained with excellent yields of 90% for 137 and 93 %
for 138. Li etal. broadened their photochemical borylation
method also to other borylation reagents like bis-boronic acid,
bis(neopentanediolato)diboron or even unsymmetrical (pinaco-
late)-(diaminonaphthalene)diboron. In the latter case, the di-
aminonaphthalene boronate substituent was introduced selec-
tively (139). It should be noted that in a later work the authors
presented their results on the continuous-flow photolysis of
electron-rich arylchlorides and fluorides as well as various aryls
with mesylate, triflate, and diethyl phosphate groups used as
pseudo halides for radical cleavage.’®®
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The incorporation of more than one boronate group into an
aromatic system leads to highly interesting aryl buildings
blocks with multiple sites for coordination® or further syn-
thetic manipulation.®™ A novel methodology for a regioselec-
tive C—H/C—X diborylation of iodo-, bromo-, and chloroaryls
with B,pin, (pin=pinacolato) was developed by Larionov
etal® The additive- and metal-free photoinduced process
allows the straightforward synthesis of 1,2- or 1,3-diborylated
aryls depending on the choice of the solvent and the position
and electronic properties of other substituents in the aryl halo-
gen substrate (Figure 29). In the case of a medium polar sol-
vent like 2-propanol, the 1,2-regioisomer is favored, whereas
highly polar hexafluoro-2-propanol directs the reaction path-
way towards the 1,3-isomer. Furthermore, the authors point
out that, if a strong electron-withdrawing substituent is pres-
ent in the para-position or a strong electron-donating substitu-
ent is present in the meta-position, 1,2-diborylation also be-
comes dominant in hexafluoro-2-propanol.

A broad substrate scope was investigated in both batch
(quartz glass tube, 15°C) and continuous flow (FEP capillary re-
actor, 111 mL, fi=0.5 mLmin~’, 7,,,=222 min, 25°C) according
to this novel photolysis protocol using light sources with a pre-
dominant UV emission wavelength of 1,.,,=254 nm. In gener-
al, 1,3-diborylations gave slightly better yields on a small scale,
whereas the flow synthesis offered a strongly reduced reaction
time. 2-lodotoluene 140 was converted to the desired diboryl-
ated aryl 141 with a yield of 78% in batch mode (0.6 mmol,
14 h) and 74% in flow mode (11.5 mmol, 3.7 h). The same ratio
has been found for 142 and 143. The influence of the substitu-
tion pattern, for example, switching from meta-substituents to
para-substituents, resulted in a more efficient 1,2-diborylation
in flow than in batch mode for the latter two cases. Hence, the

| 141

0.0
hv (254 nm) B flow: 74% (3.7 h)

batch: 78% (14 h)
15 °C, 222 min

140 134 BN
O 2

142 o 143 -
flow: 74% (3.7h) B flow: 74% (3.7h) B

batch: 78% (14 h) batch: 63% (14 h)

O‘g CN O‘gs CFs3
é/o é{o

144 a 145 A
flow: 95% (3.7 h) R flow: 88% (3.7 h) F

batch: 72% (14 h) = batch: 76% (14 h)

Figure 29. Top: Selective dual C—H/C—X borylation of aryl halogens by pho-
tolysis with UV C radiation in batch and flow mode (pin = pinacol,
HFIP=1,1,1,3,3,3-hexafluoro-2-propanol). Bottom: Examples of CF;- and CN-
substituted arenes with two borylate groups in the 1,2- and 1,3-positions.
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conversion of 4-iodobenzonitrile to 144 gave a yield of 72%
(0.6 mmol, 14 h) in batch and 95% (10.9 mmol, 3.7 h) in flow.
With 1-iodo-4-(trifluoromethyl)benzene, the batch synthesis
yielded 76 % (0.6 mmol, 14 h) whereas the flow synthesis gave
88% of the desired diborylated aryl compound 145 (7.4 mmol,
3.7 h). Both products were obtained as single isomers without
contamination from other isomers. These results confirm that
the development by Larionov et al. offers a very interesting
synthesis platform for the dual borylation of multiple substitut-
ed aryls. Furthermore, flow chemistry allows higher yields only
in part, but a more productive synthesis process in general.

2.11 Rearrangements

The reaction class of rearrangements is often part of complex
synthesis routes for natural products.”® As an interesting var-
iant to the well-known Beckmann rearrangement, Lattes and
Aubé introduced and studied a two-step synthesis route start-
ing from a ketone, which is converted into an oxazaridine with
subsequent photolytic rearrangement into the desired
lactam.”" Based on this work and their knowledge about the
benefit of continuous-flow technology on photochemical syn-
thesis, Cochran et al. investigated and optimized the photolytic
rearrangement of chiral oxaziridines in a capillary photoreactor
for scale-up.®? For process development and optimization,
prochiral 4-tBu-cyclohexanone was transformed in batch mode
to the corresponding imine with S-a-methyl-benzylamine
heated in toluene. The diastereomeric product was then oxi-
dized with m-chloroperbenzoic acid (m-CPBA) to the desired
oxazaridine 146. The photochemical rearrangement was finally
done in a three-layer capillary photoreactor (FEP, 130 mL) with
a medium-pressure Hg lamp as a light source without filter
equipment (450 W). The temperature was maintained at room
temperature with a cold stream of nitrogen gas around the ca-
pillary reactor placed inside a Dewar flask. The reaction solu-
tion (0.1m in acetonitrile) was pumped through the capillary
with a flow rate of f=5mLmin™' (r,.,,=26 min). On the 1g
scale, the process yielded 82% isolated S isomer 147 whereas
only 70% vyield was possible in a 6 h batch reaction (Figure 30).

\JO\© hv (Hg lamp) >\©
CH3CN
rt., 26 min
147
flow: 82% (26 min)
batch: 70 % (6 h)
) i N">Ph i\ o /Ph
% HoN"Ph f m-CPBA O N
—_— —_— —_—
148 149 151
flow: 51%
80 g scale

Figure 30. Top: Photolytic rearrangement of oxaziridines as the key step in
the synthesis of a monocyclic lactam. Bottom: Single chiral bicyclic lactam
151 derived from bicyclic ketone 148.
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With the optimized reaction conditions at hand, Cochran et al.
also performed a scale-up of the same synthesis, obtaining
20 g of the desired lactam with a yield > 80 %.

Finally, the authors also investigated the rarely known con-
version of bicyclic ketones to the corresponding lactam. Oxabi-
cyclooctanone 148 was converted with R-a-methyl-benzyl-
amine to the imine 149, which was subsequently oxidized with
m-CPBA to the oxaziridine 150 as a single diastereomer in
51% yield. Photolytic treatment was done on 80 g scale. Un-
fortunately, the conversion of the bicyclic oxaziridine proceed-
ed significantly slower, resulting in only 51% yield for 151
(approx. 40 g of product). However, the residual starting mate-
rial could be recovered by chromatographic separation yield-
ing effectively 99% of the chiral lactam in the end.

In analogy to the formation of lactams, also non-cyclic
amide groups can be obtained by the photolytic rearrange-
ment of oxaziridines. Jamison etal. developed a synthetic
methodology based on the formation of nitrones from amino
acid-based hydroxyl amines and aldehydes. Nitrone 152 is
photochemically converted to oxaziridine 153, which subse-
quently rearranged to the amide group in 154 after homolytic
photolysis of the nitrogen-oxygen bond and subsequent hy-
drogen atom migration (Figure 31).°® Jamison et al. used this
synthetic strategy as an alternative to the classical amide bond
formation in (oligo)peptide synthesis without the usually ap-
plied coupling reagents and necessary separation steps. It
must be noted here that this work is a rare example of using a
customized quartz glass tubing (0.625 mL, i.d.=0.762 mm) in-
stead of an UV-transparent polymer capillary. A medium-pres-
sure Hg lamp was applied (450 W) as a light source without
filter equipment. Process development was done with nitrone
152, which was readily prepared by condensing p-tolualde-
hyde with methyl hydroxylamine hydrochloride in CH,Cl, and
NEt; as an additional base. The nitrone was dissolved in aceto-

hv (Hg lamp) [\

~+.0 ey
! TFAat N hv(Hglamp) M
E==s-—= o
152 153 154
93%
- SRz
o oY hv (Hg lamp) o
8 N A . Bu N A
u\o)Kr IS NHebz T opgon 0 N NHCbZ
40 °C, 12.5 min 0
155 156
59%
_Ph

o} o}
Bu “ .
o EAH \HANHCbZ 52%

Figure 31. Top: Photochemical amide group formation via nitrone and oxa-
ziridine rearrangement in continuous flow (z,.,= 10 min; TFA = trifluoroacetic
acid). Bottom: Functional group tolerant rearrangement of nitrones for the
formation of fully protected dipeptide L-Ala-L-Val 156 as well as tetrapeptide
L-Val-Gly-L-Ala-L-Phe 157.
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nitrile (0.05m) with 0.25 equivalents of TFA as the catalytic ad-
ditive. Full conversion with 93% vyield of the desired amide
group was achieved within a residence time of 7,,,=10 min at
a rather high temperature of T=92°C.

The optimized reaction conditions were then used as a base
for the amide coupling of amino acids. L-Ala-derived hydroxyl-
amine and L-valine-derived aldehyde were condensed to the
desired nitrone 155, which was then fed into the photoreactor
(0.1m in acetonitrile without additive). A slightly prolonged
residence time of 7,.,=12.5 min was necessary to obtain the
desired dipeptide 156 in 59% yield with full conversion of the
nitrone at 40°C. For comparison, a batch reaction was per-
formed in a quartz NMR tube (i.d. 5 mm) with an irradiation
time of 10 min, yielding the oxaziridine intermediate as the
major product. Other amino acids were subjected to this syn-
thesis route as well, showing a very good tolerance to various,
but necessarily full protected side chains. The sole exception is
cysteine. Independent of the protecting group on the sulfur
atom, decomposition of the oxaziridine takes place. Larger
peptides were obtained as well, as exemplified with Val-Gly-
Ala-Phe (157) in 52% yield. The authors also suggest the use
of their coupling methodology for protein engineering by
using a bis-aldehyde as linker between two proteins with reac-
tive hydroxylamine groups readily available for nitrone forma-
tion.

3. Conclusion and Outlook

Flow photochemistry is a lively research field with numerous
developments throughout the complete area of synthetic or-
ganic chemistry. The decision on the choice of topics for this
review was hampered by the overwhelming number of new
publications per month. Just recently, Singh et al. published a
continuous-flow hydrogenation protocol for the catalyst-free
photoreduction of ortho-methyl phenyl ketones with water as
the hydrogen source.®” Kappe et al. applied flow technology
for the in situ formation of bromine, which was directly used
in a subsequent step for the photochemical bromination of
benzylic positions.” Meng et al. performed the continuous-
flow enantioselective a-hydroxylation of p-dicarbonyl com-
pounds with a cinchona-derived phase transfer organocatalyst
for chirality transfer and TPP for singlet oxygen formation.”
And finally, Koenigs et al. published their work on the photoly-
sis of aryl diazoacetates for carbene transfer chemistry in con-
tinuous-flow equipment.”” These examples represent just a
small number of new publications, but a broad range of appli-
cations for flow photochemistry in fine chemicals synthesis.
The process of knowledge transfer from simple reactions in
photochemistry and photocatalysis to complex starting materi-
als and catalyst systems is unbroken. Microreaction technology
and adjunct concepts from continuous-flow chemistry provide
an important background to drive photochemical reactions in
a most efficient and sustainable manner. As exemplified in this
review, the transfer from batch to flow resulted in multiple
benefits for the photochemical process with, for example, re-
duction in reaction time, less waste owing to higher concentra-
tions with increased conversion rates, easier process scale-up,
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novel reaction pathways and selectivities, as well as the possi-
bility to implement advanced online analytical tools. With
these advantages named, flow photochemistry has a large
overlap with the principles of Green Chemistry.”® Associated
with this trend, it has become apparent in recent years that
photochemistry is connected to well-known catalysis concepts
like organocatalysis and noble metal catalysis.”” Recently, the
combination of visible-light photochemistry with biocatalysis
has attracted attention as well, as it allows the highly selective
production of fine chemicals under very mild conditions.””
Currently, this methodology is mainly used for the regenera-
tion of the co-factors applied to the biocatalytic cycle, but
recent developments point to new directions with photoen-
zymes, tandem, and concurrent photobiocatalysis."”

Besides this general trend for a more sustainable chemistry,
the advancement of technology for flow photochemistry is on-
going as well. As mentioned before, continuous-flow equip-
ment for photochemistry is meanwhile commercially available
and allows nearly any research group to get in touch with this
technology.” In addition, reactor concepts have also been ad-
vanced for large photochemical flow processes (e.g., the Firefly
reactor with kilogram scale) or known designs like the spinning
disc reactor have been adapted to photochemical applica-
tions."® In consequence, with such new technology at hand,
academic scientists and chemical industry now have plentiful
possibilities for developing new chemical syntheses and pro-
ducing fine chemicals with light.

Another hot topic is the utilization of solar light for energy
harvesting in general, but also as the energy source for photo-
chemical syntheses. The current research in solar light harvest-
ing is a consequence of the fact that fossil fuels will not last
forever, disregarding their harmful impact on the climate after
burning them for energy generation. National and internation-
al funding agencies have set up large research programs to in-
vestigate relevant technologies and concepts for the use of
solar light. Academic and fundamental research about, for ex-
ample, materials, electrodes, and membranes for light conver-
sion and harvesting will be funded as well as the development
of new photoactive systems."”? More application-oriented re-
search is planned in industry-driven projects supported by the
European Commission for, for example, the conversion of solar
light to chemical energy carriers or the use of solar light in in-
dustrial processes." World-wide networks like Mission Innova-
tion have been established to join forces to solve the most ap-
parent challenges of a sustainable energy supply with solar
fuels.'™ Finally, large-scale research initiatives have been
founded, which perform research on the scientific, technologi-
cal, and the societal level. This holistic approach has its focus
on understanding and solving the technological and scientific
challenges of the necessary paradigm change in energy
supply, and the most important need to explain the facts and
consequences to the everyday consumer.'®”

In summary, photochemistry and its application in continu-
ous-flow mode has found its way into the laboratories and
technical centers of universities and industries. It is one impor-
tant part of the enduring change in thinking and doing
chemistry with the goal of a sustainable future. Fine chemicals
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in high quality are necessary for everyday needs and must be
available for an acceptable price. They cannot be “decarbon-
ized” as has been discussed and performed already in part for
fossil fuels as their equivalents in the energy sector. In conse-
quence, future research must be intensified regarding new
photocatalysis concepts for visible and infrared light, immobili-
zation of catalyst material, and waste-reduction via biomass
valorization in fine chemicals synthesis. With these challenges
solved, flow photochemistry will become even more aligned to
the concepts of Green Chemistry for a sustainable future.
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