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Flow Photochemistry — Take the best of both worlds!

Flow Chemistry Photochemical Catalysis

= Microreactor technology = From UV to visible light

= Excellent phase contacting = Mild reaction conditions

= Catalyst immobilization = Broad tolerance to many functional groups
= Novel process windows (p, T, hv) = Catalyst development

= Excellent process control Metal complexes

= L ED technology (defined A, architecture) Dyes

Dual catalysis

\ 4 \ 4

Engineer your technology! Engineer your chemistry!

Toolbox for manufacturing complex molecules with light!
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Our examples and Your take home messages for photochemistry in flow

These advantages translated into Your benefit
Mild reaction conditions maximize your product quality
with (visible) light by less degradation
Different reactivity of allows novel synthesis routes and
photochemistry vs. products for your portfolio
thermal chemistry
High compatibility of allows straight forward integration into
photochemistry to your existing processes
other types of catalysis
Clever reactor design achieves better process control
Process intensification avoids needless waste
Intrinsic scale-up of flow reactors results in cost reduction for your processes

Safe TIME, MONEY & ENERGY by going to photoflow !
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Advancing photochemistry with thin films

Batch vessel Capillary Open capillary = Align microchannels
cm microchannel
<>

Z Vo )

- é . \/

~ mm
= Thin film formation (full irradiation) = Defined channel length
= Very efficient gas - liquid contacting = Flow rate defines irradiation time
or release = High concentrations possible

= Catalyst immobilization on channel wall

Chem. Eng. J., 2013, 227, 182-190.
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Falling film microreactor for flow photochemistry

Gas - liquid — solid — photonic contacting
in one continuous flow microreactor
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Novel catalyst — Diamond in a microreactor

:I'itar!ium platt_a = Symmetric reactor module
with diamond film = Doubled reaction area

L — ‘ = Both-sided irradiation
‘@\ P ) e

= Up to 10 bar system pressure

Both-sided microstructured
titanium plate with boron-doped
diamond film (3-4 pm) |

Joint project CarbonCat with Prof. Anke Krlger (University of Stuttgart) and Sahlmann Photochemical Solutions GmbH, sponsored by BMBF, Grant number: 033RC0O09A
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Plant development for CO, conversion to C, building blocks

Gas — CO,

Liquid — water

Solid — Boron-doped diamond
Photons — light energy

Joint project CarbonCat with Prof. Anke Krlger (University of Stuttgart) and Sahlmann Photochemical Solutions GmbH, sponsored by BMBF, Grant number: 033RC0O09A
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Singlet oxygen - Industrial & pharmaceutical relevance

= Synthesis of Artemisinin — natural product
for anti-malaria treatment

= Photochemical approach to produce singlet oxygen
with visible light

n T
SCLLIT ]|
I

a) Angew. Chem. Int. Ed. 2012, 51, 1706; b) Chem. Eur. J. 2013, 79, 5450.
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Fine chemicals synthesis — Singlet oxygen for safe photooxygenations

o w = 5 mol% sensitizer
= 10 mM 1,5-dihydroxynaphthalene

T m 0 = Solvent: 2-propanol
’ ’ ” * fyas = 2 ML min-1

O O * fiquig = 0.16 mL min"’

ISC Photocatalytic TePP = T=20°C
cycle =71=195
“TcPP o O O o
302
OH OH o 0
CO)
e —_ —_
[4+2] -H:0
OH OH OH D\"OH OH 0
DHN Juglone

Rehm et al., React. Chem. Eng., 2016, 1, 636.
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Sensitizer - light source combination for efficient singlet oxygen formation
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Rehm et al., React. Chem. Eng., 2016, 1, 636.
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Optimization of reactor and process parameters

— A 100 - BIDD~ — = -
80 80 -
BE 60 4 w B0+
> a
7 40- X 404
20+ 20
0- 1] T T T T T T
1.1 2.45 3.6 0.1 0.2 0.3 0.4
Pl W £/ mLmin"
= Available radiant power in reactor: 0.76 W = Film thickness: 50 um = Energy efficiency: 13%
= |rrad. area in channels: 1037 mm? = Residence time: 19 s = Quantum efficiency: 1.4%
Rehm et al., React. Chem. Eng., 2016, 1, 636.
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Blue light mediated C-H arylation of arenes with diazonium salts in a falling
film microreactor

O™
N,"BF 4 0 metal oxide ~
>
/©/ * U 11 W lamp
R EtOH, rt Cl
N,
N,
O y : NN R
" " . N2 BF4- // é N N
| 5 7 “ Vg
R . Titania Jacuzzi R N~ A g'
N = Ny, .O.
roof: NaOEt [ = \  absorption in the visible light
VS. BATCH p N,
Rueping, Rehm et al., Green Chem., 2017, 19, 1911. Rueping et al., ACS Catal., 2015, 5, 3900.
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Scope of photochemical catalyzed C-C coupling in BATCH

O A 0] N\
~ =~
Cl MeO
94% 79%
= =
F O,N
96% 90%
A\ A\
= MeO =~
77% 80%
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MeO Cl Br
OMe
80% 72% 67%
SN ST $T
== . S
O,N CN
55% 83% 88%
N’| N/[ N”|
N X ™
X O,N
=Cl 79% 54% 53%
= Br 53%

Rueping et al., ACS Catal., 2015, 5, 3900.
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= < 3
11 ) Power supply
Rueping, Rehm et al., Green Chem., 2017, 19, 1911.
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Batch versus flow

Batch” Flow Unit
Molar concentration 0.05 0.05 mol L™"
_ /@I{} /©I> Q/D Cstarting material
Yield Yproduet 79% 99% —
c ) ) ) Number N of microchannels — 32 —
oot R Microchannel width, W — 600 Lm
Channel length, L — 78° mm
~ Gravitational constant, g — 9.81 m s>
g Liquid flow rate, fj;q — 0.5 mL min~"
N Dynamic viscosity, u — 0.88397 omL™!
c Density, p — 0.89109 mPas
99% (flow) 85% (flow) Reaction time, tg 720 — min
79% (batch) 53% (batch) i b .
Dead time, t 15 — min
Liquid thin film thickness, & — 50.9 wm

Residence time, 1 — 9.1 S
Specific reactor performance, L | 5.4 x 107>  0.32 mol L™" min™"

99% v

75%
SN 1 + @\\ . d %
° 5 ON
OMe  98%

Strong

65% (flow)
0% ot process intensification
Rueping, Rehm et al., Green Chem., 2017, 19, 1911.
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Trend to photochemical assisted biocatalysis

Cascade

reactions

Photo-
catalysis

Bio-
catalysis

Mild

conditions

Micro-process
technology

Photo-
chemical-
assisted

Synergy in Chemistry

bio-
catalysis

Continuous
flow
synthesis

Synergy in Technology

Joint project ILLUMINATE with Fraunhofer IGB, IME, IMM and ISC, sponsored by BMBF, Grant number: 031B1121
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Cascade reaction to chiral phenyl ethanol \ :

hv (visible)
Au/TiO,
A. aegerita unspecific peroxygenase

glucose, NADP™
©/\ + 150,
phosphate buffer pH 7

30 °C, 120 h ee > 98%

Hollmann et al., Nat. Catal., 2018, 1, 55.
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Cascade reaction with isomerization and chiral reduction

— Ene-reductase
Ay R Photocatalyst A R - g}% y ,iff;
FMNorlrm) " SR
I ~ Blue light | /
R2 R2 .211,' IS ‘f;.«,"
NADPH R e
aég phon
W
hv (465 nm)
Ir(dmppy).[dtbbpy]PFg
ene-reductase, glucose dehydrogenase
+
CO,Me glucose, NADP . ... _CO,Me
| tris buffer pH 7.5, 10% DMSO J/
COzMe rt. 15 h MeOQC
87%, ee > 99%
Hartwig et al., Nature, 2018, 560, 355.
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Website https://www.cascade-reactions.de/

Q
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Cascade Reactions - Fraunhofer-Gesellschaft [ 7] SITEMAP DEUTSCH

PARTNERS NEWS AND EVENTS CONTACT

Synthesis of fine chemi-
cals using cascade reac-
tions

Technology and process development

0
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Summary - Why photochemistry?
Why visible light?

o
Photons are Q\(

OH

I

traceless reagents.

Mild reaction conditions

with visible light.

Different reactivity to thermal chemistry

allows novel synthesis routes.

High compatibility

to other types of catalysis.

__./
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Enlightening chemical processes
With smart and small flow reactors

= Better process controll

by clever reactor design.

= Less waste

by process intensification.

= Reliable production L 2
by high stability of flow plants. ~
= Cost reduction
by intrinsic scale-up of flow reactors.
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What can we do for you?
And for your chemical process?

Feasibility studies

to understand your needs.

Transfer of your batch process
to continuous flow.
= Your unique flow reactor

for your needs.

Dedicated plant development

as blue print for your future process.

Page 22 25.01.2023 © Fraunhofer IMM - PUBLIC -

Z Fraunhofer

IMM



Fraunhofer
IMM
e Fraunhofer Institute for Micro-
oL engineering and Microsystems IMM
Contact ...
M
Dr. Thomas H. Rehm amam mm
Senior Scientist SH-T

EEEENENEENEEEEE DN
ANEEREEREEREEREN

Division Chemistry / Group Sustainable Chemical Syntheses

EE B EEE BN
ANEEEEEE & =
EEREEEEESEE ENE »

EEEN]
L §

B

Phone: +49 6131 990-195 " mmmmmmREaanaan "ol
Web: www.imm.fraunhofer.de/en/innovation-fields/photochemistry.htmi CH O
Web: www.sustainable-in-flow.com . FEEE

E-mail: thomas.rehm@imm.fraunhofer.de el '_:_:_:':EE:E':

Fraunhofer IMM TR :EE:::.E:.E.EEEEE- ‘ -

Carl-Zeiss-StralBe 18-20 LT - T

55129 Mainz "‘"

www.imm.fraunhofer.de



