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21 fIRER: HECRNMIPEERE

Chemically stable
Visible light absorption

Long-lived MLCT excited state

Effiective oxidant and reductant

I (ppy)s

D. W. C. MacMillan, et al. J. Org. Chem. 2016, 81, 6898-6926.
T. Noél, et al. Chem. Rev. 2022, 122, 2752—2906.
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. Chemically stable
Il Visible light absorption Y
/,R“
B Long-lived MLCT excited state SN | ‘")
e N\ )
[l Effiective oxidant and reductant |
I"(ppy)s Ru'(bpy),*

O
Me\N
)\ N |Me
t N
Bu H
Transition-metal Enantioselective . . .
. . Electrocatalysis Biocatalysis
catalysis catalysis

D. W. C. MacMillan, et al. J. Org. Chem. 2016, 81, 6898-6926.
T. Noél, et al. Chem. Rev. 2022, 122, 2752—2906.
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a AN o\

Traditional UV Photoreaction Visible-Light Photocatalysis

Low selectivity
High cost light sources
Scale-up issues

Highly selective and powerful

Energy efficient and durable LED

B Scale-up issues

100
—0.5mM
— 1.0 mM
204 —2.0mM
S
8 60
c
3
E
@ |
= 1
i
|
|
20 1 |
]
i
! Radius (m) 0.014 0.021 0.025 0.033 0.043
0 T 1 T T .
0.0 0.5 1}0 15 2.0 25 Interfacial area (m2m-3) 107 70 60 46 35

Distance (mm)

ll:}igt:zia::i yiﬂ;zliztiinm:glli{gh(tbf) . lﬁ!(fzcﬁ%ns °1f af;t;““ ¥ R. Baxendale, et al. Org. Process Res. Dev. 2016, 20, 327-360.
ulbpy Jaldy (€ = U, L, mM, & = .
13000 cm™'-M™") utilizing the Bouguer—Lambert—Beer correlation T. Noel, etal. Chem. Rev. 2022’ 122' 2752-2906. 5



21 fiRER: HECRMERIRTE

Traditional UV Photoreaction Visible-Light Photocatalysis

Low selectivity
High cost light sources
Scale-up issues

Highly selective and powerful

Energy efficient and durable LED

B Scale-up issues

I Dramatic decrease in catalytic efficiency
B Remarkable increasein reaction time

B By-products formation

F}ilgure t:i Attenuation of l;gh(tbas) . lﬁ!(ncti%ns olf di;tzngﬁin a R. Baxendale, et al. Org. Process Res. Dev. 2016, 20, 327-360.
photocatalytic reaction using Ru(bpy);Cl, (¢ = 0.5, 1, an , €= .. B
13000 cm™'-M™") utilizing the Bouguer—Lambert—Beer correlation T. Noel’ et al. Chem. Rev. 2022’ 1221 2752-2906. 6
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2.1 st FRE

Fluid & Reagent Delivery Mixer | Reactor EQuenching Pressure Collection or
‘ ‘ . Regulator | Connection

Reagent A | |
Reagent B | | 5
or Gas | , ,
A R © 7 Optional
%@. | AN
= __ =
F==| . 14" —
: ]

On-line analysis

l\\ Y
Gas mass flow _b R

controller Chip coil Packed-bed PTFE Online separtion

K. Gilmore, et al. Chem. Soc. Rev. 2020, 49, 8910-8932. g
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B Stoichiometry

reagent A s quench
Cq N
V1
p
reagentB -~ B
c, . v,
V2
Batch: c, n Flow:c,n, v

B Reaction progress & Steady-state characteristics

/" Batch Reactor ™ /_ Flow Reactor
- )
é i — ] _9
]
. L
é Cum;rsmn c g \r'i'::j
Met yield
! [ e é
S - Oy
Conversion
\ I\ /

[min] Concentration [M]

0.08 -

0.06 -

0.04 -

0.02 4

0

Batch: t

N~

B Reaction time & Residence time

v (flow rate: mL/s)

_

L (length: cm) flow pulh

(Fluid velocity)

Flow: tp =

V1+V2 _VL+VG/P

Flow reactor = sequence of well-mixed flasks

TN P T

., Time in flask = distance in flow reactor

[M] Flask

0

T T T
20 40 60 80 100
Time [min]

. Darvas, G. Dorman, V. Hessel, S. V. Ley, Eds. , Flow Chemistry — Fundamentals, De Gruyter, 2021. 9



2.3 e FRYSIERIfLES

I ~Y
B Continuous-flow characteristics
it Time domain for quenching | — 1 -
decomposmorl oyt to obtain C in  high yield k,=10s4 k,/ k, =0.01
y K, 100 L
A — | 5 80 1N,
h & 60
guenching £
» C pdt g 40
K S 20 8
a 0 I I ]
0.0 1.0 15 2.0
kq > kl > k2 Time (s)

B Precise residence time control

B Large specific surface area (d <1 mm, large S)

Diffusion time

Size 1/100 Laminar flow
H
D Surface area 1/10000 — X X d?
Volume 1/1000000 o, > > tg = —
— " > D
Surface / Volume 100 — s —
I

B Uniform mixing: flow (ms to s) vs. batch (s to h)

F. Darvas, G. Dorman, V. Hessel, S. V. Ley, Eds. , Flow Chemistry — Fundamentals, De Gruyter, 2021.
10
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B Large specific surface area (d <1 mm, large S)

Table 1. Interfacial Surface Areas for Various Reactors”

phase 1 slug flow
transverse type of reactor interfacial area (m* m *)
phase 2 interfaces 5 mL round-bottom flask I[rl:lf}b 141
............. SRk 50 mL rbf” 66
2 5 - > "3 250 mlL rhf® 38
Sk WO
(Tay|oU? rme).{ i% g}t %{ tube reactors, horizontal and coiled S0—700
- 7 \ . — - tube reactors, vertical 100—2000
Internal convection Immiscible phne gas—]iqujd microc E] 1
(a) Diffusion into reaction bulk & thin fim :"\ ! ':RﬂPIUdUﬂcd ﬁ'ﬂm Mﬂuia Et 31_5'3 '!,Cﬂlﬂ]latﬁd fﬂl’ h:ﬂf‘ﬁuﬁi mund'
R ) l_ bottom flasks when the liquid is static using, — = 5 =
()| ¥ 53 HETTET S

B Fast mass transfer: flow (ms to s) vs. batch (min to h)

N ;Jgeal \
Potential Leads to formation of C

d energy and loss of B

Heat transfer 4+ & SRS
Batch
—+ C =+ C
Q Q AT T‘l Tz Tdegree ______
s — = kS—
t d
T1 T2

N Reaction Coordinate

B Fast heat exchange: flow (ms to s) vs. batch (min to h)

F. Darvas, G. Dorman, V. Hessel, S. V. Ley, Eds. , Flow Chemistry — Fundamentals, De Gruyter, 2021. 11
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B Large specific surface area (d <1 mm, large S)

100

——05mM
—1.0mM

80

60

40

Transmittance (%)

20

Q

T T T T
0.0 056 1,0 15 20 25
Distance (mm)

Figure 4. Attenuation of light as a function of distance in a
~hotocatalytic reaction using Ru(bpy);Cl, (¢ = 0.5, 1, and 2 mM, & =
1000 cm™"-M™") utilizing the Bouguer—Lambert—Beer correlation

B Sufficient and uniform light

Precise residence time control [} B 'mproved irradiation

Efficient mixing [ B 'mproved selectivity and reproducibility

Fast mass and heat exchange [} B Reliable scale-up

T. Noél, et al. Chem. Rev. 2022, 122, 2752-2906. 1 »
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3.1 BERARINHEERE

N
Il syringe pump B Piston pump

_——Flow direction

L} ! - | {.
| | " /’ Piston T
T— In- and outlet valves
| T

[l Precisely deliver constant & pulsation-free [J§ Most commonly used pumps in flow
fluids, ranging from pL/min to mL/min

B Constrained capacity and inability to mix

B Unsuitable for extremely low flow rates or gas-
liguid & liquid-solid mixtures

B diaphragm pump & Peristaltic pump

b
Memprane f b bastic

tube

Rotor

B Working under up to 200 bar, suitable for B Suitable for corrosive liquids & liquid-solid mixtures
high-viscosity fluids

B Considerable noise and exhibit significant
flow pulsation

B Substantial flow pulsation and operate at
relatively low pressures (<10 bar)

F. Darvas, G. Dorman, V. Hessel, S. V. Ley, Eds. , Flow Chemistry — Fundamentals, De Gruyter, 2021 1
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I a N
B Capillary microreactors B Glass microreactors
A

Substrate IN

Ty
I

Product OUT

B Very large S/V ratio B high cost

/ = -
s Wi
B Very large S/V ratio B Slow flow rate Bl Solid operation [ Catalyst leaching

Noél, T. et al. Chem. Rev. 2016, 116, 10276-10341. 15



3.3 BERMNEE

O O
"B
"Bu 600W Medium pressure Hg lamp ) /( |
N | NH > | NH
Il CHCN(0.4 M)
© Capillary reactor: V=210 mL © N

tr= 26 min, 83% yield, 685 g/d

——> to high voltage
supply

Lamp

water oy —p

water in —» —— water out

)

|__HPLC /.

to condenser or prampy
nitrogen bubbler

)

o

SEIRINIRES

~ % || 0- 10 mb/min
rj K FEP

IFEEFEEIEENNFREINE
o
-

. =
) L 17
S tubing L] N
medium pressure outer quartz = n
lamp cooling jacket . 5
\ —+—1 ]
inner and outer ———— _'_S,l.l'.lsltr'ﬂe S
quantz jackets soltion /
for water cooling rJ -
_,/}’/ Immer sion u
L G:I/ wel Product —-
stopcock (optional) l ] sohution [—]
batch photochemical reactor FEP Capillary reactor

M. B. Berry, K. I. Booker-Milburn, et al. J. Org. Chem. 2005, 70, 7558-7564. 16



3.3 BERMNEE

10 mol% Benzophenone

acetone (0.31 M), 365 nm LEDs
9] Capillary reactor

e —— | a— —wrz

A < L N\
V=1.6L(32m), tg=2 h, V =21 L (400 m), tg= 2 h, 61% yield,

V=025L,96% yield, 14
0-25L, 96% yield, 14 g/d 91% yield, 646 g/d 51.8 kg/7d (7.4 kgld)

o s [l

(i
pump \\b) back pressure
regulator
0.31 M maleic ethylene tank(s) PFR and collection
anhydride in 365 nm LED

acefone

M. G. Beaver, E. Zhang, et al. Org. Process Res. Dev. 2020, 24, 2139-2146.
17



3.3 BERMNEE

I a

Br CFs
H Ru photocatalyst, NiBr,, DABCO
+ >
CF3 ; ; DMA or DMSQO, Blue LEDs, r.t., 2 h C’I\l
Capillary reactor, tg= 20 min
500 mwW
405 nm laser
Batch: 88%, 2.8 g/d

pyrex 10 mL: 87%, 34 g/d
coverglass

\ 60 mL: 89%, 207 g/d

2 150 mL: 82%, 476 g/d
vial

100 T 100 100

90 ... A S ] or A ® A ¢ ® . a o " * *

0 e A 4 4 80 f a Ag 80 i " - ¢
= e T ° _nr e
%sn- A §so-‘ 1 %SU' .A
2 | ® Flow Reactor | | o ® Flow React g L
g 5 L& A Batch Reactor Z % 4 A B;‘:h ::;c?cr,r T i_g: %0 pry
B oy 2 wf g wim
& ot & b &t

A A A ® 10 mL Flow Reactor
Ng aF, Nrg A 50 mL Flow Reactor
0k i 0lm ® 150 mL Flow Reactor ]
or 4 Preparatory Flow Reactor Estimate
’ 20 40 80 80 100 120 140 0 AN 3 ot 5 7 & % 02 04 06 05 1 12

Residence Time (min.)

E. B. Corcoran, J. P. McMullen, et al. Angew. Chem. Int. Ed. 2020, 59, 11964—11968. 18

Estimated Photon Equivalents

Absorbed Photon Equivalents




3.3 BERMNEE

N~

B CF3
r Ru(bpy)s(PFg)2, NiBrye3H,O, DABCO

H
+ N s
CF; \ ) DMSO, Blue LEDs, r.t. C’\l

Capillary reactor

% 365nm LEDs
I | 1 3.5 L Capillary reactor:
i tg= 20 min, 82%, 10 kg/d
(90% predicted)

0.89 L Capillary reactor:
tg= 8.5 min, 90%, 12 kg/d

Collection
carboy

E. B. Corcoran, J. P. McMullen, et al. Angew. Chem. Int. Ed. 2020, 59, 11964—11968.

F. Lévesque, M. J. Di Maso, et al. Org. Process Res. Dev. 2020, 24, 2935-2940. 19



3.3 BERMNEE

0.5 mol% fac-Ir(ppy)s, 3 equiv. CsOAc CF3
A R v CF;l . Ar/\r
DMF, 24 W CFL, rt, 24 h R1

Capillary reactor: 25 mL

Substrate solution

/@/\/CFS Br\@/\,CFs igat;lerugep?‘gémc — = 2=500um
' (MeOHIDMF, 1:9 VA\) ; N

Batch: 92% (45:55 E/Z) Batch: 81% (46:54 E/Z)
Flow: 97% (94:6 E/Z), tg=30 min Flow: 80% (97:3 E/Z), tg=90 min
| J
| : ( @ =500pum
CFal supply
CF
\ 3 A CF3 . I |
Microreactor :
AcO Me " PFA-tubing g
'V 1.25mL l !
: ID: 0.50 mm :
: Blue LED array ;
Batch: 91% (19:81 E/Z) Batch: 75% (69:31 E/Z) 2"312""'
Flow: 98% (98:2 E/Z), tg=90 min Flow: 76% (E only), tg=80 min
\__o=om PRODUCTS

T. Noél, et al. Angew. Chem. Int. Ed. 2016, 55, 15549-15553.

20



I -\
A .
N I N Bpin N
R—— R—— Ph,
= = N
A: Cu cata., DIPEA, Pyridine, 12 h Q%_P"'.Cu/@
B: Cu cata., K,CO3 or 'BuOk, 7 h R1/\r|3pin @—p/ N
B RI—="F CHiCNIH0, Blue LEDs, it 2 o "™
3 . 2> ’ R | PFg Me~\~ Ny-Me
R Capillary reactor: 1(? mL, R/\/Bpln \ /
tr= 20 (A) and 30 min (B) Cu cata.

Bpin
I™ e
MeO

A: batch: 79%, 0.01 mmol/h B: batch: 87%, 0.02 mmol/h
flow: 73% yield, 2.2 mmol/h flow: 91%, 1.8 mmol/h

Me

Ph/\/\Bpin Me)\/\/\/Bpin

Me

B: batch: 87%, 0.02 mmol/h B: batch: 79%, 0.02 mmol/h
flow: 91%, 1.8 mmol/h flow: 85%, 1.7 mmol/h

T. Poisson, et al. Chem. Eur. J. 2019, 25, 3262-3266.
T. Poisson, et al. Angew. Chem. Int. Ed. 2021, 60, 14498—14503. 21



3.3 BERMNEE

OH
1) 5 mol% Pd(OAc),, air, 65°°C, 18h, DMSO HO
O v ot +
2) 0.03 mol% [Ir], 1.2 equiv Pr,NEt, 0.1 equiv
R HCO,H, blueLEDs, rt, 32 h, MeCN R

Capillary: 4.6 mL,tg =3 h

N2
balloon

OH OMe
OH OMe
o)
o)
/©)\/ \© MeO OH
MeO
batch: 94%, 92%, 0.013 mmol/h batch: 87%, 83%, 0.013 mmol/h

flow: 79%, 66%, 0.4 mmol/h flow: 77%, 63%, 0.4 mmol/h

reaction

; vessel

peristaltic pump

C. R. J. Stephenson, et al. ACS Catal. 2019, 9, 2252-2260.
22



3.4 FITERMNER

a N ~
O @)
n . "Bu
Bu Medium pressure Hg lamp
+ | NH > | NH
I CHaCN
(@) Glass Tubular reactor: V=120 mL, (@)

tr = 3.3 min, 65% yield, 0.6 kg/d

O O
HO /( g /( Cooling water ~ Quartz Reactor Inner glass tube  Outer reflective PEEK
| NH N—Me ) tube Pyrex or quartz metal cylinder  End-caps
O O ' 350 mm Hg-lamp (1.5 — 5 kW)
tg = 3.3 min tr = 8 min
64%, 0.51 kg-d™" 64%, 0.69 kg-d™"
;é""Par'qlle/ Tube
(:S o f :,
N ; =T ==
o) Bz — 4
(o]
Quartz
tg = 3.3 min tr =13 min Tubes Outlet
89%, 8.1 kg-d™" 86%, 1.2 kg-d™"

L. D. Elliott, K. I. Booker-Milburn, et al. Org. Process Res. Dev. 2016, 20, 1806—-1811.
23



|v|e3,Si\/xj MesSin_X
H
)n PN J)n A: TPP, TMSOTf, CH3CN/HFIP
N
2N O)\R bl B: Ir cat, CHsCN/TFE X
—_— ? e
B Blue LEDs, rt J: J)n
BuzgSn__ X BusSn.__X _ R™ °N
j) ] Glass Chip Reactor: 1.7 mL X = GPON-B 15
" ) tr= 17 (A) and 8.5 min (B) X~ ©:5,N-Boc, n =1,
H,oN R&N " R (A)an min (B) A & B: 32 & 28 examples

41%-94% vyield

o)
[ Br
y - -
*HCI — \ |

) //\\\\\\ *

A: 67% yield, 2.8 g/d

(@)
< )\©/Br
N
H
*HCI

B: 41% yield, 1.7 g/d

J. W. Bode, et al. Org. Lett. 2017, 19, 4696-4699.
J. W. Bode, et al. Org. Lett. 2018, 20, 2071—2075.24



3.5 o RMES

. >
o0 co,Me THF/DMF, Blue LEDs, 60°C, 8h  cp, 0 CO,Me

Batch: 39%
1. Capillary reactor: 10 mL, tg=20 min  Flow 1: 93%, 0.8 g/h
2. Glass reactor: 40 mL, tg= 15 min Flow 2: 93%, 5.6 g/h

NMR

Flow rate

G
MF
Valve output . c

Gear Pump Gear Pumpl

J. Alcéazar, et al. Angew. Chem. Int. Ed. 2018, 57, 8473-8477.
J. Alcazar, et al. J. Org. Chem. 2019, 84, 4748-4753.

25



R R
OH IO
0.05 mol% TcPP
- .
O,, 'PrOH, 410 nm LEDs
OH FFMR reactor: 54x0.6x0.2 mm, 52 yL OH ol R R
tr =20 s, 96% yield, 0.36 g/d
TcPP: R=(p-CO,H)CgH,4
Top  GasFlow Reaction Bottom Plate
Plate  Chamber Plate with Microstructured
\\ﬁm’ ww
4%4‘7

@) Heat Exchange
Medium

Falling film

T. H. Rehm, et al. React. Chem. Eng. 2016, 1, 636—6438.

26



/ 1
Cat. TiO, |
r \N
EtOH, Blue LEDs
FFMR reactor: 54x0.6x0.2 mm, 52 yL Cl |
tr =9.1s,99% yield, 4.5 g/d |

M. Rueping, T. H. Rehm,et al. Green Chem. 2017, 19, 1911-1918.

27



3.7 BFheaRIiR R MizR

Me Me
1 mol% RB
»
O,, EtOH, White LEDs, 175 rpm
Me Me Thin film reactor: 1 L (5 mL) Me Me

tr = 10 s, 72% yield, 532 g/d

Computer

Thermal imaging photographs of a 1 L RB flask in a water bath at r.t..

M. Poliakoff, M. W. George, et al. Org. Process Res. Dev. 2016, 20, 1792-1798.
28



3.8 imi /R RIEe

Me Me Me
|
1 mol% RB |
> \ +
OH O,, EtOH, White LEDs OH HOO OH
Vortex reactor
r
P1 P2
Reactant Motﬂi
A IN B [
! PERFI,SI"‘A':.‘I'IC Outﬂuw4+— e —H Qutflow
] T B : 2
; AR AIR & : i
! = R | 1 e
coNTROL - Pgﬁ#ﬂ e [~ Reaction Mixture &
o Coolant e in Annulus
| ouT E
e al.gg i co;ﬁg‘uo" " Rotatin: E g
LOCK E cyEinde? _1— Cooling
i REACTOR § 96 mm | Jacket
_:_65_ CHLLER ;:, :
L=< | i > Y I | <
ED ! 4 B —
ceen L Sl '_ ; _v Reagent/Gas., L Reagent/Gas
Inflow Inflow

§ Vortex reactor A: ID =1 mm, V=8 mL, rpom = 4000,
: tr = 32 min, 95% yield, 6.4 g/d.

Vortex reactor B: ID =2 mm, V = 280 mL, rpm = 660,
| tr =7 min, 92% yield, 2.0 kg/d.

M. Poliakoff, M. W. George, et al. Org. Process Res. Dev. 2017, 21, 1042—-1050.
M. Poliakoff, M. W. George, et al. Org. Process Res. Dev. 2020, 24, 201-206. 29



3.9 BF-EFEIRRMNER

Me Me
1 mol% RB
'
O,, EtOH, White LEDs
Me Me RotorStator Spinning Disk Reactor (RS-SDR) Me Me

;-

Rotor

Stator

Gas Inlet

Rotation Axis

HEEEEEEEESEESESE S S SN SN NN EEEN
\

(SR R

RS-SDR reactor: V = 64 (27) mL, rpm = 2000, tg = 27 s,
67% yield, 1.1 kg/d, 2.8 M/s Productivity /Volume

Batch reactor: 0.021 M/s Productivity /Volume

Capillary reactor: 1.2 M/s Productivity /Volume

T. Noél, J. van der Schaaf, et al. Chem. Eng. J. 2020, 400, 125875.
30



R? terphenyl, amine, (TMS);SiH GO
p-terphenyl, amine, i Me Me
R1J§/EWG +  CO, 3 - RZ#/EWG '

DMF, Hg lamp, rt R e s

RS R® Et
24 examples amine
21-84% yield

PFA tubing: 10 mL, tg = 20 min

inner tube outer tube
(Teflon AF-2400) -«—— (PTFE)
R? co,
x EWG 220 - 400 nm
R")\r 105 W, 35 °C o GOH
R3 *r EWG
photocatalyst, amine 6 bar R'

He source in DMF | R?
Lo acidic
workup

1.2 mL
tube-in-tube 10 mL back-pressure
DWF reactor photoreactor regulator

D. Romo, et al. ACS Catal. 2021, 11, 1309-1315.
31



3.11 SEIFRRRS

Me Me Me
0.8 mol% RB
' X +
OH O,, CH;0H, White LEDs OH oo OH
Me” “Me NebPhotOX: I=37cm, d=6.5cm  Me” | *OOH Me
tr = 6.2 min, 79% yield, P1:P2=1:1.2,
214 g/d P1 P2

Gas outlet
(02 or air)

A - |
prevent P \
‘ ’ Ice baths
Collection ‘ ,

Pressure
regulator

Pneumatic
nebulizer

Gas inlet
(02 or
Filter
3-way
valve

Solvent Reaction
solution

G. Vassilikogiannakis, et al. ChemPhotoChem 2017, 1, 173-177.
32



3.12 IRFRR KIS

Cat. TiO,

R'-SH * R2-SH

D

batch: 8 h, 75%
flow: 5 min, 60%

MeO :

batch: 5 h, 91%
flow: 3 min, 78%

7

S
©/ Sg
OMe
T
~s

0O,, TMEDA, EtOH, visible light
Packed-bed reactor: 0.2 mL

batch: 2 h, 95%
flow: 3 min, 99%

batch: 3 h, 96%
flow: 3 min, 93%

S
v
OMe

flow: 3 min, 86%

T. Noél, et al. ChemSusChem 2016, 9, 1781-1785.
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3.13 LRI R MRS

cat. Ir, Ni(dtbpy)Cl, COsMe
Br COzMe (Me3Si);SiH, Na,CO; !
+ >
O B DME, r.t., 440 nm LEDs
r
O | |
Continuous Stirred-Tank Reactor (CSTR) Cascade: I

5.3 mL, tg= 30 min, 77% yield (batch: 80%), 77 mg/h

= o — Aluminum cover
W ’ |

— Glass window
— Aluminum cover

cascade

: 1,,-.J— Aluminum
housing

¥ W Inlet for hydraulic liquid
": p E Y . Slurry pump on Temperature
i a stirplate control
Magnetic stirrer
—— Piston with sealings which controls the Air cooling
stir bars in the CSTR
- cascade
Magnetic stir bar
Photo CSTR
e Outlet of the slurry y - \
| 60 mm
™ Bly——" Pressure
Pressurized fraction control
collector

E. I. Altinoglu, K. F. Jensen, et al. Org. Process Res. Dev. 2019, 23, 2699-2706. 34



3.14 BFEHR E RS

|
OH Cat. TiO, o !
>
CF3 0,5, MeCN, 365 nm LEDs CFj
Ultrasonic Glass Capillary Reactor: {
V =12.9 mL, tg = 28 min, 86% yield, 3.6 time higher |

Mass flow controller Air cooling Signal generator

0, gas line

Power
amplifier

Impedance
matcher

Magnetic stlrrer'
lluminating box
UV LED light ——— 3

No US

T. Noél, et al. Chem. Eng. J. 2022, 428, 130968.
35



3.15 EEE R R MRS

Photocycloadditions

HO

flow: 64%, 3.3 min, 0.5 kg/d
batch: 79%, 1 h

Photocatalytic Halogenation
N CF;

Me

flow: 76%, 1.3 h, E only
batch: 73%, 24 h, 69:31 E/Z

C—C Formation

CF3CO”~ ‘ ‘ ~CO,Me

flow: 93%, 15 min, 5.6 g/h
batch: 39%, 8 h, 7.7 mg/h

T. Noél. et al. Chem. Rev. 2016, 116, 10276-10341.

AESCHE(CITURI R R ES

Photocyclization

J:O
Me N
HJ\CL
F

flow: 57%, 8.5 min
batch: 59%, 16 h

Photocatalytic Cross-Coupling Reactions

C—N Formation

)@’D

flow: 90%, 8.5 min, 12kg/d
batch: 96%, 19 h

Photocatalytic Oxidations
Me
G
Me
flow: 270 mmol/h

batch: 0.4 mmol/h

Photocatalytic Carboxylation
@)

Ph
CO,H

flow: 98%, 1.3 h
batch: 75%, 24 h

C—B Formation

/@Bpin
MeO

flow: 81%, 20 min
batch: 79%, 12 h

T. Noél, et al. Chem. Rev. 2022, 122, 2752—29063.6
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3.1 AEHENTSRIEER

er / ce'Vcl,

[R%—ﬁCe'VCIMl

%
=\

photoinduced LMCT

\ ce'lcl,,

HAT

_NHBoc
R™ N
R I
Boc
DBAD
l}lHBoc

—»
N
/\Mni/m /\(\’)n/\/\ \BOC

Z. Zuo, et al. Science 2018, 361, 668—672.
Z.Zuo, etal. J. Am. Chem. Soc. 2020, 142, 6216—-6226.

Pdt

alkene or 02

Z.Zuo, et, al. Chem. Rev. 2022, 122, 2429-2486.

B-scission
O _o
OH alkene
—_— MeO,C
COsMe

Z.Zuo, et al. J. Am. Chem. Soc. 2018, 140, 13580—-13585.

O O
OH 0,
—» O
O
Z.Zuo, et al. Angew. Chem. Int. Ed. 2021, 60, 5370-5376.
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3.2 §if-FHEAC RV R ERIRIE RGO IR M

o .
Boc n mol%Cerium catalyst

NHB
/—H . NN 20 mol% CCl3CH,0H, 5n mol%TBACI RSN 00
R / - - éOC
Boc CH4CN, r.t., 400 nm LEDs
Autoclave or vial
: Loading time Yield
Entry Alkane Cerium catalyst (mol%) (h) (%) TON
14 Methane (50 bar) (n-BuyN),CeClg 05 2 41 82
2b Ethane (10 bar) CeCls 0.01 4 97 2900
3¢ Propane (1bar) CeCly 0.5 9 70 140
49 Butane (1 bar) CeClg 0.5 6 76 152
5 R = ¢c-CgH 11 CeCls 0.5 16 81 162

@ no TBACI, with 40 mol% TFA. ?DIAD instead of DBAD. ©2°:1°=1:1. 92°:1°=1.7:1.

Datas from A. Hu,. and J.-J. Guo

Z. Zuo, et al. Science 2018, 361, 668—672.




3.2 §ii-FEHE(LRYSR

CH,

Entry?

Pcha

13 bar

Boc\N/,N\

Boc

Ve
(mL/min)

10.0
20
1.5

1.5
6.0

B eI Rt R

a N

1 mol% (n-BuyN),CeClg
20 mol% CCI3;CH,0H , 40 mol% TFA

A

CH3CN (0.01 M), r.t., 400 nm LEDs

>

Continuous-flow Microreactors: 4.5 mL

Vi
(mL/min)

0.75
0.30
0.15

0.15
0.30

(min)

15
30

30
15

Yield
(%)

12
14

15
15

H3C~N,NHBoc

|
Boc

Productivity
(mmol/d)

1.0
0.52
0.30

0.32
0.60

t, = —mM
RV /P+ V1,
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3.2 §ib-FEIEILRYE

J

/1 + N=N
R
Boc
Entry Alkane
1@ Ethane (15 bar)
2b Propane (8 bar)
3¢ Butane (4 bar)
49 cyclohexane (22 mL)

aDJAD instead of DBAD. P 2°:1°=1:

A e ISR At R

(n-BuyN),CeClg (1 mol%)

Boc CCI5CH,0H (20 mol%) _~.. .NHBoc
>~ RTON
CH3CN (0.05 M), r.t., 400 nm LEDs Boc
Continuous-flow Microreactors: 4.5 mL
Vo Vi tr Yield Production Production in
(mL/min) (mL/min) (min) (%) (mmol/d) batch (mmol/d)
24 0.75 6 90 48 0.59
24 0.75 6 76 41 0.74
30 0.75 6 56 31 1.2
— 0.5 9 70 100 0.48

1.€2°:1°=1.8: 1. %In liquid mode at 0.2 M.

Z. Zuo, et al. Science 2018, 361, 668—-672.



3.3 §ib-YEEI RIS 1 B R

0.5 mol% CeCl;

JBoc 2.5 mol% TBACI, 200 mol% MeOH
R—H + N=N > R=NH3CI
Boc/ CH3CN (0.1 M), r.t., 400 nm LEDs, 8-24 h
then TFA; Raney Ni, H,
10 equiv. 0.4 mmol in vial
Substrate scope
Me
HO
Me M NH;CI
© NH,Cl 3
Me

. o .
MeOH: 81%, 97 : 3 MeOH: 82%, 47 : 48 : 3

‘BUOH: 49%, 64 : 72% yield 79% yield, 9 h
BUQQAI, 64z 36 CCI,CH,OH: 85%, 39 : 39 : 22 4 oY
CCI,CH,OH: 83%, 44 : 56
HO
2) TFA; Raney Ni, H, NH O
HO ARAE  HO NHBoc 3) K,CO4, TBAI, 60°C \ {
— — N/ vy o

A B 2 !
oC
EE CH,Cl Vildagliptin NC’O
N

2 g scale Y 49% for 3 steps antidiabetic agent

Z. Zuo, et al. J. Am. Chem. Soc. 2020, 142, 6216-6226.



3.3 §ib-YEEI RIS 1 B R

n mol% CeCl3, 2 mol% DPA

HO ,BOC 7n mol%TBACI, 200 mol% MeOH HO NHBoc
+ N=N > N/
Boc/ MeCN(0.04M), 400 nm LEDs (1.5 W) \
Boc
Continuous-flow Microreactors: 16.4 mL
2 equiv.
V, t ' P tivit
Entry L h DPA CeCl, MeOH Ll roguctivity
(mL/min) (min) (%) (mmol/d)
1 — n=1 200 mol% 14% 16
2 2 mol% n=1 200 mol% 40% 46
2.0 8.2
3 2 mol% n=1 400 mol% 42% 48
4 2 mol% n=>5 200 mol% 44%, 50
52 2 mol% n=1 200 mol% 56% 34
6P 1.0 16 2 mol% n=1 200 mol% 57% 34
7 5 mol% n=1 200 mol% 58% 34

4% DBAD remained. ? 400 nm LEDs (2.0 W )
Z. Zuo, et al. J. Am. Chem. Soc. 2020, 142, 6216—-6226.



3.3 §ii-FeHERYIRIS IR R R Y

HO /BOC
+ /N=N
Boc
1.5 equiv.
e A | tB DE;AD
(mL/min) (min) (%)
1 1.0 16 38%
2 0.5 33 20%
3 0.25 66 2%

h ~

1 mol% CeCl3, 2 mol% DPA

7 mol%TBACI, 200 mol% MeOH HO /NHBoc
>
MeCN(0.04M), 400 nm LEDs (1.5 W) N\Boc

Continuous-flow Microreactor: 16.4 mL

Yield
(%)

50%

59%

66%

Productivity
(mmol/d)

BRI

Z. Zuo, et al. J. Am. Chem. Soc. 2020, 142, 6216—6226.
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3.4 §p-FSIE(L RO IAEZFNIE LS,

VA IR R R

COzMe

MeOQC\/\

CO,Me

R
OH
R
Me

Me

O O
CO,Me

4 mol% CeClj O 0]
8 mol% (n-Bu)4PCl, 2 mol% DPA
> COsMe
PhCN (0.4 M), blue LEDs, r.t. 8-36 h
then p-TsOH, heat CO,Me
in vial
Substrate scope
O
OH OX
’tr MeO,C gy,
X
COzMe COzMe

R = OMe, 54% yield, d.

R = Br, 72% yield, d.r. = 2:1

@)

OH O

MeOzC

Me CO,Me

65%, d.r. =1.2:1

r.=1.3:1 X =C, 93% yield, 8 h

X =NCbz, 75% yield

OH o) NBz

)

‘Me MeO,C

BzN CO,Me

64% yield

Z.Zuo, et al. J. Am. Chem. Soc. 2018, 140, 13580-13585.



3.4 §ib-FAEICRIREEFN G ISR VIR DN Rk Bz R

1 mol% CeCl, OH
OH CO,Me 2 mol% (n-Bu),4PCI, 1 mol% DPA CO,Me
+ >
MeOL P co,me PhCN (0.4 M) , blue LEDs, r.t. CO,Me
20 mmol 30 mmol Continuous-flow Microreactors: 4.5 mL CO,Me
v, Yield Productivity
Entr Mode tr (h
/ (mL/min) R (h) (%) (mmol/d)
1 single-pass 0.15 0.5 11% 9.6
28 recirculated 1.5 — 80% 10.6 (batch: 0.57)

@ Reaction time: 36 h.

Z.Zuo, et al. J. Am. Chem. Soc. 2018, 140, 13580-13585.
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3.5 $if-FEEACRIIRER FALH A R

2 mol% Ce(OTf); 9
4 mol% (n-Bu),4PCI, 1 mol% P.C. Hko
+ 02 . - R— )m
EA (0.05 M), blue LEDs, r.t. 20 min
1 atm .. n
in vial o)

Substrate scope

O 0 OTBs O
/NM
O e} Bz O MeO
n=1,60% yield 74% yield 68% yield 77% yield
n=5,60% yield
n=29,72% yield
o o o Me OBz
t
__ Bu o
0 0 0 Me
)
gy O oBz © COzMeO
O
66% yield 54% yield, 1.5:1 d.r. 65% yield, 1.8:1 d.r. 73% yield

Z. Zuo, et al. Angew. Chem. Int. Ed. 2021, 60, 5370-5376.
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3.5 $if-FEHEALRIIAER IR R A

MeO O MeO O
1.LHMDS, BF3°Et,
>
O
MeO | > Me MeO
commercially available
OMe O Me
. 3. AICI;,DCM

OH
Ce(OTf)3, (n-Bu)4PCI, P.C.
O,, EA, blue LEDs, r.t.
Continuous-flow Microreactors
.

MeO
© 35% yield for 4 steps

. AN i)

il

4. Ru catalyst, HCO,H, Et3N

<

\'- "Whn
(.v.]AE'c"v

Z. Zuo, et al. Angew. Chem. Int. Ed. 2021, 60, 5370-5376.
48



3.5 #ib-FEIEACRYIAER A R R

MeO O OH 2 mol% Ce(OTf)3
4 mol% (n-Bu)4PCI, 1 mol% P.C.
+ 02 y o
EA (0.05 M), blue LEDs (0.14 W cm™), r.t.
15 bar . . MeO

MeO Continuous-flow Microreactors: 4.5 mL e
Entrya Vi Vg tR Yield Productivity

& (mL/min) (mL/min) (min) (%) (mmol/d)

1 0.40 1.0 10 55% 17.8

2 0.30 1.0 12 65% 17.5

32 0.15 1.0 20 78% 15.3 (batch: 5.5)

4 isolated yield.

Z. Zuo, et al. Angew. Chem. Int. Ed. 2021, 60, 5370-5376.
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