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Abstract The benzyl oxidation reaction serves as a crucial functional group transformation method in the field of organic
synthesis. Regrettably, traditional benzyl oxidation reactions frequently necessitate harsh conditions, such as elevated tem-
peratures and potent oxidizing agents. In contrast, this article showcases a highly selective catalytic benzylic oxidation exe-
cuted within a continuous-flow microreactor. By harnessing the previously established cerium-alcohol complex’s ligand to
metal charge transfer (LMCT)-hydrogen atom transfer (HAT) activation mechanism and the anthracene-cerium synergistic
catalytic system, a diverse array of aromatic ketones was synthesized from aryl alkanes with remarkable efficiency under
ambient and aerobic conditions. The continuous-flow technology, endowed with unique advantages such as heightened illu-
mination efficiency, superior gas-liquid mass transfer, repeatability, and scalability, has emerged as a powerful instrument for
scaling-up photocatalytic reactions. In this process, under flow conditions, ethyl acetate solutions comprising
Ce(NO3)3*6H20, tetrabutylammonium bromide (TBABr), 9,10-dibromoanthracene (DBA), trichloroethanol (TCE), and
ethylbenzene encountered and mixed with oxygen within the microreactor. Subsequently, a photocatalytic aerobic oxidation
reaction occurred under visible light irradiation at room temperature, achieving complete conversion within a mere 5 min, and
rapidly generated a series of aromatic ketones with good to excellent yields. Mechanistic studies indicated the paramount
importance of the anthracene-derived catalyst DBA in achieving the heightened efficiency. Under visible light irradiation, the
excited state DBA was initially oxidatively quenched with oxygen or peroxide species generated in the system, resulting in
the formation of the DBA cationic free radical. Subsequently, the DBA cationic free radical underwent a single electron
transfer (SET) process with the low-valent cerium (IIT) complex, consequently expediting the oxidative regeneration of the
cerium (IV) catalyst and markedly boosting its catalytic efficacy. Eventually, this highly efficient catalytic system is charac-
terized by its simplicity, mild reaction conditions, elevated selectivity, minimal waste production, and extensive applicability.
Furthermore, it is effortlessly scalable and amenable to continuous production.
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(A) Photoinduced TBADT catalyzed aerobic oxidation in flow, Noel, 2018
H H 5 mol% TBADT, 0.5 MPa O, P

1 mol/L HCI/MeCN, r.t., 365 nm LEDs Ar)\R

tr = 45 min, production: 0.22 ~ 0.87 mmol/h

’TBADT: Amax = 320 nm‘

Ar R

’LED light: Amay = 365 nm\

(B) This work: Ce-catalyzed aerobic oxidation in flow enabled by dual
photocatalysis

2 mol% DBA, 0.5 mol% Ce(NO3)3+6H,0
H H 1 mol% TBABr, 50 mol% TCE, 0.8 MPa O, 0

|
EA (0.1 mol/L), 400 nm LEDs, r.t. Ar)\R
tr = 3.6 min, production: 1.9 ~ 8.7 mmol/h

Ar R

Ce catalyst: /max =370 nm | LED light: Agmax = 400 nm|

B synergistic LMCT-SET
B accelerated oxidation rate

B enhanced Ce catalyst turnover
M inexpensive photocatalysts

B 1 ELRAMN FARAL C—H Ik R R
Scheme 1 Selectively aerobic oxidation of benzylic C—H bond under
continuous-flow conditions
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B Photoreactor set-up

-, \ LED light:
‘ p Zmax = 400 nm
HES p intensity: 0.03 W/cm?
photoreactor:
Pump glass micro-reactor

total internal volume: 5.4 mL
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glass microreactors

i "
products | cooling water

B s v ke B I
Figure 1  Set-up for the continuous-flow photoreactors
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ARISCHHE ), PEEHi-REE SRR, HEELL
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1), R Ak 28 3R AT S B S B 56 4 e Ak (TE AN A i
FErp, HAH R R E Y 12K QR ). T IR
RUEYERNSEATR, RBBCRH AT A FFEE R
HE. Hdr, DBA BAT H AT IR #ERCR, BEMERIIL
RIFE 92%, HMk = EIEAZE 84 mmol/h (R 1,
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O B I TR AT A AR U, i R S W SR ) B 2
PRIZ, DRI P AR K25 2 e B SRR 45
R, FERFFBAE A AR FUE LB AR (R LK S
SRR R AR, K AT I R R A, 4R
TREIS A2 1.8 min, 2 FEURBEAAES, AERES
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K& 73%. Mhob, HRFFRAARRERAAL, (A
HESE SRR A S ELAR /), /NI SE K R B 1 ]
% 4.3 min, MSPFAARIKREAN L FEURM AT, 1§
1BUR %S 42% (2 1, Entries 6~8). A4k, SESES
M54 IR, TEORFFOREA B AR RE LT, K
AREIIR 0.4 MPa, PSSR 2 BFARR B
R, EHEREIRE 80%; MiEmASEIIE 1 MPa,
2> ST BE AL B3 0. 7R 15 B R R 4R A
Ji, BAE 5 I B SCHR AR R TE A8 BN R v A
C—H BRI RIAT T L. XSk R A
#5: Schelter /NHP3MeE H P IHEAL K 2R, Noél ZNH 41 F
) TBADT HEALF], BEFM/NHPME ekt ik &R,
PLK Rovis SEZUEHI 4R AMA R, 450K, 12
FEMIR B2 E T, DA Ik S Ak R I 3%
HAREBR, F=F =& L IRA LR DBA/Ce fEfL1A R
% TR 1, Entries 11~15).

F1 - Z R B R R AR A

Table 1 Optimization of ethylbenzene aerobic oxidation enabled by
dual anthracene and cerium catalysis

2 mol% DBA, 0.5 mol% Ce(NO3)3*6H,0 1)
Me 1 mol% TBABr, 50 mol% TCE, 0.8 MPa O, ‘
Me
EA (0.1 mol/L), 400 nm LEDs (0.03 W/cm?)
1 r.t., in continuous-flow reactors 2
Additives ; b Production
Entry? 2 mol%) Poy/MPa  tr/imin  Yield?/% L)
1 none 0.8 3.6 14 1.3
2 DPA 0.8 36 20 1.8
3 DBA 0.8 36 92 8.4
4 DCA 0.8 36 26 1.8
5 Anthraquinone 0.8 3.6 63 5.7
6° DBA 0.8 1.8 67 12
7 DBA 0.8 7.2 73 3.3
8¢ DBA 0.8 4.3 42 3.2
9 DBA 0.4 36 80 7.3
10 DBA 1.0 36 84 7.7
. Production
f ialdb
Entry’ Conditions Yield?/% (mmol/h)
1 0.5 mol% CeClz, 50 mol% TCE 11 1.0
12 2 mol% (Et4N),CeClg 16 1.5
13 2 mol% TBADT 4 0.3
14 2 mol% FeCl3*6H,0 12 1.1
15 2 mol% CuCly, 5 mol% LiCl 6 0.5
R
R = Ph, DPA 2
(LI R=BrDBA L1

R =Cl, DCA

R [0}
Anthraquinone

@ Reaction was conducted in glass microreactors with a total internal volume
of 5.4 mL, V| =1 mL/min, Vg =4 mL/min, and {g = 3.6 min. bThe yields were
determined by GC analysis of the crude reaction mixtures with anisole as the
internal standard. °V; =2 mL/min, Vg =8 mL/min. ¢V = 0.5 mL/min, Vg =
2 mL/min. €V, =1 mL/min, Vg = 2 mL/min. fReactions were run in MeCN
(0.1 mol/L).

22 RUMEBEMEE

FERRAL T AR RN 26 P, AT — 2B 7T 1 1%
P AL R RS EVE(R 2). E G, W LHEIERIR
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Table 2 Substrate scope for alkylarenes

2 mol% DBA, 0.5 mol% Ce(NO3)3+6H,0

R

o)
A R2 1 mol% TBABr, 50 mol% TCE, 0.8 MPa O, N ‘ w2
% EA (0.05 mol/L), 400 nm LEDs, r.t. R P

in continuous-flow reactors

Substrates” Products

Results®

T
MeO
MeO 3
1
/@/\Me /@)\Me
PinB )
PinB 4
T
Ac
Ac 5

o)
\
Ph” " 0TBS ph)\/\OTBS
10
1§
Ph” "¢l ph)\/\c|
1
T
N
Ph CN Ph)\n/\CN

tr=1.8 min°

96% yield, 8.7 mmol/h

tr=1.8 min°

94% yield, 8.5 mmol/h

tr=1.8 min°

95% yield, 8.6 mmol/h

Me tr=3.6 min

94% yield, 4.2 mmol/h

tx=3.6 min

79% yield, 3.5 mmol/h

tr=3.6 min

85% yield, 3.8 mmol/h

tr=3.6 min/

86% yield, 7.7 mmol/h

tr=1.8 min®

58% yield, 5.2 mmol/h

tx=3.6 min

71% yield, 3.2 mmol/h

tr=7.2 min®

84% yield, 1.9 mmol/h

9Reaction was conducted in glass microreactors with a total internal volume of
54 mL, ¥.=1 mL/min, V=4 mL/min, and =23.6 min. ® Isolated yield.
¢ V=2 mL/min, V=8 mL/min, g=1.8 min. ¢ EA (0.1 mol/L).

mL/min, V=2 mL/min, fg=7.2 min.
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IR AR I B - RS I [ 25 52 45 R B, L 2R3
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TR FE RN TG 55 S T T CAR 34T, I AR S i
AR L=, B Al {E 1.8 min LR B IS TR Y, SE
AR 8.7 mmol/h =, {HFFE HHE, ZMEHAL
R R BEH R ER B, AN ¢c—C
B SR A ERE . KT AU
FRIIRIGZE, tHASAE 3.6 min R BE A, 23 713543
79%F1 85%HIUCR, LI 3.5 mmol/h A1 3.8 mmol/h f7
O TG IR P PRER, R TR s, 75 A
0.1 mol/L ¥R /& TSI 86% US4, HX A3 7.7 mmol/h ¥ =
FEEL Ba, T RS B B R (W OTBS. Cl 8§
CN ZEHURES) Y, LFRIFERT LABFIHEAT, Lh 58%~
84%KIZEA 1.9~5.2 mmol/h [/ B BEMEH FR1FE
RBP4,
23 REHNEITE

T BRFCX PO R A R AT RERIALER, FRATE S
ME T DBA ) UV-Vis WISOEE A1 s R 4k, 4558
7~ DBA 7] AU 300~420 nm JEAKTEHE AN FIE T,
M BRIE 2 30k A5 ([DBAY) H & 5 H 400~550 nm [
(B 2A). K, 400 nm LEDs 7] LA & DBA BT £ 34
KA. AWFRY, £ NE SRS A K
DBA K586, 724 DBA M H HZEIE S F([DBA] ).
M DBA [ H B IEE 7 XA L% A E =145
vV XTI SCERT, B 2B)KG Ce(II) F A N
Ce(IV) (E1p=0.40 V X} T ZJEH 19 SCE), Mt i
MIEALIERR, EPEm AR, YR DL ML SE 58
TR R A 2 i R 28— i by [ A A DOV TR Al - B A )
LMCT-HAT #ALISHLH IR A T, AP H TR
AR RN B, DU ET-RE7E 400 nm LEDs
FEHR R R AR LMCT 334 #2, 724 =& A H
EM=MEig sl s, —ROAEHEERZET
I HAT R3S AL C—H 8, PN H
BRI A RO R R A A, g
— A R R R RGBT AR
ZMi. 34 DBA Wi 400 nm LEDs & H (0% FERIE &
WORAS, B GRS R EUE R A S SR A, R
4 DBA HHIEIEEF. DBA A HEEFEEFi—F5 5k
AP =M E &Y kA SET /2, Mk Ce(II4 4k
AR Ce(lV), HHBR|—/NHETREIBIEEZ, M [E
V-G A AL G A 7978 B R il AL D 28

3 g

gi EPTiA, AW IR A - F AR LMCT-
HAT fEA6SEES, {H DBA FEi-BERC&W1E LA
7, RSN T DR SRR LI 7 &M ek 75
R AL C—H I Rk M AL SR, IZ AL IR R A
FIBRAT 2045« PREEACHT Bl - WE A AL R AT LG AL,
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(A) UV-Vis spectra of DBA (B) CV spectra of DBA
L5 T T T T w
s
——UV-vis
1 = Emission F1.2 ~
=X [77] 400 nm LED 2 6
3 e - < Ep,=148 V vs Ag/AgCl
g 5 2 45V vs SCE
E é é' o (1.4 SCE)
& o 0.6 2 =
o
! “:m\) 1(%0 |(Iyo |.%0 all)u 550“'” 0.9 |‘2 1‘5 178
Wavelength/nm Potential/V
(C) Proposed synergistic catalytic cycle
H H
CCl3CH,0 Ce'VBr, DBA]” .
Ph Me 3 2 \ / n [ ] =
\ .
OCH,CCly
HAT Z o | SET DBAJ*
f Ce'VBr,,_1 OOO [ ]
i - f
H CCI3CH,OH Ce"Brp, [DBA]
Ph Me
H 0—0O e
\\JLQ — 1
I
Me Ph)\Me

El2 (A)DBA ¥ UV-Vis AN S RIS (B) DBA IIFEHR 2 K; (C) I R PRI HEAL AL
Figure 2 (A) UV-Vis absorption and fluorescence emission spectra of DBA; (B) cyclic voltammogram spectra of DBA; (C) proposed synergistic cata-

lytic mechanism

AR, BA R E REBERA AN Z MR &
Ve, A7 5T 55 BB A F AR 2GRS L0 1 o A
£, DURESLEN N B AT R 1, X — i Rt
AL 20 D e e 5% B 24500 v [ AR 1) 4 € 45 B (3L 0T

A

4 SKIERSY

1] 100 mL R FRE Ce(NO3);6H,0 (4.3 mg,
0.01 mmol). P9 T 2% 1k ¥ (TBABr) (6.4 mg, 0.02
mmol). DBA (13 mg, 0.04 mmol), FIIA TCE (96 pL, 1
mmol). Z, (245 uL, 2 mmol)f1 20 mL Z PR g, 1E%
TR 2 [ R e 2V R, BEJS, #TJF 400 nm LED 4T
AR, FEK SRR R E N EE ). BETIT
HPLC 2%, H4 2055042 50 0E I RN B s B 2 .
TERE SRR I, FFE Ao SR S i 2 H] O, 11
. Ar RSLEE N R JTIR B € BUE IR R fE, KAl
PV N SN, FHRIEAT IS NS R R, W E
VIR, TN AARA K, 3ET A % (GC) 4 #T,
HHE R B3, TR 2 FRRY, Rl & R
WA J5, IMNGEEFRI R BRI T, BRI 7] 4 5 E
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