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Visible-Light-Driven Oxidation of Benzylic C—H Bonds Enabled by
Anthraquinone in Water

Duan, Chen
Li, Xinyu

Shen, Siyu
Zhang, Lizhi

Zhao, Yuqi Liu, Yue
Li, Wenjing™

(School of Pharmacy, Xi'an Medical University, Xi'an 710021)

Abstract An efficient photochemical protocol for the oxidation of alkylarenes to ketones was developed using anthraquinone
(AQ) as a organic small molecule photocatalysts, Oz as an oxidant and water as green solvent. The main feature of this method
is that visible light, molecular oxygen and water are low-cost, abundance and eco-friendliness in green chemistry. Moreover,
the system shows a broad substrate scope and good functional-group tolerance, which can also easily be scaled-up to gram
scale. A series of control experiments was conducted to study the influence of superoxide radicals on the reaction, and a rea-
sonable catalytic cycle mechanism was proposed. The mechanism studies revealed that AQ absorbed the light and served as a
photosensitizer to promote the transformation of O2 to the highly reactive O) via single electron transfer (SET) process,

which then oxidized alkylarenes to ketones.

Keywords visible-light photocatalysis; alkylarene; ketone; anthraquinone; water
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WA NG, AT AR i . TR AR
REVEBE T2 N TR FloE WL A L AL, Rrl e
CI{&Mﬂ%&PWIEwE ZFF R T TURRAT L

2 AT T AE A NN TR & 7 7. Li 250
18 FH B8 - A4 [BSPy [[OT ] i A4 Ao 525 07 0 S8 A R % 2 M.
Wang 25023518 T YA H B3 SR T R A
A BRI A T i

Fe AL TR e 05 75 Ak 2> TS DU HEE ML A P It i
b, AR P2 A B = K B E AL 1, SR, X ey
IRE % B AR — e s, A0 R & R A A
TR AR B IR, #RH 3 B0 A S R
fEy . H R SAEY). B, JTR b B
FEATRRAE (1) AT R e W C—H B AL S B AR R
P&, 15 2017 4, Zhang Z5EUSUR FH 7K v 1 BEURR VR R 25
eI S R Ak R R R R R A, R A A A
(Scheme 1, b). #RTM, 1% M IGyE$E 6] — 2 H IE fp [a) 42

B A R LA AR, M 22, IR TR T, R
BLEA —E R, HAUE GC /=%, At ey
BIR A3, 2020 4F, Fu SEUOHRIE T = 5 H R R B 1h )t
B T7 IR B E TS A A B, 2022 4F, Zhang ZEUTITR
KT i e B R R AR R, R e f7 A
I C—H IR ANR P XA A& —E
T RIBR A, e AR A B IR L2854 52 2% DLR R A
B A SE. FATVRIE T —Fh gk H s R mr Wos %
B C—H BEAAE RS B 5%, 8 EERAQE N
BRI WL TR, A E AR TIFIKAE A
SREIEH. ZOTERA TR RN AR, KR
Ry WEFNSR S AT, A T5 EER T AT 62 8 BSOS
7.

1 ZR5TR
1E 30 W # 5t LED 4] (400~450 nm) ¥ fE S, PA—

0 S-one S
ST T oy

Benzbromarone Melperone Mebendazole Fenbufen
E1 SRR T
Figure 1 Pharmaceutical compounds containing benzyl ketones
Previous work:
(a) Benzylic C—H bond oxidation reaction
H Thermal oxidation Photo-oxidation O
R "R? Stoichiometric oxidants Expensive catalyst R1” "R2
Transition-metal catalysis Restricted applicability
Heat initiated radical process
(b) Photocatalytic, SAS-mediated oxidation of C—H bond
)H\ (Zhang, 2017) OH o
R1 RZ R1 R2 R1JJ\ R2
(e} OH '
SO3Na SOsNa GC yields
0 OH
This work:
H Ie) B Metal-free, additive-free
R1J\R2 R R2 B Cheap catalyst, green solvent

R' = aryl, heterocycle
R2=aryl, H

H,0, O,

B 26 examples, isolated yields

B Broad substrate scope

B 1 ATOGHE SR C—H B AL
Scheme 1 Visible-light-initiated oxidation of benzyl C—H bond
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KGR NIRY), SREAMA, BEAL TVIB R A

T —RIIAFRRB AN T HMEAF] 1~V 455

Wk 1 FR. SRR RO K Bk, xt

F SRR () A YA AL TR, F3E C—H B

VEIS B BEAE Y S B R (Bntries 1~3). A1, {3 FER2E

PIFEHEATIRS, @, 9-Z5EHIV). VYIS IRER(V) R R
R SEIEZMAL @

Table 1 Optimization of reaction conditions

O
Photocatalysts
Solvents
1a Blue IED 2a
Entry Lightsource Photocatalyst Solvents  Yield”/%

1 Blue LED CH3CN Trace

0
©)J\SH

I
s A

2 Blue LED ©/ CH3CN NR
]
SH
3 Blue LED /©/ CH3;CN NR
1]
(0]
4  Blue LED CH3;CN 21
v
0
Cl Cl
5 BlueLED o  CHCN 33
(o]
Vv
6 Blue LED CH3;CN 45
7 Blue LED DCE 63
8 Blue LED MeOH 56
9 Blue LED 0 1.4-Dioxane 39
10 Blue LED THF 18
11 Blue LED DMSO 31
o
12 Blue LED vi DMF 40
13 Blue LED H20 59
14 Blue LED H20 78
15 uv H0 79

@ Reaction conditions: diphenylmethane 1a (0.2 mmol), photocatalysts (20
mol%), solvents (1 mL), air, 30 W blue LED, r.t., 12 h. ?Isolated yields. ¢ O,
balloon.
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(VI), iZ%E A1k 277 LLSZ I (Entries 4~6). A ELE LS
MBI, 7ERERIE AT, LL 45%1)7 %3R5
ORI IR RO BRI R T A 2R Ok AR
H, #E— B A FE MR RE TR )R, I H B
7 ¥ A8 Z 5 (CH;CN), T 1,2- & Z %2 (DCE) . F i
(MeOH). 1,4- % /N¥/(1,4-Dioxane) fl VU & Wi (THF),
SRR, SRNAE 1,2- S kA R AL, TT
AT 63%I7= 2R, RWNZIA TN X PP LA 1R 58 (1 52 1)
(Entries 7~10). [EIF, W57 il dE I 57), 18
— FE X (DMSO, 31%) 1 N,N- — H1 % H i} i (DMF,
40%) T #R e A B SR [ S 1 (Entries 11, 12). AT
P R ARCR, gkl o As I M A, AR
AR RN, HISCRSETEE 78% (Entry 14). JE4h,
BB IZ AN SR DGR, E S AP IR S T R A Y
FERAFA AR K (Entry 15). I, 5k e 10 S
ZAF: DLW AR RY), BN AT, EANE
T, AR, 78 30 W 5% LED RS T M 12 h,
DL 78% IR Z3K 15 B AR 4.

TERE T B 5 A AL S R, o SRR
(38 FRYE B AT T 558, Sophbe k75 e #8id F 170 I
UKD BEAE AR C—H BRI B AL SRS (R 2).
TR, 12 N R B SRR RER], Wngs f 3t
#(Me. OMe. Ph)si# s T F(F. Cl. Br. 1. CF;Hl
NOL) I HA RUFMFEAME, PL 53%~83%17 F k15
THRIEE(2b~2i). A8 [HAXEUREY)(2e vs 2§+ 2b
vs 21 vs 2K) IS S 2R, ARG BT 23 AR
GRS, BEAL, TE G TR A (2m) th g 2 B H o 4 1 e
TETE, AR ARAT AR SR A TR AR, AR T R EUAR
MIEIE 5 K, SRR At Re R I R 4 1) IR L
(2n, 20). EAERERZE, HRED(2p). WEIEQ2q, 2r)5F
F IR Jot 5 5 Sk JRRE R s e ] AN T, AT Re A E
LR RIFIIBCR. B 5 R SR BT R E C—H
BEEA R NBEAT T ARSI AT, A T R I AR i 1)
NEE . A 2e) M E BT FE E(24) 6 2R 55 I T i
HH A B 5 1777, — RAVEHLF(CNL NO, Al F)iX
R LT RH AR T REFRIEE R, Db & 20 Rk
KIRIGFHRL 5 B 2u~2w (54%~63%). Z55, MEWY
IR P S5 2 PREUAR ) 228 05 1 0 T 28 IR M (2x ~
2z), MR 2 R BUAR 75 45 i 1) & BB it T A A
(44%~62%).

N T UEBZEATE R N A, BT T R
WH C—H BEAA M T RO =L,
Scheme 2 Fi7R, fESAMRIIRM T, A KH i 1a (6
mmol, 1.01 g) N MR, 7ERERH LA 30 £5 (1 Lh A3l it
K, KBS EE 48 h, BELLRGFHIF2 R/ —
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K2 RE C—HRK A R 5T A o
Table 2 Oxidation of benzyl C—H bond to form the aromatic ketones

AQ (20 mol%)

H20 (1 mL), 02

1a~1z Blue LED 2a~ 2z
o 0 0 o} 0
2a, 78% 2b, 83% 2¢, 66%° 2d, 75% 2e, 70%
o} 0 0 0 O F
‘ ‘ ~Cl ‘ ‘ “Br ‘ ‘ “CFy I II NO, I i
2f, 67% 2g, 64%° 2h, 53%° 2i, 55% 2j, 57%
O Me 0 0 0o o
- YL OO
F F cl cl
2k, 65% 21, 74% 2m, 61% 2n, 60% 20, 59%
0 o) 0 0 o
O.O | N ©)j\ /@)\
P4 H3C
2p, 62% 2q, 41%4 2r, 40%¢ 2s, 71% 2t, 76%
O (0] o) O
S X
\ S | _N
NC O,N
2u, 63%¢ 2v, 54%7 2w, 58% 2x, 62% 2y, 50%7 2z, 44%4

“@Reaction conditions: 1a~1z (0.2 mmol), AQ (20 mol%), H,O (1 mL), O, balloon, 30 W blue LED, r.t., 12 h. *Isolated yields. ¢ 18 h. 424 h.

AQ (20 mol%)

H,0 (5 mL), O,
Blue LED, 48 h

:

sae

6 mmol, 1.01 g 2a, 66%

B2 R 2a IO E G K

Scheme 2 Large-scale synthesis of benzophenone 2a
K 2a, R 7 Z7ERE RIFRIATY et

N T A BRSNS LB AR, 3T T — R
il 5256 (Scheme 3). ¥ 5%, {ERRMER SRR, IMA
H KT 2,2,6,6- VU B B IR B 4506 %) (TEMPO) B
2,6- U T Fe-4-HEIEBYBHT)I, IR R 2a [/~
SRR, RUZI N ] EL T B 5L 2 (Scheme 3,
a). MOk, FEOCHEA IR IR TR C—H AL SN
O RS SR, B 1,4- R IR([2,2,2]F b
(DABCO)MISALHR, X574 — K HER 2a B RGEE I E
fM(Scheme 3, b), EHHRLEH(O,) RS H5ZAMNITFE.
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A B, WA H AR RPN 7 & B 28 KR
2,2- - 1M [F(DPPH)FIZKR R, AAG I 2] B brr=
W) — 2K 2a (Scheme 3, ¢), T T iH#HE H HIEHEF
(0, )W RESE TR —AfidfE. B, I elE
BAGFMET, ZRNAESABRIUR]BEAT, 2B 6L IR
HARAREE 2R EEAIMEF (Schemes 3, d, e). L ZKH
FEARE 2K HIbE 1a AREERL, EARMESRA T AT RS
A AR ER R, AT ARSI B 2R 2a 4E
F(Scheme 3, f). SZ40ZE LRI, ZAEMIEIAVLE ] HE
AU Je IR AR AR, FFORAT SEEG R B, 7ETCB I
TEOLT, 2R 2a TR e 58 4], HERR T B 2k
BRSO AR 2). S a AT 1R AN WO 1)
WEF(E 3), 1a F1 AQ LA EAT TR A48 #h—1T WAL
Rk T AR, R R A AR AQ 1E R SRS
AT DA AT L R U,

E b IR SIIG 25 SR AR JC SCHR i Rk B 001 FRATTHR
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Scavenger .
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1a BHT (2 equiv.) 2a, Trace 0.4

—
o
~

Standard conditions

:
3.

DABCO (2 equiv.)

or CUC|2 (2 equiv.) 28, 69% or 73%
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o
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Standard conditions

DPPH (2 equiv.)
or Benzoquinone (2 equiv.)

>
3.

2a, Trace

-
[

—
o
~

AQ (20 mol%)

H,O (1 mL), N,
Blue LED

zo

Intensity

>

2a, NR

—~

D
Ov
-
(Y

AQ (20 mol%)

H,0 (1 mL), O,
In darkness

zo

2a,NR

-
1Y

—
=
=

AQ (20 mol%)

:}g
zo

H,0 (1 mL), O,

Blue LED 2a, Trace

B3 =ik

Scheme 3 Control experiments

Yield/%

25 on
20 off
15 on
10 off

5 on

0

0 2 4 6 8 10 12
Timeth

B2 JFRATSEE:
Figure 2 On/off experiment
T AR LR, R C—H RS N ]
AR ) T R TR R (Scheme 4). 5, JaMEALF)
AQ TEF WDEIRA T A MR AQ", 5 K H ki 1a il
R RS R (SET) AL A RS 1 A R AQH
HEEEA T, AQ H HIZER I 7 AT A VA AQ,
MITE BOCHEA RIS, RN, S8R E S A BGE 40 E i
H(0y), B, NBHEMET A PR —M5
TLERCH 3 B, 481 5 A P T RO A
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03 - \
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01 - NG

00 T T N T T T T T
275 300 325 350 375 400
Wavelength/nm

Abs.

0.6
(b) —AQ+1a

0.5 - — AQ

0.4 1 /N

0.0

T T T T T T
280 300 320 340 360 380 400
Wavelength/nm

B3 (a) AQ. la (1.0X10 ® mol/L)LLK(b) AQ+1a. AQ

(1.0X 1073 mol/L) iy 48 4 AT WL U i
Figure 3 Absorption spectra of (a) AQ, 1a (1.0X 103 mol/L)
and (b) AQ+1a, AQ (1.0X 10 3 mol/L)

ol
s O]

[ I catalysis [ AQ_]
NS
N

B 4 =M AL A AL ]

Scheme 4 Proposed mechanism
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AfE A CROL R AR — N K AR IR
Bl 2a.

2 ZLig

R TR I D5 SRR Ik C—H BRI R
. Z AR A BN 2015 I R N AL, = F Bk
P S E R A, RSO RKIER Y, ek Ty
2 e DU i 1) e AL 2 A B 1 B AU O 25 o 0 B . LB
W, RERAE A GEORR ISR WL, IF HAA<E
R TR RS A G A B A AR vE M AR S A,
M SR A JGE 255 75 . 2% R 2 AT SRR T AT, 7=
Him~ BRI SZPELF LR B SR AN S A, FR
TR HET A SR, FEa iR R,
3 XIS
3.1 UK

MREILHRPE E(H NMR F1 °C NMR)KH Bruker
Avance 400 MHz @RI ETFIN CDCl, WhR N
TMS)IllSE. FEAEFIEN 1,4- N 1,2- 2 Okt
CHE HEE. DUEPRIE . —H AR, ZE 18K R NN-—
Bk F R 38 Ry oy pr 4, B . 2 A% /E HFGF
254 EEIRIR BT, RIFFINAHER(b.p. 60~90 C)F
N
3.2 ZWHE

FERAH, TR 25 mL F A4S i B)
P, TE =R T ION S A IR ot 2 5 (0.2
mmol). HE(20 mol%, 8.3 mg)FI/K(1 mL). FHRAIA
SEEESE, 7630 W 5 5 LED HE S FHtHE 12~24 h(Ed #
JE I, K NIREA AR R, H R
REFER, GHANE, BEZEEERE, &z
OISR (A 2B 288, VD v=20: D)4ifk, 15548
(=4 2.

TR (2a)1: ot RY)(28.3 mg, FREE 78%).
'H NMR (400 MHz, CDCL3) J: 7.84~7.78 (m, 4H), 7.59
(t, J=7.4 Hz, 2H), 7.49 (t, J=7.6 Hz, 4H); *C NMR (101
MHz, CDCL3) d: 196.7, 137.6, 132.4, 130.0, 128.2.

4-FJE 2K R (2b)212): TE PR #0(32.6 mg, 7
% 83%). 'H NMR (400 MHz, CDCl;) §: 7.80~7.77 (m,
2H), 7.74~7.71 (m, 2H), 7.62~7.53 (m, 1H), 7.53~7.43
(m, 2H), 7.30~7.27 (m, 2H), 2.44 (s, 3H); *C NMR (101
MHz, CDCly) 0: 196.4, 143.2, 137.9, 134.8, 132.1, 130.2,
129.9, 128.9, 128.1, 21.6.

4- P R R (20)21): BRIk (28.0 mg,
=% 66%). '"H NMR (400 MHz, CDCls) 6: 7.85~7.81 (m,
2H), 7.78~7.74 (m, 2H), 7.59~7.54 (m, 1H), 7.52~7.43
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(m, 2H), 6.99~6.94 (m, 2H), 3.89 (s, 3H); *C NMR (101
MHz, CDCl3) d: 195.5, 163.2, 138.2, 132.5, 131.8, 130.1,
129.7,128.1, 113.5, 55.4.

4-ZKFH R HEH (2d): A [ K (38.6 mg, FEH
75%). m.p. 100~102 °C (1it.2'® 100~103 C); '"H NMR
(400 MHz, CDCls) 8: 7.92~7.88 (m, 2H), 7.87~7.83 (m,
2H), 7.73~7.70 (m, 2H), 7.67~7.58 (m, 3H), 7.53~7.47
(m, 4H), 7.44~739 (m, 1H); C NMR (101 MHz,
CDCl3) &: 196.3, 1452, 139.9 (s), 137.7, 136.2, 132.3,
130.7, 130.0, 128.9, 128.3, 128.2, 127.3, 126.9.

4-G K H (2e)R1): Tt PR (28.1 mg, FEE
70%). '"H NMR (400 MHz, CDCls) 6: 7.88~7.82 (m, 2H),
7.80~7.75 (m, 2H), 7.62~7.57 (m, 1H), 7.51~7.46 (m,
2H), 7.19~7.13 (m, 2H); 3C NMR (101 MHz, CDCl;) §:
195.2, 166.6, 164.1, 137.5, 133.8 (d, J=3.1 Hz), 132.7 (d,
J=9.2Hz), 129.8, 128.3, 115.5, 115.3.

4-F KW 2D: AAFEE29.0 mg, PE 67%).
m.p. 93~94 ‘C (lit.2'2 84~85 °C); '"H NMR (400 MHz,
CDCl3) &: 7.79~7.72 (m, 4H), 7.63~7.58 (m, 1H),
7.52~7.44 (m, 4H); BC NMR (101 MHz, CDCl;) ¢
195.4, 138.9, 137.2, 135.8, 132.6, 131.4, 129.9, 128.6,
128.4.

4-JR TR HIR(2g): A AEAR(33.3 mg, FPE 64%).
m.p. 95~96 ‘C (lit.2'31 93~95 °C); '"H NMR (400 MHz,
CDCl3) §: 7.77 (dd, J=5.2, 3.2 Hz, 2H), 7.70~7.66 (m,
2H), 7.65~7.57 (m, 3H), 7.49 (dd, J=10.5, 4.7 Hz, 2H);
13C NMR (101 MHz, CDCl3) d: 195.6, 137.2, 136.3, 132.7,
131.6, 131.5, 129.9, 128.4, 127.5.

4-=F R KN A AEEQ26.6 mg, PR
53%). m.p. 57~59 C (lit. 21 57~59 ‘C); '"H NMR (400
MHz, CDCl3) 8: 7.90 (d, J=8.0 Hz, 2H), 7.83~7.79 (m,
2H), 7.76 (d, J=8.1 Hz, 2H), 7.66~7.61 (m, 1H), 7.54~
7.49 (m, 2H); 3C NMR (101 MHz, CDCl;) &: 195.4,
140.7, 136.7, 133.9 (q, J=32.3 Hz), 133.2, 130.2, 130.1,
128.5, 125.3 (q, J=3.7 Hz), 123.6 (q, J=272.7 Hz).

4-f 5 KR QI): AGEAE (25.0 mg, FEE
55%). m.p. 134~136 C (lit.2"™ 135~138 “C); '"H NMR
(400 MHz, CDCls) 8: 8.37~8.32 (m, 2H), 7.96~7.92 (m,
2H), 7.82~7.78 (m, 2H), 7.68~7.63 (m, 1H), 7.56~7.50
(m, 2H); 3C NMR (101 MHz, CDCls) d: 194.7, 149.8,
142.8, 136.2, 133.4, 130.6, 130.1, 128.6, 123.5.

-5 ORI (2)): AERQ22.9 me, FER 57%).
m.p. 63~65 C (lit.2™™ 63~65 ‘C); '"H NMR (400 MHz,
CDCl3) 7.87~7.80 (m, 2H), 7.61~7.49 (m, 3H), 7.49~
7.44 (m, 2H), 7.29~7.21 (m, 1H), 7.19~7.12 (m, 1H);

http://sioc-journal.cn/ 1357
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13C NMR (101 MHz, CDCls) d: 193.4, 160.0 (d, J=252.5
Hz), 137.4, 133.4, 133.0 (d, J=8.2 Hz), 130.7 (d, J=2.8
Hz), 129.8, 128.4, 127.0 (d, J=14.7 Hz), 124.2 (d, J=3.6
Hz), 116.2 (d, J=21.6 Hz).

2- B ORI k)P TE iR P(25.5 mg, 77
# 65%). '"H NMR (400 MHz, CDCl;) §: 7.83~7.79 (m,
2H), 7.60~7.56 (m, 1H), 7.48~7.43 (m, 2H), 7.42~7.35
(m, 1H), 7.34~7.21 (m, 3H), 2.34 (s, 3H); 3C NMR (101
MHz, CDCl:) 0: 198.6, 138.6, 137.7, 136.7, 133.1, 131.0,
130.2, 130.1, 128.5, 128.4, 125.2, 19.9.

3-FE 2R HE 2D ot RY)(28.9 mg, PP
74%). 'H NMR (400 MHz, CDCls) 6: 7.80~7.78 (m, 2H),
7.65~7.63 (m, 1H), 7.61~7.55 (m, 2H), 7.50~7.45 (m,
2H), 7.44~7.32 (m, 2H), 2.42 (s, 3H); 3C NMR (101
MHz, CDCl:) 6: 196.7, 138.0, 137.6, 137.4, 133.0, 132.2,
130.3, 129.8, 128.1, 127.9, 127.2, 21 2.

3-SR HE (2m)P: TE AR (26,4 mg, PR
61%). '"H NMR (400 MHz, CDCl;) J: 7.83~7.76 (m, 3H),
7.69~7.65 (m, 1H), 7.66~7.59 (m, 1H), 7.58~7.54 (m,
1H), 7.53~7.48 (m, 2H), 7.43 (t, J=7.8 Hz, 1H); 13C
NMR (101 MHz, CDCl;) d: 195.2, 139.2, 136.9, 134.5,
132.8, 132.3, 130.0, 129.9, 129.6, 128.4, 128.1.

445 R H I 2n): AMAEE (26.0 mg, 60%).
m.p. 104~105 C (lit.2™® 107~109 C); '"H NMR (400
MHz, CDCls) 0: 7.83~7.77 (m, 4H), 7.18~7.12 (m, 4H);
13C NMR (101 MHz, CDCl3) §: 193.7, 166.6, 164.1, 133.6
(d, J=3.1Hz), 132.4 (d, J=9.2 Hz), 115.6, 115 4.

44" H I HE(20): AEEEKQ29.4 mg, FEE
59%). m.p. 145~147 ‘C (lit.2'"® 145~147 “C); '"H NMR
(400 MHz, CDCl3) 8: 7.75~7.71 (m, 4H), 7.49~7.45 (m,
4H); 3C NMR (101 MHz, CDCL) 8: 194.1, 139.1, 135.4,
131.3, 128.7.

9-7) i (2p)2'e): TLEAHRYI(22.2 mg, FEE 62%).
'H NMR (400 MHz, CDCl;) 6: 7.68~7.64 (m, 2H),
7.54~7.46 (m, 4H), 7.32~7.27 (m, 2H); *C NMR (101
MHz, CDCly) 0: 193.8, 144.3, 134.6, 134.1, 129.0, 124.2,
120.2.

37 F RS L e (2q)™): @RI (14.9 mg, 7=
# 41%). 'H NMR (400 MHz, CDCl;) 6: 8.99 (dd, J=2.1,
0.7 Hz, 1H), 8.81 (dd, J=4.9, 1.7 Hz, 1H), 7.86~7.77 (m,
1H), 7.56~7.47 (m, 2H), 7.65~7.61 (m, 1H), 7.53~7.48
(m, 2H), 7.47~7.42 (m, 1H); 3C NMR (101 MHz,
CDCly) d: 194.4, 152.5, 150.6, 136.8, 136.4, 132.8, 129.7,
128.3, 123.0.

2- F RS ML e (2) 210 e Bk P (14.7 mg, 77
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# 40%). '"H NMR (400 MHz, CDCl3) d: 8.68 (s, 1H),
8.10~7.95 (m, 3H), 7.88~7.80 (m, 1H), 7.58~7.52 (m,
1H), 7.49~7.38 (m, 3H); 3C NMR (101 MHz, CDCl;) §:
193.6, 154.9, 148.4, 136.9, 136.1, 132.7, 130.8, 128.0,
126.0, 124.4.

KM (28)20): TEEHRYI(16.9 mg, F2E T1%).
'H NMR (400 MHz, CDCl;) d: 8.00~7.93 (m, 2H),
7.59~7.54 (m, 1H), 7.50~7.44 (m, 2H), 2.61 (s, 3H); 1*C
NMR (101 MHz, CDCly) d: 198.1, 137.1, 133.1, 128.5,
128.3, 26.6.

4-F R 2 202 TE Bk Y(20.3 mg, FEE
76%). '"H NMR (400 MHz, CDCl;) 6: 7.88 (d, J=8.2 Hz,
2H), 7.28 (d, J=8.0 Hz, 2H), 2.60 (s, 3H), 2.43 (s, 3H);
13C NMR (101 MHz, CDCls) d: 197.4, 143.5, 134.4, 128.9,
128.1,26.2, 21.3.

4-F IR LW 2u): T AR (18.2 mg, 72K
63%). '"H NMR (400 MHz, CDCls) : 8.02 (dd, J=5.0, 3.6
Hz, 2H), 7.78~7.74 (m, 2H), 2.63 (s, 3H); 3C NMR (101
MHz, CDCl3) d: 196.5, 139.8, 132.4, 128.6, 117.9, 116.3,
26.7.

A-FEFE K AW 2v): T EMRY (7.7 mg, 7= %
54%). '"H NMR (400 MHz, CDCl;) J: 8.33~8.28 (m, 2H),
8.13~8.08 (m, 2H), 2.68~2.66 (m, 3H); 3C NMR (101
MHz, CDCl3) d: 196.3, 150.3, 141.4, 129.3, 123.8, 27.0.

4-F K L ew): T BRI (159 mg, 77K
58%). 8.01~7.94 (m, 2H), 7.16~7.09 (m, 2H), 2.59 (d,
J=0.7 Hz, 3H); '3C NMR (101 MHz, CDCls) J: 196.5,
165.8 (d, J=254.6 Hz), 133.6 (d, J=2.9 Hz), 130.9 (d,
J=9.4Hz), 115.7, 26.5.

1-25 CEH2x)20): TREHPRYI(21.1 mg, =3 62%).
'H NMR (400 MHz, CDCLy) 6: 8.47 (s, 1H), 8.04 (dd, J=
8.6, 1.7 Hz, 1H), 7.97 (d, J=8.0 Hz, 1H), 7.92~7.87 (m,
2H), 7.63~7.54 (m, 2H), 2.73 (s, 3H); *C NMR (101
MHz, CDCl;) d: 198.0, 135.6, 134.5, 132.5, 130.2, 129.5,
128.42, 128.37, 127.7, 126.7, 123.9, 26.7.

2- LTk FEE Wy 2y): TR (12.6 mg, 7= H
50%). '"H NMR (400 MHz, CDCl;) 8: 7.67~7.61 (m, 1H),
7.60~7.54 (m, 1H), 7.10~7.02 (m, 1H), 2.52~2.46 (m,
3H); 3C NMR (101 MHz, CDCL) J: 190.5, 144.3, 133.6,
132.4, 128.0, 26.7.

2- TR FE ML WE (22)21): o R (10.6 mg, 2%
44%). '"H NMR (400 MHz, CDCl;) §: 8.62~8.57 (m, 1H),
7.97~791 (m, 1H), 7.77~7.71 (m, 1H), 7.41~7.35 (m,
1H), 2.65~2.61 (m, 3H); 3C NMR (101 MHz, CDCl) ¢:
199.8, 153.4, 148.8, 136.6, 126.9, 121.4, 25.6.

Chin. J. Org. Chem. 2025, 45, 1352~1359
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