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Visible Light-Induced Radical Cyclization for the Construction of
4-Aryl-1,2-dihydronaphthalenes
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Abstract An efficient visible light-induced radical tandem cyclization method for the synthesis of 4-aryl-1,2-dihydronaph-
thalenes is reported. The target products were obtained by the radical tandem cyclization of different types of monosubstituted
aryl acetylenes with simple bromomalonates as radical precursors. Compared to conventional nucleophilic addition reactions,
the method was obtained under mild conditions by irradiation with 7 W blue light at room temperature using fac-Ir(ppy)s as a
photocatalyst. The reaction conditions are mild and the post-treatment is simple. This free radical triggered tandem cyclisation
avails readily available bromomalonate esters and aryl alkynes as the starting materials. The method is very suitable for a wide

range of substrates with good applicability to different bromomalonates and different alkynes.
Keywords visible light-induction; 4-aryl-1,2-dihydronaphthalenes; free radical tandem cyclisation
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. Stille RMPVEH WARER B2 —, 7E 2001 4F, Mar-
tinez 2R H A ML R (n-BusN) " (PhsSnF,) Fl 4
25 = RS VR N B ERAL Sy, PA(TPP)s 1 M MEALT, DY
SR VEVAR, IS 30 min, BL 85%IU 15 5] 4-
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S B R HE B Ty B 1 05 B AL B RN R R AT A
Fefit 7%, 2008 4, Campagne MG HK & R EAE
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5 h, FEMT PRI T NEL, M 4-585E12- TR
25, MG HRARTE 05 PR b A S SR T 2 A
SSFFANR AR, WEFEN G R I R 5 48 v s 8
J5fBA(Scheme 1b).

Previous work

a) Barcina's work in 2001

Pd(TPP),4
+ (n-BuyN)*(PhsSnFy) —————
A, 30 min, THF

Ph
(b) Campagne's work in 2008

FeCly-6H,0 (10 mol%) O‘
f 40°C, 5 h, DCE
Ph
(c) Xie's work in 2009
/\RZ

[Ni(cod),] (5 mol%) R2
RN TMS CsF (Bequiv)  gifl
- s |
=
% oTf CH3CN, r.t. Ph
Ph
3a 4
(d) Shi's work in 2010
[NiCly(PCys)2] (4mol%)
H,0 (1.0 equiv.
+ (PhBO); 20 (1.0 equiv) O‘
K3POy4 (4.0 equiv.)
toluene/dioxane (V:V = 1:1), 110? Ph
e) Tomilov's work in 2018
CO,Me

CO,Me
)>LC02Me GaCly O‘ co,Me
02, 10 min, DCM or
Ph

-70 °C (79%)
Ph

40 °C (85%)

B 1 4-003E-12- “E RS G BUOR S
Scheme 1 Strategies for the synthesis of 4-phenyl-1,2-dihydro-
naphthalene compounds

ITEEAE ) S SR AR AL B T B R AL T PR A
PR, 2RI TENY, 2009 4, W AR A s
BT BRI B IR PR =22 21 Mk
N, il 4% TEAZERAL AW, %N S = AR T R s
FA A ITE CsF AR F R AE sl b (144, 75 [Ni(cod) ]
W SEEERE. P eI E 2 (Scheme 1c). 2010
S, it EE AN DR A2 DR TE TR A 2 I R 1R T D 2R
B AT WA E AR ER 4 7y, [NICL(PCys) 1E AL T, H
F2 AT T AL B A B 22 B 8 )R B (Scheme  1d).
2018 4F, Tomilov R4 SHRIE 7R 72 < L) Al Bk 5
PR -SZ RN It (DACs) [ Bt R, 2405 F 2K 2 A
NP, TER R —70 CHE, 193] 7 4421000
B 4- -1 2-A 2R, IRV E 40 CHIFE] T 12K
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FEZEIN, AR A ZE A AR A B S8 % (Scheme
le). {H2 M UAAESCHR AR ASHE R B, R H &8 18 IR B
B, 8 SR B, NS G d i, BT A Rk
Bl Z. Fiel, SRR R RAT)
BHETEZ N

B SR AL =S AR, BT 0T WG S 1R
R FL AR, PTERSPESR, 224 m S m R 2 2]
THEIE R TAEE MR, JreedEsk, wibbis S
[ BRI 2R R R B AL R N O R 3 S A SR A T — 5%
WL BT, 2013 4R, ZE 4 E IR S U8R A
[Ru(bpys)Cl] NG AL, %ﬁ%ﬂﬁﬁﬁgam%w
W16%F¢ﬁamﬁ &, Na,COs 1 N, ZHE1ER

A, Tn# 40 CTR I EIE ST 58 A E H 2 A BRER L
@,ﬂ%Tﬁgigﬂmm@H%A%@mmeh)
2021 4F, Jila R 4 004 G RT 6 S AR SR A AL AN
Bl Ak, BT 5 U T R R IR T bR (MCPs) >k
PUE A K 4-75 3E-1,2- A ZERTAY)(Scheme 2b).

(a) Lii's work in 2013

R'  NOz  [Ru(bpy)sCl,] ) O e
Rziﬁ <> oo T Nago, R O
Na,CO4 N 4
$0,CI MeCN, 40 °C R3R
b) Shi's work in 2021
R'—

B2 ATIOEHESFM T BN EWN& RS
Scheme 2 Synthesis strategies for dihydronaphthalene com-
pounds under visible light-induced conditions

M 2018 ETFGR, FATHR-22WRIE T Af e 5 H
BH 2 R IR AL 22 5 M A — R4 TR, RA 2-1R-2-(4-
FAREE ) 0 RN B R B UR, S5 BEORS IO fk
AR N AE R H H S, R0 5 B e VR F = A2 B el 2 )
&, HTHREEM AR S SRR, B2
SRS, 193] 7 O EEE B B AR, ERRRIAE
F R R AR 255 /A A B IR 2K 4L 5 P)(Scheme 3a). 7RI
WE TR b, 22 Tk R B R AN A, SRR AL
Je FRESEIL T AT WG 5 5 B R AR A 2 0 M 4k
(Scheme 3b). TEARAL L5 ML IR FTH, 8L AR S
R ERIE 0 SR ok B K, R SC#TE T e e A
BH C—H LGN, RABARH —REEANE
FHFEYR A, DA T (8 K 93 FAE R ERIE, 75 NN-—
F 3L Z Bl (DMAYH,O (V2 V=1 : 1) NBEFIN, LL
85%M = HAFRBIAAEY). Br T BARKE 5 =)
Ah, UL % RIS R] T 55 A E RN Y

Mes-Arc*
Co(dmgH) ZPyCI

EtsN-3HF, CH,CN
100 W Blue LEDs
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(Scheme 3c¢), MHZFAEPIHIE AR SRR HER,
UEHIR TSR, RAE AT SCHERIZPHE TR, 1R
LA IR O B R R R AR, Lkt AL 2
YeE A IR B AR R BRI . R,
BATEAEF a-BACR IR N ZIRER IR 2 S5 &, 18
TR R 2 AR R R AR R LR B Rl R R AR
AR A ZERNAY), NSRBI SR T —F
SRt )G T V.

Our previous work

E10:C (o5t

EtO,C fac-Ir(ppy);

EtO,C Na2003 (1.2 equiv.) O
" DMA 12h ‘
blue LEDs ~ © O

o] 2
CO,Et R fac-Ir(ppy)3
+ _
ol okt R1/ NasCO,
= Br DMA/H,0 (V:V = 3:1) (0.1 moliL)

visible light
EtO,C
o 27 CO.Et
R2
R34~
= R1
© EtO,C
2
EtO,C. g, CO,Et
EtO,C =

1 mol% fac-Ir(ppy)s ’
+ ‘
blue LEDs o +
y DMA/H,0 (V:V = 5:1) O

CO,Et

0,
(g m

1%
This work

CO,Et
EtO,C CO,Et
EtO,C photocatalyst
visible light

B3 BRARESS MG E R R N
Scheme 3 Tandem reactions of brominated acid esters with
alkyne

1 &R511R

B, BATLL 2-1R-2- 5N R = 4 Bg(1a) f 2K
LR (2a) AIERURY), TRER LR B, BRI 1% 2%
R 1 B, M fac-Tr(ppy)s AYEHEALT . BREREN N
&% DMA N7, (&Y 1a Fl 2a YIS 1 :
2, fEEEM 7 W NIRRT, 15387 BARF=Y) 3aa, 1K
K 37% (£ 1, Entry 1). B & LHIH KaCOss
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LiCOs, 1HZ R E A 152 EFETHER 1, Entries 2, 3).
B J5 BB WL ProNEt AIEREEAT T 90K, Hbrr=
Y 3aa MR R BES] 7%F1 9%(F 1, Entries 4, 5). {H15
RS, EBA ML BT AT )N, 3aa
FIRCR S — B3N 2] 62%(3K 1, Entry 6). BE/G %% T
FIZEHINT S R (R0 (2% 1, Entries 7~14), AR ILAE

- B i (DMIF) ¥ R R U0 e v, Tl AR A3
85% IS, 7 ¥ 71 4 VU S MR I (THF) B 1P A6 A 21
FEMIE R, AN JE R4 ENR. 7E DCE f& R e
10%117=4) 3aa. £z T RXTRESEI0 R IL(ER 1, Entries 15~
16), 24 ) S 7E 38 5% A BE I8 A I I e AL R, 3%
ARE] 3aa MIZRK, #E—03AE — A e id
. 28 BT, 15 AR SEI0 2 2 IRARWE bk
PR IR 102, JafbF] fac-Ir(ppy)s (1 mol%),
%5 DMF (3 mL), fEZ iR FH 7 W BIEAT RS 12

K1 RN

Table 1 Optimization of reaction conditions

CO,Et

EtO.C g, P O‘ CO,Et
Et0,C 2 \isible light
+ -
solvent l

1a 2a 3aa
Entry Photocatalyst Base Solvent  Yield®/%
1 fac-Tr(ppy)3 Na>COs DMA 37
2 fac-Tr(ppy)3 K2COs DMA 43
3 fac-Tr(ppy)3 Li2CO3 DMA 42
4 fac-Tr(ppy)3 Pr2NEt DMA 7
5 fac-Tr(ppy)s Pyridine DMA 9
6 fac-Tr(ppy)3 DMA 62
7 fac-Tr(ppy)3 DMF 86 (85°)
8 fac-Tr(ppy)3 DMSO 72
9 fac-Tr(ppy)3 MeOH 82
10 fac-Ir(ppy)3 EtOH 74
11 fac-Ir(ppy)s ProOH 44
12 fac-Ir(ppy)3 CH3;CN 11
13 fac-Tr(ppy)3 DCE 6
14 fac-Tr(ppy)3 THF 0
154 fac-Tr(ppy)s DMF 0
16¢ fac-Ir(ppy)3 DMF 0

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

“Conditions: 1a (98.8 mg, 0.3 mmol), 2a (61.3 mg, 0.6 mmol), photocatalyst
(1 mol%), base (1.2 equiv.), solvent (3 mL), irradiation with a 7 W blue LED
at r.t. for 12 h. *'H NMR yield was reported using benzyl ether as an internal
standard. Isolated yield. ¢ Without photocatalyst. ¢ Reaction was carried out in
the dark.

TERNAAET, JF 2-R-Q-FH)H R = 2B A
[ BRI 2K etk AT T RS E MERF (R 2). Bk
DL 2-PR-(2- 38 8 — 2 e MR E MY 1a, 52T

http://sioc-journal.cn/ 3279
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RO AR RGE VB, R RN AL A 45
THMe). KZ(F. Cl. Br)Ll KRR H T HE(CF)R, &
FIHSRELL 85%~92% ISR A RARRL (1 H AR, cfy
S R L RORE R SR (R 2, 3aa, 3ab, 3ad, 3ae, 3af,
3ag). XPALHUCHE Y AL . FBERRI, S Ry &0
TPEZ 64%F1 60%(3K 2, 3ac, 3am), XA B EE Ay g
B ISR 42% (3£ 2, 3an), HEPTEE S BRI S
SR T K. BT Y3 A0 5028 58 1) B ZE I,
WHEH 92%(F 2, 3ah)Fl 84%(F 2, 3ai) IR, (H2H
AL RO SR RS 61%. 1 S RSCR AT fig 5 7% 1]
K2 GRUT 3a KMREHE
Table 2  Substrate scope for the synthesis of product 3a

CO,Et
CO,E
EtO,C 2
o, " ©/// fac-Ir(ppy)s (1 mol%)
+ 1
R
DMF, Blue LED, 12 h
= s f
/_‘ 1
\ |
1a 2 3a
CO-EL CO,Et
CO,Et COWEL CO,Et
COzEt 2
OCHs

3aa, 85% yield
CO,Et

CozEt
X

3ad, X =F, 87% yield
3ae, X = Cl, 85% yield
3af, X = Br, 89% vyield

3ab, 88% yield

CO,Et
CO,Et CO,Et
CO,Et
CF,

3ag, 80% yield

3ac, 64% yield

3ah, 92% yield
CO,Et CO,Et

COf= QO™ o
F
q q ’
F —_

3ai, 84% yield 3aj, 61% yield 3ak, 49% yield

CO,Et 0820'5‘
COzEt
\ g g
\d

COCHs CO,Me
3am, 60% yield 3an, 42% yield

w

3al, 75% yield

@ Conditions: 1 (98.8 mg, 0.3 mmol), 2a (0.6 mmol), fac-Ir(ppy); (4.2 mg, 1
mol %), DMF (3 mL), irradiation with 7 W blue LED at r.t. for 12 h; isolated
yields were given.

3280 http://sioc-journal.cn/

PEBHA DG, B, R B o R B 05 A PRI 2 34
WEWMY . 2-ZBRIE K 3- 2 FEMEWy SRR 1a [N,
3ak, 3al (3R 2)1I7= K 55N 49%H1 75%, 1XA] feF K El
VE T A BT s B2 A 2. B i B R e ST 128
B, ik R HURAE N R SR I, A R A R,
W15 Uk W 5 4 AE O 1 5 B 6] Jl B e 9 ke 1) 7 A
F; 2K R BB e Ry [RIRE A2 A 5 R 1- 2K -1
PR, [FIREA R AE S N, DN 2K 2, bR fr e oK i 4 B
AR I AR 5 A= B3 B S5

HE— 0 2-VR-(2- L) I TR — LB TG BT
T AR EIRIR E AN E BRI X e N R R
48 R IR IR (7 B JE 2 it SR AT S, DL
%M R R WK 3, 3ba); WA EUCHE NG T
AR T I B2 A, 45320 25774 3bb Al 3be,
PR AR E 64%H1 71%, T REZIR S 77 Fnt A7 H A 4t
FA 35 [ 5 A R T s S AT, o SR T B e 1) 67 i
IYEARRIP 3bd, WE 35%; [AIA7 2 A SEREE T
RET YK 3, 3be fl 3be"), WLFK 76%, 3= HH 2 A7 T
A — . BEEW 2-1R-2-FE)N

R3 AR 3b BMEYNEE
Table 3 Substrate scope for the synthesis of product 3b

R3
EtO,C g, N COEt
3 210
R . Z fac-Ir(ppy)s (1 mol%) R°T /
RZ‘—\ DMF (0.1 mol/L)
> 7 W blue LED,12 h O
1 2a 3b

O,Et O,Et O,Et

CO, CO, CO,
I s e o e
Cl Br

3ba, 91% yield 3bb, 64% yield 3bc, 71% yield

O,Et O,Et O,E

Co, COEt a0 CO,Et
ORI e
+
SNe g

3bd, 35% yield 3be + 3be’, 76% yield

0O,CH3

(0]
C
O‘ CO,Et <:02<:H3

3bf, 42% yield 3bg, 67% yield

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

@ Conditions: 1 (0.3 mmol), 2a (61.2 mg, 0.6 mmol), fac-Ir(ppy); (4.2 mg, 1
mol%), DMF (3 mL), irradiation with 7 W blue LED at r.t. for 12 h; isolated
yields were given.

Chin. J. Org. Chem. 2023, 43,3277~3286
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LR — AN ER SN RS, RICR IR, BFE
42%(3E 3, 3bf), KPS CHR[A I T8 R, AR
FRFEE]67%(K 3, 3bg). VLA E BB SN, R
PEARTRINS R N A BT, 76 s ah B2k A 2-1-2-2
BRI L BE(da)fl 2-1R-2-2K 25 R . TR (5a)
VERNRPLE R, (REERA SLIG 2 HEAN R 4 R A ok
TR ICHAFIGICIR, R 2 35 AR 15 2UAH B =4,

N T BAIE I N ) S BR FAREL, X ROSEEEAT T TBOR
HSLEG. 41 Scheme 4 R, AR M 1a (3.0 mmol)F
2a (6.0 mmol)7E 7 W % LED AT HR S FiE47 SN 24 h,
AE DL 81%0 2 43 B 45 B AH S 1 724 3aa (0.86 g); 44t 2-
TR-Q2-F )T R — TR 2-1R1-(2-"F ) Ot 418
Fig i, A F R 25 AE AT SR A6 L 40% ISR 15 3 H R4
3bf. fEMA ST, DLESEAEATERL, InFsEaE T
3aa RANER RN, ARG RS EIER T 58 8oy # AL
AN 3ea, JTEN 89%24. DA ESZIGLE K, KN
KRBT RINERS, AR FF AT 1 R B, B —
5E IR SE B B F 7 .

Gram reaction 1

EO.C g, _ CO,Et
EtO,C Z" fac-Ir(ppy)s (1 mol%) O‘ CO,Et
* DMF (0.1 mol/L)
7 W blue LEDs, 24 h Ph
109 0.86 g, 81%
Gram reaction 2
o 0
Br =
BOL™ 7 fac-Ir(ppy)s (1 mol%) O‘ CO,Et
DMF (0.1 moliL)
7 W blue LEDs, 24 h Ph
109 0.42 g, 40%
Transform reaction
COEL . CO,H
O‘ CO,Et 2.5 equiv. NaOH OO
EtOH/H,0, 70 °C, 48 h
Ph Ph
3aa 89% yield

B4 O R B

Scheme 4 Gram-scale reaction
BRK, NTRBRBHLI, R PG KL
(B 1)RT LB T 378 SR A 2 2 AN 423 Dl
A FIBEATAE R, AT 1R SRy, 38 i SEE6 45 SRANHE K
B, BARE) 2-1R-(2-"F ) R — A FER BRSO
MEALTTA R AV K ISR, TR BRI AT W S A TR
P GHEACTI RIS . PRIk T AR S D' i A 703 A B0k

A5 e e AIRARTE ZBRIE 1 F 51 R SURETY.
MR T I 1 SCHRES200R IR SRaG 25 3, $ iz ik
N AT HE s SATLEE. 41 Scheme 5 FT7R, 1 JG/ENRRT1E
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125
EtO,C
120 - Et0,c—y &
1.15
1a
3 110 Quencher =
1.05 : 2a
Quencher
1.00 4 -
0.95 -
T T T T T
0.00 0.02 0.04 0.06 0.08

Concentration/(x10* mol-L")

B 1 SRR
Figure 1 Verification experiments

BT, fac-Ir(I)(ppy)s 22 BIUR 25 [fac-Ir(1I)(ppy)s]", H4
TRACA R AL S E JE R [ 4R A AR AR 1, (RIS
H & B A N [fac-Ir(IV )(ppy)s] 'L &9, B 5 E 5
A A B Ok, A E BEE A By #4701 A
AL SR A B B AR C; P A [fac-TIr(IV)-
(ppy)s] " A L F AR AL I R S B A e ()4 D, 5 i 2%
IG5 1 77Y) 3aa.

Et0,C

EtO,C
Et0,C E10,0-
Br_ O
ta >_< A
fac-[I'"(ppy)s]* fac-[IrV(ppy)s]* CO,Et
CO,Et

SET
visible light O
fac-[Ir'(ppy)s] c
CO,E

HEt CO,Et
CO,Et CO,Et
H*
D

3aa

B 5 ArRESN AR

Scheme 5 Possible reaction mechanism
2 4hig
RIE T —Fh LA 2-1R-(2-"F 5N R — ZER AR 2.k
RNIKHD, fac-Tr(ppy)s NIEHEAT, LG AL 4-7K%E-1,2-
AR LA EMW R . SRR RN R
3 RPIZEAFRA . PERE . SRR S. B
R AN A AR TSR 7R R .
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3 LS
3.1 X5

Fr A I I 35345 FH 0 45 04 RUHE 8 7 80U B T gk
17. 'H NMR, *C NMR L\ K F NMR ¥J7E Bruker Ad-
vance 400 5% 500 MHz 1T BUAZ LR B E, 7EH R
T, LA CDCl; 8 DMSO-ds TE# 7], TMS {E A AxR; =93 1%
Ji B (HRMS) T b ifg A2 38 K 2 45 A 303K A 0 P e
(ACQUITY UPLC & Q-TOF MS Premier); 14 fi7EHERE
MP100 2 5 Zh#a miAX EWE, DAC =R NPREYD AT
RIE. SE58 BT FH R A & dfrall. RS 7 W
W AT 3502 17 1 v 5 58 LED AT
3.2 ZWHE
321 2-R-Q-F AR DB = T EE(1a) 89 A R

A 100 mL BB 2-IRH R = 4B
(7.17 g, 30.00 mmol), F£H 60 mL ] DMF &R, =
WA FHEE 5 min. 175 S H AR IR ZZ A% 0 N ik B
(5.39 g, 39.00 mmol) AR (7.70 g, 45.00 mmol). AN
SEREE, RER GV ERAME FHiR: 24 h RS 5EA
J&, £ 250 mL B4 80 mL i Z k7K (V
V=1 D)IRGHEMN, ¥ RFERBINSREF, K
EoH, B ZBEREE(B0 mLX3). &FENAH, A
5.0 g BiFREN T, W4n. ARERAE R ai i, A
THEK(PE) 212 ZBR(EA) (V : V=30 D), B30
HOR I 2-9R-2-7F )N 1R — 4R (1a) (6.62 g, 67%
yield). "H NMR (400 MHz, Chloroform-d) J: 7.29~ 7.23
(m, 5H), 4.30~4.22 (m, 4H), 3.64 (s, 2H), 1.27 (t, J=7.2
Hz, 6H); *C NMR (100 MHz, Chloroform-d) 6: 166.6,
134.3, 130.4, 128.1, 127.6, 63.3, 63.1, 43.5, 13.8; HRMS
(ESI) caled for CisH;sBrOs [M+H]" 329.0388, found
329.0390.

322 4-RKEFK22(1H)-=F B — CBE(3aa) & H £
12444 3ab~3an, 3ba~3bg 9 & A,

I 25 mL RN, FERSRT & RO
2-R-(2-"F )N R — 4. fi5(1a) (98.76 mg, 0.30 mmol),
. H(2a) (61.28 mg, 0.60 mmol)F fac-Ir(ppy)s (4.20
mg, 0.003 mmol), #X 58T 5248 m R M H A 3
mL HHEZE DMF &, FIHBEA GRS =R, /£ 7 W
WEAT MR R OB 12 h, RSLFERUE A 5 mL 7KK
N, FBEAEEL(20 mL X 3), &AM, A 2.5 g iR
BN, 4R, RRERAE Bk vE A, PE/EA (V:
V=30 : )P, 32 AMHRE 4- 283252 2(1H)-
T HIR 2 ME(3aa) (89.0 mg, 85% yield). 'H NMR (400
MHz, Chloroform-d) 6: 7.40~7.35 (m, 5H), 7.27~7.24
(m, 1H), 7.21~7.17 (m, 1H), 7.13~7.09 (m, 1H), 7.01~

3282 http://sioc-journal.cn/
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6.99 (m, 1H), 6.18 (s, 1H), 4.21~4.16 (m, 4H), 3.48 (s,
2H), 1.22 (t, J=7.2 Hz, 6H); 3C NMR (101 MHz, Chlo-
roform-d) 6: 170.3, 141.5, 139.6, 133.4, 133.1, 129.0,
128.4, 128.2, 128.1, 127.9, 126.9, 126.2, 123.7, 61.9, 55.3,
34.7, 14.1; HRMS (ESI) caled for CpHy:04 [M+H]"
351.1591, found 351.1588.

4-(4- AR ZE 2 2(1H)- — W R — 2 F5(3ab): &
IR, 96 mg, 7 88%. 'H NMR (400 MHz, Chloro-
form-d) o: 7.29~7.27 (m, 3H), 7.25~7.24 (m, 1H),
7.22~7.19 (m, 2H), 7.13~7.09 (m, 1H), 7.03~7.01 (m,
1H), 6.15 (s, 1H), 4.21~4.16 (m, 4H), 3.46 (s, 2H), 2.40
(s, 3H), 1.22 (t, J=7.2 Hz, 6H); *C NMR (100 MHz,
Chloroform-d) 0: 169.9, 141.0, 134.5, 133.3, 132.4, 128.4,
128.2, 127.1, 126.9, 126.8, 126.0, 125.1, 124.6, 61.9, 55.2,
34.5, 14.0; HRMS (ESI) caled for CyHys04 [M+H]"
365.1748, found 365.1742.

4-(4- F AR FE R ) 252 2(1H)- — W R — 2.5 (3ac):
EHEOMIR, 73 mg, 5% 64%. 'H NMR (400 MHz,
Chloroform-d) ¢: 7.33~7.30 (m, 2H), 7.26~7.24 (m, 1H),
7.21~7.17 (m, 1H), 7.13~7.10 (m, 1H), 7.04~7.02 (m,
1H), 6.95~6.91 (m, 2H), 6.14 (s, 1H), 4.21~4.16 (m,
4H), 3.84 (s, 3H), 3.46 (s, 2H), 1.22 (t, J=7.2 Hz, 6H); 1*C
NMR (100 MHz, Chloroform-d) &: 170.4, 159.4, 141.0,
133.5, 133.2, 131.9, 130.1, 128.1, 128.0, 126.8, 126.2,
123.0, 113.8, 61.9, 55.4, 55.3, 34.8, 14.1; HRMS (ESI)
caled for CyH»OsNa [M + Na] = 403.1516, found
403.1515.

4-(4-F I ZE22(1H)- — R — 2.5 (3ad): Tt
HPIR, 96 mg, P73 87%. 'H NMR (400 MHz, Chloro-
form-d) o: 7.29~7.25 (m, 2H), 7.20~7.18 (m, 1H),
7.15~7.11 (m, 1H), 7.07~6.99 (m, 3H), 6.90~6.88 (m,
1H), 6.07 (s, 1H), 4.14~4.09 (m, 4H), 3.39 (s, 2H), 1.15
(t, J=7.2 Hz, 6H); *C NMR (125 MHz, Chloroform-d) J:
170.2, 162.6 (d, Jor=245.1 Hz), 140.6, 135.5 (d, Jor=
3.1 Hz), 133.5, 132.9, 130.66 (d, Jor=8.0 Hz), 128.3 (d,
Jer=6.6 Hz), 127.0, 126.1, 123.9, 1153 (d, Jer=21.1
Hz), 62.0, 55.3, 34.7, 14.1; '°F NMR (376 MHz, Chloro-
form-d) 0: —114.45; HRMS (ESI) calcd for CyHFO4
[M+H]" 369.1497, found 369.1487.

4-(4-F ER)ZE22(1H)- — TR — Z. Tk (3ae):
HPIR, 98 mg, 73 85%. 'H NMR (400 MHz, Chloro-
form-d) o: 7.38~7.35 (m, 2H), 7.33~7.30 (m, 2H),
7.28~7.26 (m, 1H), 7.22~7.18 (m, 1H), 7.14~7.10 (m,
1H), 6.96~6.94 (m, 1H), 6.16 (s, 1H), 4.22~4.16 (m,
4H), 3.46 (s, 2H), 1.23 (t, J=7.2 Hz, 6H); *C NMR (100
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MHz, Chloroform-d) 6: 170.1, 140.5, 138.0, 133.8, 133.4,
132.7, 130.3, 128.6, 128.4, 128.3, 127.0, 126.0, 124.1,
62.0, 55.2, 34.7, 14.1; HRMS (ESI) caled for Cy,HClO,
[M+H]" 385.1202, found 385.1201.

4-(4-IR I ZE 2 2(1H)- — W R — BB (3af): #(h
PR, 114.6 mg, 723 89%. 'H NMR (400 MHz, Chloro-
form-d) 0: 7.46~7.42 (m, 2H), 7.19~7.16 (m, 3H),
7.14~7.10 (m, 1H), 7.05~7.01 (m, 1H), 6.88~6.86 (m,
1H), 6.09 (s, 1H), 4.13~4.08 (m, 4H), 3.38 (s, 2H), 1.14
(t, J=7.2 Hz, 6H); *C NMR (100 MHz, Chloroform-d) &:
170.1, 140.6, 138.5, 133.4, 132.6, 131.5, 130.7, 128.4,
128.3, 127.0, 126.0, 124.1, 121.9, 62.0, 55.2, 34.6, 14.1;
HRMS (ESI) caled for CpHyBrOs [M+H]" 429.0696,
found 429.0688.

4-(4- =T FF I 252 2(1H)- —HR — Z.fik(3ag):
H @ E R, 100 mg, % 80%. m.p. 98.3~99.5 ‘C; 'H
NMR (400 MHz, Chloroform-d) J: 7.66 (d, J=8.0 Hz,
2H), 7.51 (d, J=8.0 Hz, 2H), 7.29~7.20 (m, 2H), 7.15~
7.11 (m, 1H), 6.94~6.91 (m, 1H), 6.22 (s, 1H), 423~
4.17 (m, 4H), 3.49 (s, 2H), 1.23 (t, J=7.2 Hz, 6H); '*C
NMR (100 MHz, Chloroform-d) d: 170.0, 143.3, 140.6,
133.4, 132.5, 130.0 (q, Jer=32.6 Hz), 129.4, 128.95,
128.56, 128.38, 127.1 (q, Jor=243.4 Hz), 127.06, 126.8,
125.96, 125.39 (q, Jer=3.7 Hz), 124.96, 62.1, 61.6, 55.3,
34.7. 14.1; YF NMR (376 MHz, Chloroform-d) &:
_62.49; HRMS (ESI) calcd for C23H22F304 [M‘f’H]Jr
419.1465, found 419.1467.

4-(3-FRZE 252 2(1H)- — W R — Z i (3ah): & {h
PR, 100 mg, 7% 92%. 'H NMR (400 MHz, Chloro-
form-d) 0: 7.30~7.25 (m, 2H), 7.21~7.17 (m, 4H),
7.14~7.10 (m, 1H), 7.02~7.00 (m, 1H), 6.15 (s, 1H),
4.22~4.16 (m, 4H), 3.47 (s, 2H), 2.38 (s, 3H), 1.23 (t, J=
7.2 Hz, 6H); 3C NMR (100 MHz, Chloroform-d) é: 170.3,
141.7, 139.5, 138.0, 133.4, 133.2, 129.6, 128.6, 128.2,
128.1, 128.0, 126.8, 126.3, 126.1, 123.5, 61.9, 55.3, 34.8,
21.5, 14.1; HRMS (ESI) caled for Cy3H24NaO, [M+H]"
387.1571, found 387.1567.

4-(3-FAIER)ZE2,2(1H)- — W R — 2Tk (3ai): & 0
PR, 92.8 mg, 773 84%. 'H NMR (400 MHz, Chloro-
form-d) 0: 7.39~7.33 (m, 1H), 7.28~7.26 (m, 1H),
7.23~7.20 (m, 1H), 7.18~7.12 (m, 2H), 7.12~7.04 (m,
2H), 7.00~6.98 (m, 1H), 6.19 (s, 1H), 4.22~4.17 (m,
4H), 3.47 (s, 2H), 1.23 (t, J=7.2 Hz, 6H); '3C NMR (125
MHz, Chloroform-d) d: 170.1, 162.8 (d, Jcr=244.6 Hz),
141.8 (d, Jcr=7.8 Hz), 140.56 (d, Jcr=2.0 Hz), 133.4,
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132.6, 129.9 (d, Jer=8.4 Hz), 128.8 (d, Jor=44.5 Hz),
128.4 (d, Jer=14.1 Hz), 127.0, 126.1, 124.75 (d, Jor=
2.9 Hz), 124.4, 116.0 (d, Jer=21.5 Hz), 114.8 (d, Jor=
21.1 Hz), 62.0, 55.3, 34.7, 14.1; °F NMR (471 MHz,
Chloroform-d) ¢6: — 113.34; HRMS (ESI) calcd for
CH2 FNaO4 [M+H]" 391.1317, found 391.1308.

4-Q2- A I ZE22(1H)- — WR — 2. W6 (3aj): 1R
IR, 67 mg, 7% 61%. 'H NMR (400 MHz, Chloro-
form-d) : 7.40~7.31 (m, 2H), 7.26~7.24 (m, 1H),
7.21~7.17 (m, 2H), 7.13~7.09 (m, 2H), 6.83~6.80 (m,
1H), 6.21 (s, 1H), 4.20 (q, J=7.2 Hz, 4H), 3.50 (s, 2H),
1.23 (t, J=7.2 Hz, 6H); 3C NMR (125 MHz, Chloro-
form-d) d: 170.1, 160.2 (d, Jo.r=246.6 Hz), 136.2, 132.6,
132.5, 131.7 (d, Jer=3.6 Hz), 129.8 (d, Jcr=8.0 Hz),
1282 (d, Jer=22.3 Hz), 127.022 (d, Jer=15.6 Hz),
127.025, 125.8, 125.5, 124.3 (d, Jor=3.5 Hz), 115.8 (d,
Jer=21.5 Hz), 62.0, 55.2, 34.5, 14.1; "F NMR (376
MHz, Chloroform-d) 6: —112.59; HRMS (ESI) calcd for
CyH, FNaO4 [M+H]" 391.1317, found 391.1311.

4-(2-MEWY B 252 2(1H)- — W R — Z. g (3ak): #
HPIR, 52 mg, P73 49%. 'H NMR (400 MHz, Chloro-
form-d) o: 7.30~7.28 (m, 1H), 7.24~7.23 (m, 1H),
7.21~7.18 (m, 1H), 7.17~7.15 (m, 1H), 7.13~7.12 (m,
1H), 7.07~7.05 (m, 1H), 7.01~6.99 (m, 1H), 6.28 (s,
1H), 4.11 (q, J=7.2 Hz, 4H), 3.37 (s, 2H), 1.14 (t, J=7.2
Hz, 6H); '*C NMR (100 MHz, Chloroform-d) &: 170.0,
141.1, 134.6, 133.4, 132.5, 128.5, 128.3, 127.2, 127.0,
126.9, 126.1, 125.2, 124.7, 62.0, 55.3, 34.6, 14.1; HRMS
(ESI) caled for CaHNaO4S [M+H]" 379.0975, found
379.0969.

4-(3-MEWy F)ZE2 2(1H)- 82 — £ g (3al): H ¥
IR, 80 mg, 7% 75%. 'H NMR (400 MHz, Chloro-
form-d) ¢: 7.35~7.33 (m, 2H), 7.26~7.24 (m, 1H),
7.22~7.20 (m, 1H), 7.19~7.15 (m, 2H), 7.14~7.12 (m,
1H), 6.27 (s, 1H), 4.21~4.15 (m, 4H), 3.45 (s, 2H), 1.21
(t, J=7.2 Hz, 6H); 3C NMR (100 MHz, Chloroform-d) ¢:
170.2, 140.0, 136.3, 133.3, 132.8, 128.3, 128.2, 128.1,
126.9, 125.9, 125.4, 123.5, 123.3, 61.8, 55.1, 34.6, 14.0;
HRMS (ESI) calcd for CoHyNaO4S [M+H]" 379.0975,
found 379.0970.

4-(4- TR L FE 25 2 2(1H)- — R — 215 (3am):
EHE AR, 70 mg, 5% 60%. 'H NMR (500 MHz,
Chloroform-d) ¢: 8.00~7.99 (m, 2H), 7.50~7.48 (m, 2H),
7.29~7.27 (m, 1H), 7.24~7.20 (m, 1H), 7.14~7.11 (m,
1H), 6.95~6.93 (m, 1H), 6.23 (s, 1H), 4.23~4.17 (m,
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4H), 3.48 (s, 2H), 2.64 (s, 3H), 1.23 (t, J=7.1 Hz, 6H); 13C
NMR (125 MHz, Chloroform-d) J: 196.8, 168.9, 143.4,
139.7, 135.5, 132.3, 131.4, 128.1, 127.4, 127.2, 125.9,
124.9, 123.7, 60.9, 54.1, 33.5, 25.7, 13.0, HRMS (ESI)
caled for CyHxuNaOs [M + Na] © 415.1516, found
415.1512.

4-(4-( TP R R ) R ) 25 22(1H)- —WR — 4R
(3an): B EIHAR, 52 mg, F7E 42%. 'H NMR (500 MHz,
Chloroform-d) ¢: 8.08~8.06 (m, 2H), 7.47~7.45 (m, 2H),
7.28~7.25 (m, 2H), 7.23~7.20 (m, 1H), 7.14~7.11 (m,
1H), 6.94~6.93 (d, J/=7.7 Hz, 1H), 6.22 (s, 1H), 4.24~
4.17 (m, 4H), 3.95 (s, 3H), 3.47 (s, 2H), 1.23 (t, J=7.1 Hz,
6H); *C NMR (125 MHz, Chloroform-d) 6: 169.0, 165.9,
143.2, 139.8, 132.3, 131.4, 129.4, 128.6, 127.9, 127.3,
127.2, 127.1, 125.9, 124.9, 123.6, 60.9, 54.1, 51.1, 33.5,
13.0; HRMS (ESI) caled for CpHxNaOs [M + H] "
431.1465, found 431.1466.

6-(FU T H)-4- 2K F 252 2(1H)- — F R — 2. fik(3ba):
IR, 111 mg, 7% 91%. 'H NMR (400 MHz,
Chloroform-d) ¢: 7.34~7.26 (m, 5H), 7.15~7.09 (m, 2H),
6.98 (d, J/=2.0 Hz, 1H), 6.09 (s, 1H), 4.10 (q, J=7.2 Hz,
4H), 3.36 (s, 2H), 1.14 (t, J=7.2 Hz, 6H), 1.10 (s, 9H); 13C
NMR (100 MHz, Chloroform-d) J: 170.4, 149.6, 141.9,
139.7, 132.5, 130.4, 129.0, 128.3, 127.8, 127.7, 125.0,
123.5, 123.5, 61.8, 55.3, 34.6, 34.3, 31.3, 14.1; HRMS
(ESI) caled for CyH304 [M+H]"™ 4072217, found
407.2216.

6-(GJE)-4- I 252 2(1H)-—- FH R — ZF&(3bb): 7%
O EAE, 74 mg, P7F 64%. mp. 77.9~783 C; 'H
NMR (500 MHz, Chloroform-d) ¢: 7.44~7.39 (m, 3H),
7.37~7.35 (m, 2H), 7.21~7.16 (m, 2H), 6.98 (d, J=1.6
Hz, 1H), 6.23 (s, 1H), 4.22~4.17 (m, 4H), 3.43 (s, 2H),
1.24 (t, J=5.6 Hz, 6H); *C NMR (100 MHz, Chloro-
form-d) : 170.0, 140.7, 138.8, 134.8, 132.7, 131.9, 129.4,
129.0, 128.6, 128.2, 128.0, 126.2, 125.1, 62.1, 55.2, 34.1,
14.2; HRMS (ESI) caled for Cx»H»ClOs [M + H]©
385.1202, found 385.1208.

6-1R-4- 252 2(1H)-— R — LT (3be): K3
G4, 91 mg, *& 71%. m.p. 76.3~78.2 ‘C; 'H NMR
(400 MHz, Chloroform-d) J: 7.33~7.30 (m, 3H), 7.28~
7.26 (m, 2H), 7.25~7.22 (m, 1H), 7.07~7.04 (m, 2H),
6.14 (s, 1H), 4.14~4.08 (m, 4H), 3.33 (s, 2H), 1.15 (t, J=
7.2 Hz, 6H); 3C NMR (100 MHz, Chloroform-d) 6: 169.9,
140.6, 138.8, 135.1, 132.4, 130.9, 129.7, 129.0, 128.8,
128.6, 128.2, 125.1, 120.7, 62.1, 55.1, 34.2, 14.1; HRMS

3284 http://sioc-journal.cn/

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

(ESI) caled for CoHnBrOs [M+H]" 451.0516, found
451.0513.

7-E-4- KR ZE 2 2(1H)- — W — ZFE(3bd): &
IR, 40 mg, 7% 35%. '"H NMR (400 MHz, Chloro-
form-d) o: 7.41~7.34 (m, 5H), 7.26~7.25 (m, 1H),
7.10~7.08 (m, 1H), 6.93 (d, J=8.0 Hz, 1H), 6.18 (s, 1H),
420 (q, J=7.2 Hz, 4H), 3.44 (s, 2H), 1.24 (t, J=7.2 Hz,
6H); 3C NMR (125 MHz, Chloroform-d) &: 170.0, 140.8,
139.1, 135.4, 133.7, 131.7, 128.9, 128.5, 128.2, 128.1,
127.5, 127.0, 124.0, 62.1, 55.2, 34.5, 14.2; HRMS (ESI)
caled for CyH, CINaOs, [M+ H]" 407.1021, found
407.1023.

5-FAR( JE-4- 8 3L 25 2 2(1H)- — W R — Z. 16 (3be) Al
7-FAR FE-4- R ZE 2 2(1H)- — W R = 2 & (3be"): ¥ 8
BT, 87 mg, 73 76%. '"H NMR (400 MHz, Chloro-
form-d) 0: 7.39~7.36 (m, 5H), 6.93 (d, J=8.4 Hz, 1H),
6.83 (d, J=2.4 Hz, 1H), 6.63 (dd, J=8.4, 2.4 Hz, 1H),
6.04 (s, 1H), 4.19 (d, J=7.2 Hz, 4H), 3.80 (s, 3H), 3.44 (s,
2H), 1.23 (t, J=7.2 Hz, 6H); 3C NMR (100 MHz, Chlo-
roform-d) &: 170.4, 159.4, 1412, 139.8, 135.3, 129.0,
128.3, 127.8, 127.6, 127.5, 126.2, 121.3, 114.2, 111.6,
61.86, 61.83, 55.32, 55.30, 35.1, 14.1; HRMS (ESI) calcd
for C23H240sNa [M+Na]* 403.1516, found 403.1517.

2- LBk -4- IR B 1,2- A ZE-2- R R LR (3bS): ¥
FOVA, 40 mg, 7% 42%. 'H NMR (400 MHz, Chlo-
roform-d) 6. 7.43~7.36 (m, 5H), 7.29~7.26 (m, 1H),
7.22~7.18 (m, 1H), 7.13~7.10 (m, 1H), 7.01~6.98 (m,
1H), 6.29 (s, 1H), 422 (q, J=7.2 Hz, 2H), 3.52 (d, J=
15.6 Hz, 1H), 3.38 (d, J=15.6 Hz, 1H), 2.25 (s, 3H), 1.27
(t, J=7.2 Hz, 3H); 3C NMR (125 MHz, Chloroform-d) ¢:
202.8, 170.8, 142.2, 139.6, 134.0, 132.9, 128.9, 128.51,
128.47, 128.43, 128.0, 126.9, 126.4, 123.9, 62.1, 61.4,
33.9, 27.4, 14.2; HRMS (ESI) calcd for CyH 03 [M+
H]" 321.1486, found 321.1472.

4-KFEZE22(1H)- W — W 5 (3bg): K& B I
W, 72 mg, 753 67%. '"H NMR (400 MHz, Chloroform-d)
d: 7.40~7.35 (m, 5H), 7.28~7.24 (m, 1H), 7.22~7.18
(m, 1H), 7.14~7.10 (m, 1H), 7.02~7.00 (m, 1H), 6.18 (s,
1H), 3.73 (s, 6H), 3.49 (s, 2H); '3C NMR (125 MHz,
Chloroform-d) 6: 170.8, 141.7, 139.5, 133.3, 133.0, 129.0,
128.4, 128.3, 128.2, 128.0, 127.0, 126.4, 123.4, 55.2, 53.2,
34.8; HRMS (ESI) caled for CyH;sNaO, [M + H] "
345.1098, found 345.1080.

323 4-K K27 F B (3ca) by Ak
M 25 mL B, KM= 3aa (105.2 mg,
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0.3 mmol), 2 mL ZEE//K(V 1 V=11 1)IRE&H R
NaOH (30.0 mg, 7.5 mmol), {Ei#0RMNIZ%MH T 70 C
MM 48 h, BFE=RSEMA 10 mL K#FFE, H 1
mol/L ¥ pH HAEZE/NT 2, BEJ5H & F (20
mL X 3) W, A A VA, TR T R, et
BF) 4-FKF2-ZEH R (3ea). FIMEIE, 663 mg, 7
89%. m.p. 196.1 ~198.5 C; 'H NMR (400 MHz,
DMSO-ds) J: 8.64 (s, 1H), 8.22~8.20 (m, 1H), 7.86~
7.82 (m, 2H), 7.65~7.62 (m, 2H), 7.57~7.48 (m, 5H);
3C NMR (101 MHz, DMSO-ds) 0: 167.3, 140.1, 139.4,
132.89, 132.85, 130.3, 130.0, 129.7, 128.9, 128.7, 127.9,
127.5, 126.9, 125.9, 125.3; HRMS (ESI) calcd for Ci7H)-
0, [M—H]~ 247.0764, found 247.0764.
3.2.4 2-i%-2- KA B = T E5(4a) 89 &R

W 2-ZKEH R . 4FE(1.0 g, 423 mmol)#E T 50
mL T DMF &l H, BRI 5 min, UKKIBE%
R, — MM NaH (60% in mineral oil, 203.2 mg,
5.08 mmol), PREFUKKIE AT FHiFE 30 min, —RPEND
A\ NBS [#E4£(903.9 mg, 5.08 mmol), F-7E=RmHFE 12 h,
SN FE A I VAT S AR B I R (30 mL) ¥R K M, F)
F 4R CEEAEEL(20 mL X 3), A IEA N, To/KBEREN
TG, W45, FRERAE Bk ai b i, PE/EA (V!
V=20 : D)Jelii, 33 2-J8-2-KFE ] R — 2. li5(4a): 7%
TR, 1.01 g, F2% 75%. '"H NMR (400 MHz, Chlo-
roform-d) J: 7.60~7.57 (m, 2H), 7.38~7.33 (m, 3H),
439~427 (m, 4H), 1.30 (t, J=7.2 Hz, 6H); 3C NMR
(100 MHz, Chloroform-d) &: 166.7, 135.6, 129.0, 128.6,
128.2, 63.9, 63.4, 13.8; HRMS (ESI) calcd for C;3H;sBr-
NaO, [M+Na]" 337.0046, found 337.0041.
325 2-RTAR R _TBERAI AR

RS T, I NaH (60% in mineral oil,
237.7 mg, 5.94 mmol)F 20 mL 8T DMF ¥, vK/KiB
S FK A R 285952 mg, 5.94 mmol)iA T 3 mL
T DMF ¥, A RBF, $Hid:30 min 5, —iK
PEIINIRARE Z68(1.0 g, 5.4 mmol), EiRHFE 16 h.
RS8R, IIAEA S 30 mL KB, FIH
LR CEERAL(20 mL X 3), & IFAHH, ToKmme+
fe, We4s. FRERCRHE vk ai AL, F PE/EA (V@
V=20 : D)Fhi, 5210 EHMRE 2-R N R =
ZIE(0.9 g, 63% yield). ZAL&WEL TLC W5, B
AT B 20 2-9R-2- K LR N R — LR (Sa) 1A k.
3.2.6 2-iR-2- KT T B = CER(5a) 69 A A%,

¥ 2-FK CHE R — Z.15(500.0 mg, 1.89 mmol)i#
T 20 mL #F DMF ¥, 2SR HHE S min, 0KK
WHAMET, —XMEMA NaH (60% in mineral oil, 90.79
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mg, 2.27 mmol), TEVKIKIEFAF THHE 30 min, — M
BN NBS [E44(404.1 mg, 2.27 mmol), FHE = RAEFE 12
h, S FE G NN LR S A 2 (20 mL) R KRV,
FIFH 2.8 ZFEABL(20 mL X 3), &I A N, KRR
VTR, WRGE. FRERRE (il 4l LR, PE/EA (V :
V=20 : V), 153205 E AR 2-IR-2-28 ZHE N —
g — Z.FE(5a) 389 mg, /”% 60%. 'H NMR (400 MHz,
Chloroform-d) ¢: 7.32~7.27 (m, 2H), 7.23~7.19 (m, 3H),
430~4.24 (m, 4H), 2.77~2.74 (m, 2H), 2.60~2.56 (m,
2H), 1.30 (t, J=7.2 Hz, 6H); 3C NMR (100 MHz, Chlo-
roform-d) J: 166.8, 140.2, 128.6, 128.5, 126.3, 63.1, 63.0,
39.9, 31.7, 13.9; HRMS (ESI) calcd for C;sH;9BrNaOy
[M+Na]" 365.0359, found 365.0358.

HBhA 8L (Supporting Information) L&) 1a. 7] WL
73 H B3 B AL =Y (3aa~3an, 3ba~3bg). L&
¥ 4a J Sa ff] "H NMR Al 3C NMR B3, X L6ty L
G % MASTI] 9 3 (http://sioc-journal.cn/)_F R %K.
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