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Visible-Light-Driven Photocatalytic Kharasch Reaction of Phenol/
Arylamine-Linked 1,6-Enynes with Perhalogenated Methane

Ji, Xiaoshuang Fu, Rong Wang, Shuliang™ Hao, Wenjuan Jiang, Bo™
(School of Chemistry & Materials Science, Jiangsu Normal University, Xuzhou, Jiangsu 221116)

Abstract Radical annulative carbohalofunctionalization of 1,n-enynes via atom transfer processes constitutes an efficient and
practical synthetical strategy for accessing halogenated cyclic structures with complete atom economy through radical cleavage
of a pre-existing carbon-halogen c-bond of an atom transfer reagent and their transposition over the n-bond of enyne motifs.
Recently, such reaction has become one of hot topics. A general photocatalytic annulative carbohalogenation of phenol/aryl-
amine-linked 1,6-enynes with perhalogenated methanes such as BrCCls; or CBra is disclosed, leading to the atom-economic,
efficient synthesis of functionalized (Z2)-2,3-dihydrobenzofurans and (Z)-indolines as main stereoisomers with good yields and
high stereoselectivity under mild and oxidant-free conditions, in which only (Z)-configuration was observed in most products.
This protocol demonstrates wide substrate scope, high functional group tolerance, and high atom economy as well as high ste-

reoselectivity, providing a green, atom-economic and efficient method toward 2,3-dihydrobenzofurans and indolines.
Keywords photocatalysis; annulative carbohalogenation; atom economy; 2,3-dihydrobenzofurans
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Figure 1 Some benzofurans -containing natural products
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K. (Scheme 1b). F|F 75 FZEE-1,6-1G AT £ 1 $h B B
IS FAY T L, DT e e B i (2) -SRI AR . TR
SCER AT AR S H AT v eikiE, HEA RI)RYEH
JEE. mERERIAANE . R TP R AN R R A S

) our prewous work

fac-Ir(ppy) X Q
3
+ BICXy ——— 08,
® 10 Wblue LEDs R
(X =Cl, Br)

b) this work
fac-Ir(ppy)s, KoHPO4

BrCX, .\/Q
x/\ EtOH, 10 W Blue LEDs

+

X =0, NTs CXs3
2 3 (major)
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Scheme 1 Stereoselective synthesis of (Z)-2,3-dihydrobenzo-
furans and (Z)-indolines
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BRI IS A A EAT I, W0 R AL etk

T TN, BARFAETR IR R 1 PR, B A
Sac-Tr(ppy)s (1 mol%) NHEMFT . BERRE 8 A, oK
LI RVER, BARREY) 1a 5 2a FEG SRR FER DG
HESF (10 W blue LEDs)HEAT I, LA 92%II R A3 2
T(2)-2,3-F NI =) 3a (Entry 1), HA72 &R
B g X STERATH A ATIESE (A 2). MBS EREN . TR
B, 4- T FRE LI IE (DMAP) B X = Z F2(TEA) B #
S ORI, 1% YU R 35 A [F R FE R B (Entries
2~5). BEJE 5 TN, (A E B3R 5T
U1 NN-—F 5 R EEF(DMF). 1,2- 5 Z%5(DCE). 7
PLK 1,4- NIRRT, 45 H BARFEIICR I S
7 I I (Entries 6 ~9). #2 T KK 6 40 77 58 4y
Ru(bpy);Cla« BEZL Y (Eosin Y)uk 4CzIPN L% 2/ Ak 57
XN R, FRE S TR, I Ru(bpy)sCl HELL
Y (Eosin Y)#k 2,4,5,6-DY(9-FkMeEE)~[A] %K — i§(4CzIPN)
NICHEACT, ERE DR BN LA B AR =4, (HHER
KT fac-Ir(ppy)s. 2 NEXME, A 0.10 mo%[1)
Jac-Tr(ppy)s B, 74 3a IUCZEARFFANAL, Ui 12 B A4
FAN T A 8 Ak 57 & (Entry 13).
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Table 1 Condition optimization for product 3a

(:(%/WW oiop, e
K,HPO,
+* Br—CCly ——
o “Bule LEDS " eon
1a 2a 3a
Entry  Variation from the established conditions  Yield?/%
1 None 92
2 NaOAc instead of KzHPO4 83
3 K3POs instead of KaHPO4 87
4  DMAP instead of K2HPO4 82
5  TEA instead of KzHPO4 75
6  DMF instead of EtOH 86
7  DCE instead of EtOH 61
8  Acetone instead of EtOH 37
9 1,4-Dioxane instead of EtOH 71
10 Ru(ppy)2Cl instead of fac-Ir(ppy)s 78
11 Eosin Y instead of fac-Ir(ppy)3 73
12 4CzIPN instead of fac-Ir(ppy)s 66
13 0.10 mol% of fac-Ir(ppy)3 92

4Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), fac-Ir(ppy); (1 mol%),
and K,HPO4 (0.4 mmol), EtOH (2.5 mL), Ar, 10 W blue light, room tempera-
ture, 18 h. ?Isolated yield based on substrate 1a.

1.2 RNMEYBER

R bl AR AL | B2 26 4 BF 58 T i R AL Ol fiE L
Kharasch [ M) 3&E . 41 Scheme 2 Frow, #H] LA
BrCCly (2a) WAGERMEIRY), 5T Byik-1,6-1 e b Jess
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AIERE 1) 1R(1j) —HF ROk AFREA)ES S5
SN, R SEARIEBEVE AL AR B A4 3b~31, 1Y
HN T0%~97%. HAET 3e. 3h F1 31, HAEH R
B —H1(Z)-F= 1. A BHEEK ) 40 SR B AR R Bk - 1,6-
Wl 11 R mREYE, DL 76% MRS $1(2)-2,3-
TESRIEIRIR 31 MIXLEE AT DI H, IR EEUR
B A A BH B BT 38080 J B R S AN W 2. Bk 4h,
2-BEWy BRI BN - 1L6-0 . 1m HEES 5 8, (HH
RIS NG 2, LA RIRERACN 25%.
HAR—1ERE, KRR IR A 2 (In) FATRUT £ (10)
FE IS B AR IR SR — 2R R AP H B2 A, 73l Ak
NALAA SRR IR A0 3n A 30, ELAISR 92 © 1 A0 10 ¢
3. BHJEHEE T Wk-1,6-M e N D5 3R b Cy 7 BUAR 4]
(R 11 BV SO L SR 24 R2 S H B (1p) B
(A q)BURIERF, %6 AL I N3 mT A BEAT, 49 5 LR
AT (77 BRI NS N [)(2)-2,3- AR IR 3p
1 3q.

N TP A BORRE AT AT, (] CBry
P E R BE R AR S YR - 1,6-18 B AT A WfE Bk itk I
N ZEAF T 1#E4T Kharasch < M 221X(Scheme 3). 5Tt
— 3, A RBIEIRF KA, BL 55%~62%M1 2

1
R BrcexXs (2, 2.0 equiv.), fac-Ir(ppy)s (0.1 mol%) Br
K,HPO, (2.0 equiv.) @ /
X/\ EtOH, Ar, r.t., 10 W Blue LEDs X
3

3a~3o
3a, R' = p-tolyl (90%, Z:E > 19:1)
3b, R' = m-tolyl (67%, Z:E = 1:1)
3c, R' = 4-1BuCgH, (97%, Z:E > 19:1)
3d, R' = 4-PhCgH, (73%, Z:E > 19:1)
3e, R'=Ph (71%, Z:E = 2:1)
3f, R' = 4-FCgH, (75%, Z:E > 19:1)

3p~3q
3p, R?=Me (91%, Z:E > 19:1)
3q, R? = Cl (96%, Z:E > 19:1)

p-tolyl
/ R )y Br
O ccn

3r~3t
3r, R = p-tolyl (55%, Z:E > 19:1)
3s, R' = Ph (60%, Z:E > 19:1)
3t, R" = 4-BrCgH, (62%, Z:E > 19:1)

1
Br

3g, R' = 4-CICgH, (81%, Z:E > 19:1) /

3h, R' = 3-CICgH, (75%, Z:E = 1:1) ©j§\

3i, R' = 2-CICgH, (79%, Z:E > 19:1) N CCly

3j, R" = 4-BrCgH, (85%, Z:E > 19:1) S

3k, R" = 4-CF3CqH, (70%, Z:E > 19:1)
31, R = 4-CNCgH, (76%, Z:E = 5:3)
3m, R' = 2-thienyl (25%, Z:E > 19:1)
3n, R' = cyclopropyl (74%, Z:E = 2:1)
30, R'='Bu (85%, Z:E = 10:3)

Scheme 2
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3u ~ 3w
3u, R' = p-tolyl (69%, Z:E > 19:1)
3v, R' = Ph (95%, Z:E > 19:1)
3w, R' = 4-CICgH, (79%, Z:E = 10:1)

B2 GHO™ 3 RG]
Substrate scope for the synthesis of products 3
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Figure 2 X-ray strcutre of product 3a

N T R ZS AL SRR 77, X S5 S i
T IO N. W0 Scheme 3a s, M A[LL 2.0
mmol FJEUEECR, LA 80% M 44k Ay 3a. Fif5, 70l
F Somogashira 1 Suzuki KK B & T BT & =1
REA, 8 T ARL R =) Sa FUOT AL EY) Ta
(Schemes 3b, 3c). ik N S =P 2 AT A4k,
A RCEE T I IR SR AT AR o TR T S A
Ptk 7.
1.3 RHLEEHRT

R TP IR TR S, S 7 TR
R, 15 ml R S R AN B B AR R 2,2,6,6-PU
JLORIE Z A ALYI(TEMPO), 1% )% Bk A2 58 A4 4, &
B =) 3a, W% R BOLFE AT REVS S H B D AR
(Scheme 4a). 475 Nt FEH AT AL 5, ROV [F]
FERE 8 A4, UL WGAE R NS AR R AR B T R E
ZLMEF (Scheme 4b). BEfEHEAT 796K S5 (E 3),
WFFLR I, fac-Ir(ppy)s 1258658 B BE A 2a & B (1) 38 I T
AR, 1M fac-Ir(ppy)s FIROGIREREAE 1a WRELHHE Nt
SRR, EFERIERE N T 2a, RUAKY 1 A1 2 #BRES
Sac-Ir(ppy)s KAEVER, FHAF fac-Ir(ppy): SEY) 2 HI1EH
b7 A
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(a) Scale-up transformation of 3a

tonI
tolyl-p fac-Ir(ppy)s
_ KHPO,
* BreCCl “eiom, Ar, it -
Bule LEDs 3
a (2 mmol) 2a (4 mmol) a (0.69 g, 80%)

(b) Somogashira coupling of 3a
PtO'V' — —tolyl-p

tOlyl Pd(PPh3 2C|2
Br tolyl-p _(10mol%)
|h Cul (5 mol%)
Et N 50 °C CCl
CC'3 *ieh ’

(30%)
c) Suzuki coupling of 3a

tonI

tonIp

2
ccl,

e AN
/

o ccl

7a (88%)

B3 et 3a MRH

Scheme 3 Application of compound 3a

p-tolyl
& fac-Ir(ppy)s, KoHPO,

+ Br—CCly ST L 3a0%) (@)
o EtOH, Ar, r.t., Bule LEDs

TEMPO

Pd(PPhgz)4 (5 mol%)
K,CO3 (3.0 equiv.)

1,4-dixone, 70 °C, 18 h

1a 2a
fac-Ir(ppy)s, KoHPO4
EtOH, Ar, r.t., no light

12 + 2a 3a (0%) (b)

B4 TERG™ ) 3a HOFEH| S

Scheme 4 Control experiments of the formation of 3a

MR O A B SCER[ 141 A1 2E T i L BR B8 4IF S 8,
PeHh T ATRE R BIHLEE, 41 Scheme 5 Fas. T 56 Ir(I)
S MAET] WOCIRS N A (IR O S, S
=R b 2a £ O TR (SED) IR A =R F 2 A
A AL BAAEFA (IV)PIF. B =8 5 E
12k A SEYIR-1,6-Mkk 1 RIS I ke R A2 B E B0 AR
R A R A A B, BEITE 5-exo-dig MU T R 2=
PIMSL AR 6 R B HEE(E)-C FI(2)-C'. 52 p-hr =S F
RLFHAT R 2R &M, HRIRMA(E)-C 32 2 LA
W RTEARAFAE. BeAh, AERIR B T3 (V)R Sk
TERGR B B3, [F AR ()RR, G S E R
RO, f)a, IR B RN EAE)-C 21T A H
HE A AR S B AS B R AL ALK R AR (2)-3a, )
Z, WS RS ISR SRR A(E)-3a.
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Figure 3 Luminescence quenching of fac-Ir(ppy)s with 1a (a, b), and luminescence quenching of fac-Ir(ppy)s with 2a (c, d)

—CCl, I

fac*-Ir" (ppy)s
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Il
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Scheme 5 Proposed pathway toward product 3
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2 i

I G A5 (355 e bk-1,6- 4 bR AN 5 4 s AR (I =
SR H AN RALER) S 5 1) Kharasch B, 18R] JLJ%
PEAC T SEIL T 5 A PR AU 1) 2,3- S 2 R Mg g | e
WRAT AV B SEARIEFEPE G R, HoA R E 2 P A LA (2)-
FRAEAE. 2N AR A WGSBS Y o a4k, FE == T
BRI s = 2R R B B ARG Y, HOE™R R
IEAME AT, A3 R RO FE 22 4x . SR DL AR RE
A, ZR R BA SR T AV s ARG Eﬁ?
B REI A )2 TSR SRR, FE T 2,3-2&A
RIFIRIE RSP E RIS ¥ T Kharasch
INA:RNAER

3 SCIEES

31 E5EHA

IHS: A A AU(XT-5 ), AN IE{L(FTIR-
Tensor 27 ); Jii 14X (Bruker microTOF-QIIZY); #%#it
PRAX(Bruker DPX 400 MHz #Y); |5 56 8 48 BT A
(ZF-20D %), PUIR AT 5% (Siemens P4 l); WATTCAS ¢
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B BALOCIESAE: {FH 10 W #5( LED, KN 400~
700 nm, {5 AR IEHIFS Schlenk B1E AN 2, 6
PR E AR E RN 1~5 cm).

K7 CDCL(A AR TMS). 2R ZER(Hral) .
BT PTal). S e (ariral). oK SR A al)

farey
=F.

32 ZWHE
32.1 bdh 3 896

WEY 3 BIEBGEE: RT, 8 E-1,6-4
SR 1a (0.2 mmol, 46.9 mg). =FIRF 4T 2a (0.4 mmol,
79.3 mg). BEFRE 81 (0.4 mmol, 69.7 mg) L} fac-
Ir(ppy)s (0.1 mol%, 0.1 mg)fMA 25 mL 3,
AN 2.5 mL JoK ZBE S5, VA RTICEAE WATTCAS
FeA A =R TR 18 h, F#E Ak (TLC) Mk
L. A S8 5E 4 Ja H R BERIK ZE B, & FFA B,
8 TC/K R BRAA T e v i, FATEIR BT A ROML = o
()7 3 U E 4 3a.

Hbrr=4) 3a~3w 7= S o A8 an

(Z)-3-(BLCH H 2R3 F 3E)-2-(2,2,2- =& £.5)-2,3-
TEORIEIRIE(3a): 77.9 mg, FEE 90%. HEREAA, m.p.
134~135 “C; '"H NMR (400 MHz, CDCl3) 6: 7.32 (d, J=
7.6 Hz, 2H, Ar-H), 7.28 (s, 2H, Ar-H), 7.19~7.15 (m, 1H,
Ar-H), 6.89 (d, J=8.4 Hz, 1H, Ar-H), 6.64~6.60 (m, 1H,
Ar-H), 6.45 (d, J=8.0 Hz, 1H, Ar-H), 5.82 (d, J=9.6 Hz,
1H, CH), 3.63 (d, J=15.2 Hz, 1H, CH,), 3.11~3.05 (m,
1H, CH,), 2.44 (s, 3H, CH3); *C NMR (100 MHz, CDCl5)
9: 162.7, 139.6, 138.8, 136.7, 130.9, 129.9, 128.8, 123.5,
121.0, 114.1, 111.4, 97.0, 84.9, 57.0, 21.5; IR (KBr) v:
1610, 1462, 1258, 1026, 798, 774, 703 cm™'. HRMS (ESI)
caled for CigHi4BrCIs3NaO [M+Na]® 452.9191, found
452.9201.

(Z)-3-(BL (1R B 2R3 F 3% )-2-(2,2,2- =5 £, 55)-2,3-
TAEIFIR(3b): 58.0 mg, FUFE 67%. LAl 'H
NMR (400 MHz, CDCls) 6: 8.40 (d, J=8.0 Hz, 1H, Ar-H),
7.39~7.31 (m, 3H, Ar-H), 7.07~7.04 (m, 1H, Ar-H), 6.95
(d, J=8.0 Hz, 1H, Ar-H), 6.65~6.61 (m, 1H, Ar-H), 6.42
(d, J=7.6 Hz, 1H, Ar-H), 5.84 (d, J=9.6 Hz, 1H, CH),
3.65 (d, J=15.2 Hz, 1H, CH,), 3.13~3.07 (m, 1H, CH>),
2.41 (s, 3H, CH3); 3C NMR (100 MHz, CDCl;) 6: 163.2,
140.4, 139.3, 138.9, 131.7, 130.3, 129.5, 129.2, 125.9,
124.5,123.6, 121.1, 114.0, 111.5, 97.0, 84.9, 58.8, 21.6; IR
(KBr) v: 1606, 1463, 1358, 1316, 1220, 1029, 772, 696
cm . HRMS (ESI) calcd for CisH 4BrClsNaO [M+Na]®
452.9191, found 452.9162.

(Z)-3-(IR(A-(BUT 5 A FH) W H 35)-2-2,2,2-=H &
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F)-2,3- “AFIFLIR(3c): 92.1 mg, F7EK 97%. HMHE
&, m.p. 147~148 C; 'H NMR (400 MHz, CDCl;) J: 7.47
(d, J=8.0 Hz, 2H, Ar-H), 7.36 (d, J=8.0 Hz, 2H, Ar-H),
7.19~7.15 (m, 1H, Ar-H), 6.89 (d, J=8.0 Hz, 1H, Ar-H),
6.64~6.60 (m, 1H, Ar-H), 6.44 (d, J=7.6 Hz, 1H, CH),
3.63 (d, J=15.2 Hz, 1H, CH>), 3.11~3.05 (m, 1H, CH,),
1.38 (s, 9H, #-Bu); '*C NMR (100 MHz, CDCl;) : 162.7,
152.8, 138.7, 136.5, 130.9, 128.6, 126.1, 123.5, 123.5,
120.9, 114.1, 111.4, 97.0, 84.9, 56.9, 34.9, 31.3; IR (KBr)
v: 1606, 1463, 1359, 1084, 836, 774, 749 cm '. HRMS
(ESI) caled for CyH4BrClsNaO [M+Na]® 494.9661,
found 494.9670.

(Z2)-3-([1,1'- B 2K L ]-4- BR IR R )-2-2,2,2- = &
F)-2,3- AR IR 3d): 722 mg, FEF 73%. [
&, m.p. 134~135 “C; '"H NMR (400 MHz, CDCls) o:
7.72~7.67 (m, 4H, Ar-H), 7.53~7.48 (m, 4H, Ar-H),
7.42~7.39 (m, 1H, Ar-H), 7.21~7.17 (m, 1H, Ar-H), 6.91
(d, J=8.0 Hz, 1H, Ar-H), 6.66~6.62 (m, 1H, Ar-H), 6.55
(d, J=8.0 Hz, 1H, Ar-H), 5.86 (d, J=9.2 Hz, 1H, CH),
3.66 (d, J/=15.2 Hz, 1H, CH,), 3.14~3.07 (m, 1H, CH>);
13C NMR (100 MHz, CDCl3) d: 162.8, 142.2, 140.1, 139.2,
138.4, 133.0, 131.1, 129.5, 129.0, 128.0, 127.8, 127.2,
123.5, 123.4, 121.1, 113.4, 111.5, 96.9, 85.0, 57.0; IR
(KBr) v: 1609, 1462, 1359, 1084, 1028, 841, 774, 695
cm . HRMS (ESI) calcd for Cy3H;¢BrCl1;NaO [M+Na]"
514.9348, found 514.9363.

(2)-3-(R(FRFEL) W H HE)-2-2,2,2- =5 43)-2,3- &
KIEIRIRE (3e): 59.4 mg, M7EE T1%. HAEA, mp.
100~101 C; '"H NMR (400 MHz, CDCl3) J: 7.44~7.43
(m, 4H, Ar-H), 7.36~7.33 (m, 1H, Ar-H), 7.19~7.15 (m,
1H, Ar-H), 6.90 (d, J=8.4 Hz, 1H, Ar-H), 6.63~6.59 (m,
1H, Ar-H), 6.37 (d, J=8.0 Hz, 1H, Ar-H), 5.84 (d, J=9.2
Hz, 1H, CH), 3.64 (d, J=15.2 Hz, 1H, CH,), 3.12~3.06
(m, 1H, CHy); BC NMR (100 MHz, CDCls) 6: 162.8,
139.6, 139.1, 129.5, 128.8, 125.6, 123.5, 121.1, 113.6,
111.5, 97.0, 84.9, 57.0; IR (KBr) v: 1606, 1462, 1359,
1256, 1088, 1028, 834, 775, 711 cm™ . HRMS (ESI) calcd
for C;7H;;BrCl;NaO [M + Na] ©  438.9035, found
438.9051.

(2)-3-(IR(4-3 K )W FF 36)-2-(2,2,2- =5 £ 3E)-2,3-
TEORIFEMRIE(3): 65.5 mg, FEER 75%. HEEAE, mop.
125~129 C; 'H NMR (400 MHz, CDCly) 0: 7.44~7.41
(m, 2H, Ar-H), 7.21~7.14 (m, 3H, Ar-H), 6.91 (d, J=8.4
Hz, 1H, Ar-H), 6.66~6.62 (m, 1H, Ar-H), 6.39 (d, J=7.6
Hz, 1H, Ar-H), 5.82 (d, J=9.2 Hz, 1H, CH), 3.61 (d, J=
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15.2 Hz, 1H, CH»), 3.10~3.04 (m, 1H, CH,); *C NMR
(100 MHz, CDCls) 6: 164.3, 162.9, 161.9, 139. 8, 135.7,
131.3, 131. 2, 123.4, 121.1, 116.6, 116.4, 112.3, 111.7,
96.9, 84.9, 56.9; IR (KBr) v: 1606, 1463, 1360, 1316,
1152, 1030, 909, 849, 773, 687 cm '. HRMS (ESI) caled
for C17H,BrCI;FO [M+H]" 434.9121, found 434.9106.

(2)-3-(BL(A-F AR H 56)-2-(2,2,2- =5 4. 55)-2,3-
TEORIRIE(3g): 73.6 mg, FEF 81%. HEE M, m.p.
136~139 “C;'H NMR (400 MHz, CDCls) 6: 7.45 (d, J=
8.0 Hz, 2H, Ar-H), 7.38 (d, J/=8.0 Hz, 2H, Ar-H), 7.22~
7.18 (m, 1H, Ar-H), 6.91 (d, J=8.0 Hz, 1H, Ar-H), 6.68~
6.64 (m, 1H, Ar-H), 6.44 (d, J=8.0 Hz, 1H, Ar-H), 5.82
(d, J=9.2 Hz, 1H, CH), 3.60 (d, J=15.2 Hz, 1H, CH,),
3.10~3.04 (m, 1H, CH,); *C NMR (100 MHz, CDCls) ¢:
162.9, 139.8, 137.9, 135.4, 131.4, 130.5, 129.6, 123.4,
123.1, 121.1, 111.9, 111.7, 96.8, 84.9, 56.9; IR (KBr) v:
1606, 1462, 1360, 1265, 1085, 1026, 834, 775 cm .
HRMS (ESI) caled for C;sH;BrCl,NaO [M + Na] *
472.8645, found 472.8624.

(2)-3-(BL(3-F IR FF 3E)-2-(2,2,2- =5 £.5E)-2,3-
TEAKE IR (3h): 68.1 mg, FEE 75%. il 'H
NMR (400 MHz, CDCls) 6: 7.42 (d, J=6.0 Hz, 2H, Ar-H),
733 (d, J=7.2 Hz, 2H, Ar-H), 7.23~7.19 (m, 1H, Ar-H),
6.92 (d, J=8.4 Hz, 1H, Ar-H), 6.68~6.64 (m, 1H, Ar-H),
6.42 (d, J=7.6 Hz, 1H, Ar-H), 5.82 (d, J=9.6 Hz, 1H,
CH), 3.61 (d, J=15.2 Hz, 1H, CHy), 3.11~3.05 (m, 1H,
CH,); *C NMR (100 MHz, CDCl3) 8: 162.9, 141.1, 140.1,
135.0, 131.5, 130.6, 129.4, 128.8, 127.1, 125.6, 123.4,
1212, 111.7, 96.8, 84.8, 56.9; IR (KBr) v: 1609, 1462,
1362, 1256, 1152, 1084, 832, 774, 526 cm™'. HRMS (ESI)
caled for C7H;BrCI,NaO [M-+Na]' 472.8645, found
472.8629.

(2)-3-(BLQ-F AR H 5)-2-(2,2,2- =5 £.55)-2,3-
TECRIRIE(30): 71.8 mg, FEE 79%. AERE A, mp.
156~159 C; '"H NMR (400 MHz, CDCls) d: 7.58~7.50
(m, 1H, Ar-H), 7.42 (d, J=2.8 Hz, 2H, Ar-H), 7.41~7.37
(m, 1H, Ar-H), 7.21~7.17 (m, 1H, Ar-H), 6.91 (d, J=8.4
Hz, 1H, Ar-H), 6.64~6.60 (m, 1H, Ar-H), 6.09~6.06 (m,
1H, Ar-H), 5.89~5.84 (m, 1H, CH), 3.70~3.64 (m, 1H,
CH,), 3.13~3.07 (m, 1H, CH,); *C NMR (100 MHz,
CDCly) d: 162.8, 141.1, 137.8, 134.0, 131.4, 130.9, 130.4,
128.1, 123.3, 121.4, 111.6, 97.0, 84.7, 56.7; IR (KBr) v:
1609, 1462, 1359, 1257, 1085, 1027, 842, 774, 526 cm .
HRMS (ESI) caled for C;sH;BrCl,NaO [M + Na] *
472.8645, found 472.8630.
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(2)-3-(IR(4-TRFEFE) T FH 3E)-2-(2,2,2- =5 £ 5)-2,3-
TECRHMRE(3)): 84.5 mg, FRE 85%. HEAEA, m.p.
153~156 “C; '"H NMR (400 MHz, CDCL3) : 7.61 (d, J=
8.0 Hz, 2H, Ar-H), 7.32 (d, J=8.4 Hz, 2H, Ar-H), 7.22~
7.18 (m, 1H, Ar-H), 6.91 (d, J=8.0 Hz, 1H, Ar-H), 6.68~
6.64 (m, 1H, Ar-H), 6.45 (d, J=8.0 Hz, 1H, Ar-H), 5.81
(d, J=9.2 Hz, 1H, CH), 3.60 (d, J=15.2 Hz, 1H, CH,),
3.10~3.04 (m, 1H, CH,); '3C NMR (100 MHz, CDCls) ¢:
163.0, 139.9, 138.4, 132.6, 131.4, 130.8, 123.7, 123.4,
123.1, 121.2, 111.9, 111.7, 96.9, 85.0, 56.9; IR (KBr) v:
1612, 1463, 1359, 1325, 1257, 1168, 1130, 1067, 1020,
856, 773, 634 cm '. HRMS (ESI) calcd for C;7H;Br,-
CLNaO [M+Na]" 516.8140, found 516.8157.

(2)-3-(B(4-( =30 58 ) R ) W F 66)-2-(2,2,2- =4
2.38)-2,3- AR HH M (3K): 68.0 mg, FEEK 70%. A
44, m.p. 137~139 ‘C; 'H NMR (400 MHz, CDCl;) ¢:
7.74 (d, J=8.0 Hz, 2H, Ar-H), 7.58 (d, J=8.0 Hz, 2H,
Ar-H), 7.23~7.19 (m, 1H, Ar-H), 6.92 (d, J=8.4 Hz, 1H,
Ar-H), 6.67~6.63 (m, 1H, Ar-H), 6.37 (d, J=8.0 Hz, 1H,
Ar-H), 5.84 (d, J=9.6 Hz, 1H, CH), 3.62 (d, J=15.2 Hz,
1H, CH,), 3.12~3.06 (m, 1H, CH,); '*C NMR (100 MHz,
CDCls) d: 163.1, 143.0, 140.4, 131.7, 131.3, 129.7, 126.4,
1252, 123.3, 122.9, 122.5, 121.3, 111.9, 111.0, 96.8, 85.0,
56.9; IR (KBr) v: 1601, 1463, 1355, 1258, 1084, 1028,
839, 776, 612 cm . HRMS (ESI) caled for CgH;iBr-
CLF3NaO [M+Na]™ 506.8909, found 506.8905.

(2)-4-(IR(2-(2,2,2- =5 2.3 5 WL IR -3(2H)- . 2,
FVFE)EHIEGED: 672 mg, BEF 76%. F 1A,
m.p. 131~135 ‘C; '"H NMR (400 MHz, CDCls) 6: 7.78 (d,
J=8.0 Hz, 2H, Ar-H), 7.59 (d, J=5.2 Hz, 2H, Ar-H),
7.25~7.21 (m, 1H, Ar-H), 6.93 (d, J=8.4 Hz, 1H, Ar-H),
6.68~6.64 (m, 1H, Ar-H), 6.36 (d, J=8.0 Hz, 1H, Ar-H),
5.83 (d, J=9.2 Hz, 1H, CH), 3.60 (d, J=15.2 Hz, 1H,
CH,), 3.11~3.04 (m, 1H, CH,); *C NMR (100 MHz,
CDCls) 6: 163.2, 143.9, 140.9, 133.1, 131.9, 129.9, 125.7,
123.2, 121.3, 118.3, 113.3, 112.0, 110.1, 96.7, 85.0, 56.9;
IR (KBr) v: 1639, 1588, 1485, 1462, 1355, 1246, 1149,
1026, 853, 727, 701 cm™ . HRMS (ESI) calcd for CisHj;-
BrCIsNNaO [M+Na]" 463.8987, found 463.8978.

(Z)-3-(IR(HEMy-2-F5) W H 55)-2-(2,2,2- =& &
F)-2,3- “AFIFRIR(3m): 21.4 mg, F7E25%. T,
'H NMR (400 MHz, CDCls) ¢: 7.50 (d, J=5.2 Hz, 1H,
Ar-H), 7.24~7.20 (m, 1H, Ar-H), 7.18 (d, J=3.6 Hz, 1H,
Ar-H), 7.12~7.08 (m, 1H, Ar-H), 6.91 (d, J=8.0 Hz, 1H,
Ar-H), 6.72~6.68 (m, 1H, Ar-H), 6.60 (d, J=8.0 Hz, 1H,
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Ar-H), 5.81 (d, J=9.2 Hz, 1H, CH), 3.63 (d, J=15.2 Hz,
1H, CHy), 3.09~3.03 (m, 1H, CH,); *C NMR (100 MHz,
CDCl;) d: 163.0, 142.6, 140.9, 131.6, 128.5, 128.3, 127.4,
123.6, 123.2, 121.2, 111.6, 104.6, 96.8, 85.0, 56.8; IR
(KBr) v: 1609, 1585, 1460, 1317, 1264, 1226, 1150, 1035,
911, 809, 765, 701 cm '. HRMS (ESI) calcd for CisH;oBr-
CI;NaOS [M+Na]" 444.8599, found 444.8592.

(2)-3-(BL AT F JE)-2-(2,2,2- =5 £ 36)-2,3-—
A IKIEIRIE(3n): 56.9 mg, 7R 74%. AEEA, mp.
53~55 C; '"H NMR (400 MHz, CDCl;) d: 7.67 (d, J=7.6
Hz, 1H, Ar-H), 7.00~6.91 (m, 3H, Ar-H), 5.68 (d, J=9.2
Hz, 1H, CH), 3.41 (d, J=15.2 Hz, 1H, CH,), 2.98~2.91
(m, 1H, CH,), 2.20~2.14 (m, 1H, CH), 1.00~0.86 (m,
4H, CH,); *C NMR (100 MHz, CDCl;) d: 162.6, 138.2,
130.6, 125.3, 124.5, 121.1, 120.9, 111.5, 97.1, 85.2, 56.8,
17.9, 10.7, 10.4; IR (KBr) v: 1607, 1462, 1359, 1266,
1101, 1021, 904, 878, 833, 764, 703 cm'. HRMS (ESI)
caled for CisH,BrCIzNaO [M+Na]® 402.9035, found
402.9049.

(2)-3-(1- 91 -2,2- — H 32 T ££)-2-2,2,2- =& &
5)-2,3- A IR (30): 67.9 mg, FEFK 85%. H[HE
&, m.p. 75~77 ‘C; '"H NMR (400 MHz, CDCl;) J: 8.52
(d, J=8.0 Hz, 1H, Ar-H), 7.32~7.28 (m, 1H, Ar-H), 7.01
(d, J=7.6 Hz, 1H, Ar-H), 6.95~6.92 (m, 1H, Ar-H), 6.22
(d, J=9.2 Hz, 1H, CH), 3.12~3.06 (m, 1H, CH,), 2.97 (d,
J=14.8 Hz, 1H, CHy), 1.50 (s, 9H, #-Bu); '*C NMR (100
MHz, CDCl;) 6: 162.6, 138.3, 130.6, 125.3, 124.5, 122.4,
121.1, 111.5, 97.1, 85.2, 56.8, 17.9, 10.7, 10.4; IR (KBr) v:
1589, 1462, 1364, 1231, 1206, 1030, 982, 843, 797, 731,
704, 613 cm !. HRMS (ESI) caled for C;sH;¢BrCl;NaO
[M-+Na]" 418.9348, found 418.9334.

(2)-3-(IROM F R IR 7 F O )-5-FE R -2-(2,2,2- =R &
5)-2,3- A A IR (3p): 81.4 mg, FEF 91%. HE[HE
&, m.p. 176~179 “C; 'H NMR (400 MHz, CDCls) 0: 7.33
(d, J=8.0 Hz, 2H, Ar-H), 7.28 (s, 2H, Ar-H), 6.98 (d, J=
8.0 Hz, 1H, Ar-H), 6.79 (d, J=8.0 Hz, 1H, Ar-H), 6.25 (s,
1H, Ar-H), 5.80 (d, J=9.2 Hz, 1H, CH), 3.61 (d, J=15.2
Hz, 1H, CH,), 3.09~3.03 (m, 1H, CH,), 2.45 (s, 3H, CHa),
2.05 (s, 3H, CH3); 3C NMR (100 MHz, CDCl;) 6: 161.0,
139.6, 139.0, 136.8, 131.8, 130.3, 129.8, 128.9, 123.8,
123.4, 113.7, 111.1, 97.1, 85.1, 57.0, 21.6, 21.0; IR (KBr)
v: 1594, 1481, 1386, 1265, 1207, 1082, 1025, 874, 809,
750, 711, 588 cm ™. HRMS (ESI) caled for C9H7BrCl;0
[M+H]" 444.9528, found 444.9552.

(Z)-3-(IR O H 2R 28) T H 26)-5-3-2-2,2,2- =& &
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F)-2,3- “AFIFEIF(3q): 90.1 mg, FEE 96%. [
&, m.p. 150~153 °C; 'H NMR (400 MHz, CDCl;) J: 7.29
(s, 4H, Ar-H), 7.11 (d, J=10.0 Hz, 1H, Ar-H), 6.81 (d, J=
8.4 Hz, 1H, Ar-H), 6.39 (s, 1H, Ar-H), 5.85 (d, J=9.2 Hz,
1H, CH), 3.61 (d, J=15.2 Hz, 1H, CH,), 3.10~3.04 (m,
1H, CH»), 2.45 (s, 3H, CH3); *C NMR (100 MHz, CDCl5)
0: 161.3, 140.1, 137.7, 136.1, 130.8, 130.1, 128.6, 126.0,
125.0, 123.3, 116.0, 112.4, 96.8, 85.7, 56.9, 21.6; IR (KBr)
v: 1608, 1558, 1481, 1384, 1264, 1025, 810, 743, 702
cm . HRMS (ESI) caled for CsH;3BrCl,NaO [M+Na]®
486.8802, found 486.8814.

(2)-3-(IRCH F RS 3 )-2-(2,2,2- ¥R 2, 3E)-2,3-
TEORIFMRIE(3r): 62.4 mg, PR 55%, HAGEAK, mop.
103~106 “C; '"H NMR (400 MHz, CDCl3) 6: 7.33 (d, J=
7.6 Hz, 2H, Ar-H), 7.28 (s, 2H, Ar-H), 7.19~7.15 (m, 1H,
Ar-H), 6.90 (d, J=8.0 Hz, 1H, Ar-H), 6.65~6.61 (m, 1H,
Ar-H), 6.45 (d, J=7.6 Hz, 1H, Ar-H), 5.80 (d, J=9.6 Hz,
1H, CH), 4.02 (d, J=15.2 Hz, 1H, CH,), 3.40~3.34 (m,
1H, CH,), 2.44 (s, 3H, CHs); 3C NMR (100 MHz, CDCl5)
5: 162.7, 139.6, 138.7, 136.7, 130.9, 129.9, 128.8, 123.6,
123.5, 121.0, 114.1, 111.5, 87.0, 60.3, 34.8, 21.5; IR (KBr)
v: 1603, 1461, 1364, 1255, 1151, 1071, 1101, 888, 832,
775, 747, 689, 621 cm '. HRMS (ESI) calcd for CigH4-
Br;NaO [M+Na]" 584.7676, found 584.7680.

(2)-3-(R(FRFEL) W H HE)-2-(2,2,2- IR 2. 3E)-2,3- &
RIFRIH(3s): 66.4 mg, =% 60%. HEME A, mp. 72~
75 °C; 'H NMR (400 MHz, CDCl;) d: 7.50~7.43 (m, 5H,
Ar-H), 7.19~7.16 (m, 1H, Ar-H), 6.91 (d, J=8.4 Hz, 1H,
Ar-H), 6.63~6.59 (m, 1H, Ar-H), 6.38 (d, J=7.6 Hz, 1H,
Ar-H), 5.82 (d, J=9.2 Hz, 1H, CH), 4.03 (d, J=15.2 Hz,
1H, CH,), 3.41~3.35 (m, 1H, CH,); *C NMR (100 MHz,
CDCly) d: 162.7, 139.5, 139.0, 131.0, 129.5, 129.2, 128.9,
123.5, 121.0, 113.6, 111.5, 87.0, 60.3, 34.8; IR (KBr) v:
1606, 1461, 1364, 1258, 1068, 1022, 775, 746, 688 cm .
HRMS (ESI) caled for Ci7H;2BrsNaO [M + Na] *
570.7519, found 570.7532.

(Z)-3-(IR(4-1RZKFE) T H 52)-2-(2,2,2- = . 5%)-2,3-
AR IR (3E): 78.0 mg, FEEF 62%. [HAEK, mop.
141~144 °‘C; '"H NMR (400 MHz, CDCL3) 6: 7.61 (d, J=
8.0 Hz, 2H, Ar-H), 7.33 (d, J=7.6 Hz, 2H, Ar-H), 7.22~
7.19 (m, 1H, Ar-H), 6.92 (d, J=8.4 Hz, 1H, Ar-H), 6.69~
6.65 (m, 1H, Ar-H), 6.45 (d, J=7.6 Hz, 1H, Ar-H), 5.79
(d, J=9.2 Hz, 1H, CH), 3.99 (d, J=15.6 Hz, 1H, CH,),
3.39~3.33 (m, 1H, CH,); '*C NMR (100 MHz, CDCL;) 6:
162.9, 139.8, 138.4, 132.6, 131.4, 130.8, 123.7, 123.4,
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123.2, 121.2, 111.9, 111.8, 87.1, 60.3, 34.6; IR (KBr) v:
1652, 1584, 1460, 1384, 1254, 1072, 1011, 777, 758 cm .
HRMS (ESI) caled for Ci7H;iBrsNaO [M + Na] *
648.6624, found 648.6643.

(Z)-3-(ELCH HI 2R 28 ) 7 H 8 ) - 1 -6 FEY R T e 2 - 2-
(2,2,2- =R LF)BWEHE(3u): 80.9 mg, 75K 69%. HE
[, m.p. 193~196 ‘C; 'H NMR (400 MHz, CDCl;) &:
7.70 (d, J=8.0 Hz, 1H, Ar-H), 7.44 (d, J=8.0 Hz, 2H,
Ar-H), 7.27 (s, 1H, Ar-H), 7.24 (d, J=8.4 Hz, 1H, Ar-H),
7.19 (d, J=8.0 Hz, 2H, Ar-H), 7.11 (d, J=8.0 Hz, 2H,
Ar-H), 6.84~6.80 (m, 1H, Ar-H), 6.65 (s, 1H, Ar-H), 6.20
(d, J=7.6 Hz, 1H, Ar-H), 5.52 (d, J=9.2 Hz, 1H, CH),
3.16 (d, J=14.8 Hz, 1H, CH,), 3.02~2.96 (m, 1H, CH,),
2.40 (s, 3H, CHs), 2.37 (s, 3H, CH3); *C NMR (100 MHz,
CDCly) d: 144.6, 144.3, 139.7, 137.7, 135.7, 133.3, 130.9,
129.8, 129.7, 129.5, 128.5, 127.9, 126.3, 123.9, 122.1,
117.7, 96.6, 68.5, 55.7, 21.6, 21.5; IR (KBr) v: 1597, 1457,
1365, 1263, 1170, 1089, 1046, 904, 813, 774, 696, 576
cm . HRMS (ESI) caled for CysHaBrCl1sNNaO,S [M+
Na]" 605.9440, found 605.9444.

(2)-3-(BR (L) P 3 )- 1 -3 FR 2R At 0 -2-(2,2,2- =
AL FE)E IR (3Y): 108.5 mg, K 95%. [ AE 1A,
m.p. 199~201 °C; 'H NMR (400 MHz, CDCl3) : 7.71 (d,
J=8.0 Hz, 1H, Ar-H), 7.44 (d, J=8.0 Hz, 2H, Ar-H),
7.37~728 (m, 4H, Ar-H), 7.24~7.19 (m, 3H, Ar-H),
6.83~6.79 (m, 2H, Ar-H), 6.13 (d, J=7.6 Hz, 1H, Ar-H),
5.53 (d, J=9.6 Hz, 1H, CH), 3.17 (d, J=14.8 Hz, 1H,
CH,), 3.03~2.97 (m, 1H, CH»), 2.40 (s, 3H, CHs); *C
NMR (100 MHz, CDCls) o: 144.7, 144.4, 138.5, 138.1,
133.3, 130.8, 129.9, 129.6, 129.5, 129.1, 128.6, 127.9,
126.4,123.9, 122.1, 117.3, 96.6, 68.4, 55.7, 21.6; IR (KBr)
v: 1601, 1363, 1265, 1068, 954, 814, 774, 741, 578 cm ..
HRMS (ESI) calcd for CH;9BrCIzNNaO,S [M-l-Na]+
591.9283, found 591.9281.

(2)-3-(FR(4-F A ) W 5L )-1-%F HY ATk g 2 -2 -
(2,2,2- =G F L) 5| WEIBR (3w): 95.8 mg, F=% 79%. A
[l 44, m.p. 215~218 “C; '"H NMR (400 MHz, CDCl;) J:
7.71 (d, J=8.0 Hz, 1H, Ar-H), 7.44 (d, J=8.4 Hz, 2H,
Ar-H), 7.29 (d, J=7.6 Hz, 1H, Ar-H), 7.20 (d, J=8.4 Hz,
2H, Ar-H), 7.02~6.98 (m, 2H, Ar-H), 6.90~6.59 (m, 3H,
Ar-H), 6.16 (d, J=7.6 Hz, 1H, Ar-H), 5.51 (d, J=9.6 Hz,
1H, CH), 3.15 (d, J=15.2 Hz, 1H, CH,), 3.02~2.96 (m,
1H, CH,), 2.40 (s, 3H, CH3); 3C NMR (100 MHz, CDCl5)
J: 164.3, 161.8, 144.8, 144.4, 138.6, 134.6, 133.4, 130.6,
130.1, 129.5, 127.9, 126.4, 123.8, 122.2, 116.4, 116.2,
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116.0, 96.5, 68.5, 55.6, 21.6; IR (KBr) v: 1601, 1460,
1363, 1253, 1083, 1014, 926, 839, 774, 737, 620 cm .
HRMS (ESI) caled for CpHsBrCluNNaO,S [M+Na]®
625.8893, found 625.8921.
322 idh 5a B9 4R

TEESARY T, 5 3a (0.2 mmol, 86.5 mg). X H &
K4, 1.5 equiv., 34.8 mg). Pd(PPhs);Cl, (10 mol%,
14.0 mg). Cul (5 mol%, 1.9 mg)JI AN F|—> 25 mL 1] 52
SEwEH, H2mL =G G, 7650 CRIL18 h,
s )= 1 (TLC) dr U S B2, e B 58 42 Jm, A A
NH4Cl R R, AR, GHAHNAE, oK
BRAN T 5 T4, PRI E AT AR 7= 70 B (A T i )
1F3(2)-3-(1,3- =% IR FL P -2-B-1-T.4%)-2-(2,2,2- =
A H)-2,3- A K H M (5a) 28.4 mg, EF 30%. ¥k
FE K, mp. 141~144 °C; "H NMR (400 MHz, CDCl;)
0: 7.39 (d, J=7.2 Hz, 2H, Ar-H), 7.33 (d, J=7.6 Hz, 2H,
Ar-H), 7.28 (s, 2H, Ar-H), 7.19~7.15 (m, 1H, Ar-H), 7.12
(d, J=8.0 Hz, 2H, Ar-H), 6.91 (d, J=8.1 Hz, 1H, Ar-H),
6.68~6.65 (m, 2H, Ar-H), 6.10 (d, J=9.6 Hz, 1H, CH),
3.84 (d, J=15.2 Hz, 1H, CH,), 3.18~3.12 (m, 1H, CH,),
2.44 (s, 3H, CH3), 2.35 (s, 3H, CH3); '*C NMR (100 MHz,
CDCl;) J: 163.3, 144.3, 138.9, 138.3, 134.8, 131.4, 129.8,
129.3, 128.7, 124.3, 124.0, 120.9, 120.0, 115.3 111.3, 98.9,
97.4, 88.9, 83.9, 58.0, 21.7, 21.5; IR (KBr) v: 1606, 1507,
1362, 1253, 1028, 891, 815, 748 cm '. HRMS (ESI) calcd
for Co7H,C1sNaO [M+Na]™ 489.0556, found 489.0563.
323 fbdh Ta 696 &

RS T, ¥ 3a (0.2 mmol, 86.5 mg). XJ 3
ZHHER(6, 1.3 equiv., 35.3 mg). Pd(PPhs)s (5 mol%, 11.6
mg). KoCO; (3.0 equiv., 82.9 mg) A F]—4> 25 mL ] 52
¥, 2 mL 1) 1,4- SN, 7670 C RN
18 h, {2 A TLOM M RN, RNELE, A
ZE, W4d, HE R MR Y 53 B (R ) 75
B 3-( R R FE H HE)-2-(2,2,2- = 4 3)-2,3- AR
FEIKIRE(7a) 782 mg, F7H 88%. A, mp. 141~
144 °C; 'TH NMR (400 MHz, CDCl3) §: 7.22 (d, J=8.2 Hz,
4H, Ar-H), 7.18~7.11 (m, 5H, Ar-H), 6.87 (d, J=8.4 Hz,
1H, Ar-H), 6.64~6.61 (m, 1H, Ar-H), 6.54 (d, J=8.0 Hz,
1H, Ar-H), 6.03 (d, J=8.8 Hz, 1H, CH), 3.06~3.00 (m,
1H, CH,), 2.92 (d, J=15.2 Hz, 1H, CHy), 2.41 (s, 3H,
CHs), 2.32 (s, 3H, CH3); 3C NMR (100 MHz, CDCl3) §:
162.7, 138.9, 138.7, 137.7, 137.6, 136.2, 135.9, 130.3,
129.9, 129.8, 129.0, 128.7, 125.1, 124.0, 120.7, 110.9,
97.0, 81.9, 59.2, 21.5, 21.3; IR (KBr) v: 1608, 1362, 1265,
1084, 1029, 774, 747 cm™ . HRMS (ESI) calcd for CsHa)-
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CL;NaO [M+Na]" 465.0556, found 465.0558.

%4 Bh#1 L (Supporting Information)

&Y 3a~3w,

5a fll 7a ) '"H NMR Al 3C NMR i, X2k ar bl
F A F] 33 (http://sioc-journal.cn/)_E T 2.
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