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Abstract A new visible-light-driven photocatalytic Kharasch-type addition of 1,6-enynes was reported. By using the charac-
teristics of the in-situ-generation of trihalomethyl radicals from photocatalytic reduction of trichloromethane bromide and car-
bon tetrabromide, fac-Ir(ppy)s-catalyzed Kharasch-type addition of 1,6-enynes of these polyhalogenated hydrocarbon sub-
strates at room temperature was conducted under visible-light irradiation, regioselectively affording 1-indanone derivatives
with an exocyclic double bond and a quaternary carbon in moderate to good yields. Based on the experimental results and
literature reports, a reasonable reaction mechanism was proposed, which involved the in-situ-generation of trihalomethyl radi-
cals, radical-induced addition-cyclization and radical cross coupling. In addition, this protocol featured wide substrate scope,
high functional group compatibility, 100% atomic utilization, and mild conditions as well as simple operation. It provides a
green, mild, and efficient synthetic strategy for the construction of 1-indanone skeleton with potential application, which is
consistent with the concept of green chemistry.
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FREIVE TAEUE B T 6k )R RLAE A HLA BRI BT
JIUN - d il FRATTUR R B AT L A A SR SE B T
1,7-—$e 5% kiR ) Kharasch HIECAT 1,5-35 k% BUC R
R RES), iz RIS R TG 7R B, N B-gem- K I Hk
il 1 CER fE— P R 8 30 & T 25, AELIE OB H R
W EF R AR S N R, AT k8 R T Lok
A SN B R 1-BlilfT AR 2 A, A SO HRIE
HEALHT 1,6-450k 1 52 X RJ5EJE 2 1) Kharasch fii &
N, DXk B A A = AR BRI Y 1-Bf R
A 3, WCRRAF. &2 BT e s & P AU 1,6-
T AT AR e 2 s A b e i = SR B A DY iR Ak e, HL
A 100% 7 ) 2 A0 A s D726 AR S840 55, BE4t,
A R N AN ANFE T Kharasch B r 2061 i
HFEE T 1-EiATEDMRE, AR 2L 5
PAL T — MmN A .
1 ZR5TR
1.1 RMZFHHMRK

SRS 1,6 1a F1 = 5005 F 5 2a SRR
X RN SEAR AT IR, PR AN FBORIE . A Bk
R RGN BRSNS S B [ REm, LA S A ik
F 1 PR, B fac-Ir(ppy)s AOCBGN RN A,
B R AR A IR B 1,4- N HONTER, A R L
N1 D5 1a F 2a 7E SR TR BRI RIEEAT
N, 193] 7 Hbrr=4) 3aa, W% 85% (Entry 1). FEK=
SIRH G 2a FHAEAFITZN, G0iH5 &N
R AT D 4801 @ 3}, 3aa YW IATE T P4 (Entries
2~3). {fif] AgSCF; X AgOAc I}, 3aa HIWEEZE
73% (Entry 4), 18] AgOAc bt AgSCF; 5 AEAR1E% S v
HIHEA. WG %20 AgOAc HIFHE R, R/ H &4
iR 3aa WK T P& (Entries 5~6). 4 HAEIRE 10
mol%H, MR R JLFAIA 2] H b5 =4 (Entry 5). ¥
A E A Ru(bpy)sClae6H,0 BXHEZT Y (Eosin Y), %
N AR RERR R AT, BB EARFEY) 3aa, (HILBCR
fFH fac-Ir(ppy)s N ICHGRIRS (K (Entries 7~8). & AN
HeHG 8T Y6 B (Entries 9~10), 1% N TCiEHET, R
FEHRARDEHGRE Z N R A LB, BEE 55 T H
fib RS 2 SRR B 52 (Entry 11~12). ffide 45 )RR
W): ZNAE CJE(CHsCN)H AT BUEAT, (H433] 3aa [
FERAN 72%, i VUSRI (THF) 456 58 2 30 7 %
POSERE, JUF AR H AR =4, b mr A 1,4- 50N
IAE U SR OB SOR e . B J5 25 SRR 4t 70T J
MRS (Entry 14~15). %M Cs,COs A1 K,COs I,
25 B2 00 50 68%A11 64%, 17T NaOAc. %4 Lt
R, AL SR 268 A0 1,4-dioxane VA, BrCCls (5.0
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equiv.), AgOAc (1.0 equiv.), NaOAc (2.0 equiv.),
fac-Tr(ppy)s (1 mol%) N YeEHH.
1 AEY 3aa KPSEAFRRAL @

Table 1 Optimization of reaction conditions for the synthesis of
3aa

o} O

©)Jj+ BrCCl, fac-Ir(ppy)s, AgOAc cCls
% 2a Na_\OAc, 1,4-dioxane \
Ph air, r.t., Blue LEDs Br
1a Ph
3aa
Entry Variation of the established conditions  Yield/%
1 None 85
2 4.0 Equiv. of BrCCl; 80
3 3.0 Equiv. of BrCCl3 41
4 AgSCF3 instead of AgOAc 73
5 10 mol% of AgOAc Trace
6 50 mol% of AgOAc 36
7 Ru(bpy)3Cl*6H20 instead of fac-Ir(ppy)3 80
8 Eosin Y instead of fac-Ir(ppy)3 67
9 Without fac-Ir(ppy)s 0
10 No light 0
11 CH3CN as solvent 72
12 THF as solvent Trace
13 K2CO;s instead of NaOAc 64
14 CsCO:s instead of NaOAc 68

@ Reaction conditions: 1a (0.1 mmol), 2a (0.5 mmol), fac-Ir(ppy)s (1.0 mol%),
NaOAc (2.0 equiv.), AgOAc (1.0 equiv.), 1,4-dioxane (2 mL), air, 10W blue
light, room temperature,.4 h. * Isolated yield based on 1a
TEARAL R BLZ&AF T, X% AT WG AL Kharasch
IR R & P EAT 7 A, W1 Scheme 2a. #AILA
BrCCly (2a) WARRMRY), HE2T 1,6-MREY 1 bk
JEER IR EBUREERY) I TR0, 45 R AR it
FL - A B F B O AL b (A Te J24RAL 1d)s ZFE(Te)s
BT () B AR S (1), AE5IR 7L In &l (1h) &
R ()YIREMA N, AL AR e M AR (A S )4k
&%) 3ba~3ia, WHK N 64%~87%. HAFR T 3ea, H'E
BN — AR AR ). (A3 — TR, AR R
BUARH) 16~/ R 1d 2 5 ML I N, #5321 1 Toiksr B8
ATEEBIFEIT 1 2 1 HAEXT WS R4 3da, R R & 1%
ERR O — MR O F A G R A SEER 4
RATLAE H, 0738 b HUAREE A A7 B FEL 7 RS0 B
PR ICR R I AN B A, 2-MEmy FEEUAR I 1,6-04
e 1§ AL RN P BAIE S e — I8 R AP H I EE Ak, B
AR )7 3ja, ALK R ARLE By 12 11, B
BN T4%. BEIEHER T 1,6-M N 75 3 EHUAR S
(R HL 7~V BN I S SR SE . S5 SRR, B T kg
EERIE T EAEY) v, K3 C4 B C5 A7 B 1 HE(C4
1k~11, C5 1n). F%3E(C5 10)- #(C5 1p). & (C4 1m, C5
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1q~ 1u) &5 SRR IE X v] IR 2 5 e fiE b B, LA
50%~89% 177 FARAFXF ML 1-EfiEH =) 3ka~3ua. H
o S RORIER) 1,6 Tu R B0 H AR 1) S N 3
P, A EAL 1-El FUSCRAUA 50%.

N T R B N YE L, AT A
CBrs fE N H B AIAS 1,6-9 bk 75 6 L 3E4T
Kharasch JI% W (Scheme 3). Fl ] _EIRAR AL s N 264
SEH T CBra 5 1,6-Jfk AL, (HACRAE, L EL 35%
R3] 1-2if=Y) 3ab. 35 R0 S B 4 AT
T, RIS SR, T 1,6-/ 1a 5 CBry
IRy 102 B, SRRBATE RN 1-2fi
3ab, W 55%. TEHRAE T AR T 5018 = 1R FALEL
RRIEH 1-2ER =4 3ab~3mb, 374K 444 LA 7E
10 01 2>19 01 208, BlEN 47%~68%. 1575 H
(RYFIHIZEIRIR(R?) F & Fh AR IR [ 2 . H AR
A RYBEH NS S RN, HEASFS BrCCl ML,
W B BRSBTS r=4) 3 45932 NMR & Al
HRMS RAE. teAb, @ gl X LTt —SHe T
&Y 3ha FINLARLER, J9(Z)-B4(E 2), FLOEE SN &
A% E(CCDC) 5l 2088123.

B2 1-efifHATAEY) 3ha B SRS K

Figure 2 X-ray structure of 1-indanone 3ha
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3 XIS
3.1 X5

ICHS & A EACXT-5 BY); 20 40 6 3 AL (FTIR-
Tensor 27 #); i 4% (Bruker microTOF-QIIY); #Z% i3
R4 (Bruker DPX 400 MHz %), L5544 B4
(ZF-20D #Y); PUIREIfT X (Siemens P4 fY)5E.

R 77 : DMSO-ds( N #5 A TMS) . CDCl3( N #5 A
TMS). LR LB Tat) A B (AT 2h). 1,4- 50N
NG NG
3.2 ZWHE

2.5 mL 1,4-Z5 N4 1,6-05 1a (0.2 mmol,
492 mg). =& EH,E 2a (1.0 mmol, 198.0 mg). fac-
Ir(ppy)s (0.002 mmol, 1.3 mg). ZFR%H(0.4 mmol, 32.8
mg). ZFRH(0.2 mmol, 33.2 mg)IE I SN,
hnag, ¥ SNAA R ICEAEE 10 W Blue LED 472 5 cm fE
EAb, R THEE 4 h, F#)Z G0 (TLC) M .
R RN SEA 2 Ja dhiE, BOUER 4, FER AT AR
P B LTR CBR) - VCAED) =1 © 70], B3 A
[&] 44 H A5 r=%) 3aa~3ua.

Fl 2.5 mL ZJEH 1,6-%4% 1a (0.2 mmol, 49.2 mg)+
P9yRAETR 2b (0.4 mmol, 66.4 mg). fac-Ir(ppy)s (0.002
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mmol, 1.3 mg). ZIR44(0.4 mmol, 32.8 mg). ZLFERER(0.2
mmol, 33.2 me)iFM AR F, Ik, # R
AMESEE 10 W Blue LED JTHESS, fEEIE FHHE 4 h,
FH 2 1S (TLC) Ml e B2, A R B 56 4 2 e g, HX
JEWAR G, FRRERETHERR = 75 B V(LR L BR) -
VAR =1 : 70132 A & 44 H #5724 3ab~3nb.

3-(RIRIET FHIE)-2- L -2-(2,2,2- =5 . 8)-2,3-
2 -1H-Efi-1-l{(3aa): 78.7 mg, =% 89%. [a 44K, m.p.
140~141 °C; '"H NMR (400 MHz, CDCl3) §: 7.81~7.80
(d, J=7.6 Hz, 1H, Ar-H), 7.54~7.40 (m, 4H, Ar-H),
7.38~7.30 (m, 2H, Ar-H), 7.26~7.19 (m, 1H, Ar-H),
6.35~6.33 (d, J=8.4 Hz, 1H, Ar-H), 4.20~4.16 (d, J=
15.2 Hz, 1H, CH,), 3.60~3.56 (d, J=15.2 Hz, 1H, CH,),
1.66 (s, 3H, CH3); 3C NMR (100 MHz, CDCl;) 6: 205.4,
147.4, 142.2, 137.5, 135.8, 134.9, 129.8, 129.7, 129.6,
129.3, 128.2, 128.1, 125.4, 124.1, 124.0, 96.9, 57.3, 54.9,
24.0; IR (KBr) v: 1714, 1592, 1469, 1371, 1222, 1132,
1074, 950, 858, 768 cm™!. HRMS (ESI) calcd for CjoH4-
BrCLO [M+H]" 442.9372; found 442.9358.

3-[VR O 2K 38 W 2 ]-2- R -2-2,22- =R &
F#)-2,3- & (- 1H-El-1-fi(3ba): 64.7 mg, 5K T1%. A
[E £, m.p. 123~124 ‘C; 'H NMR (400 MHz, CDCls) §:
7.84~7.76 (m, 1H, Ar-H), 7.37~7.28 (m, 4H, Ar-H),
7.26~7.21 (m, 2H, Ar-H), 6.45~6.43 (d, J=8.4 Hz, 1H,
Ar-H), 4.19~4.16 (d, J=15.2 Hz, CH,), 3.60~3.55 (d,
J=15.2 Hz, CH,), 2.46 (s, 3H, CH;), 1.65 (s, 3H, CHs);
13C NMR (100 MHz, CDCl3) 8: 200.4, 142.4, 134.6, 134.2,
132.0, 130.6, 129.7, 125.3, 125.2, 124.0, 122.9, 120.2,
119.4, 118.9,91.7, 52.1, 49.7, 18.9, 18.8, 16.5; IR (KBr) v:
1725, 1651, 1505, 1384, 1227, 1138, 1027, 953, 865, 761
cm '. HRMS (ESI) caled for CyH;sBrC1,0 [M+H]"
456.9528; found 456.9518.

3[R (AR H K 3 ) I 3 )2- 3 2-2,2,2- =R L
$)-2,3- " - 1 H-2fi-1-Bid(3ca): 78.4 mg, 7&K 86%. 4
[l 44, m.p. 127~128 “C; '"H NMR (400 MHz, CDCl;) ¢:
7.82~7.80 (d, J=7.6 Hz, 1H, Ar-H), 7.42~7.31 (m, 4H,
Ar-H), 7.30~7.27 (m, 1H, Ar-H), 7.25~7.21 (m, 1H,
Ar-H), 6.20~6.18 (d, J=8.4 Hz, 1H, Ar-H), 4.27~4.17
(m, 1H, CHy), 3.66~3.52 (m, 1H, CHy), 2.20 (s, 3H, CH3),
1.68 (s, 3H, CH3); C NMR (100 MHz, CDCl;) 6: 205.5,
147.2, 141.2, 137.7, 135.7, 135.4, 135.0, 131.4, 129.7,
129.4, 127.7, 127.5, 124.6, 124.1, 123.5, 96.9, 57.6, 54.7,
23.9, 18.8; IR (KBr) v: 1720, 1592, 1471, 1372, 1289,
1198, 1046, 952, 867, 768 cm '. HRMS (ESI) calcd for
Ca0H7BrCL13:0 [M+H]" 456.9528; found 456.9510.
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3-[VR (] F 2R3 7 H B )-2- 1 26 -2-(2,2,2- = &
$)-2,3- A -1H-Ei-1-B(3da): 62.9 mg, *F 69%. H
& E &, mp. 115~116 “C; '"H NMR (400 MHz, CDCl;)
5: 7.80~7.79 (d, J=7.6 Hz, 1H, Ar-H), 7.41~7.31 (m,
2H, Ar-H), 7.28 (s, 1H, Ar-H), 7.25~7.15 (m, 2H, Ar-H),
6.42~6.34 (m, 1H, Ar-H), 424~4.13 (m, 1H, CH,),
3.60~3.56 (d, J=15.2 Hz, 1H, CH,), 2.40~2.39 (d, J=
4.0 Hz, 3H, CH3), 1.66 (s, 3H, CH3); '3C NMR (100 MHz,
CDCly) d: 205.5, 147.5, 142.1, 139.6, 137.2, 135.7, 134.9,
130.3, 129.6, 129.2, 128.5, 128.3, 125.4, 125.0, 124.0,
96.8, 57.3, 54.8, 24.0, 21.6; IR (KBr) v: 1720, 1594, 1480,
1373, 1195, 1029, 956, 887, 776 cm . HRMS (ESI) calcd
for C20H17BrCL30 [M+H]" 456.9528; found 456.9511.

3-[VR(4- L FE R H KL )-2- F AR -2-(2,2,2- =R/ &
$)-2,3- & -1H-E-1-ff(3ea): 67.7 mg, ;7K 72%. Afh
44, m.p. 105~106 ‘C;'H NMR (400 MHz, CDCl;) ¢:
7.83~7.77 (m, 1H, Ar-H), 7.60~7.51 (m, 2H, Ar-H),
7.42~731 (m, 3H, Ar-H), 7.29~7.21 (m, 2H, Ar-H),
6.40~6.38 (d, J=8.4 Hz, 1H, Ar-H), 5.33~5.22 (m, 1H,
CH,), 4.18~4.14 (d, J=15.6 Hz, 1H, CH,), 3.40~3.56
(d, J=15.2 Hz, 1H, CHy), 2.11~2.10 (d, J=7.2 Hz, 3H,
CH3), 1.65 (s, 3H, CH3); *C NMR (100 MHz, CDCl;) ¢:
200.2, 142.1, 139.6, 136.8, 132.6, 130.6, 129.8, 124.3,
123.5, 123.4, 123.1, 123.0, 123.0, 120.2, 119.0, 118.0,
91.6, 52.1, 49.8, 49.8, 43.3, 21.6, 18.8; IR (KBr) v: 1713,
1592, 1470, 1374, 1229, 1133, 1042, 952, 864, 771 cm ..
HRMS (ESI) caled for Co1HsBrCL,0 [M+H]" 470.9685;
found 470.9653.

3-[VR(4-CRUT 55 2K 3k ) 7 46 ]-2- F R-2-(2,2,2- =4
4. 3)-2,3- “ A -1H-Ei-1-ld(3fa): 63.7 mg, =% 64%. M
& 1A, mp. 131~132 °C; 'TH NMR (400 MHz, CDCl;)
5: 7.82~7.77 (m, 1H, Ar-H), 7.53~7.47 (m, 2H, Ar-H),
7.36~7.30 (m, 2H, Ar-H), 7.28~7.27 (d, J=2.0 Hz, 1H,
Ar-H), 7.25~7.19 (m, 1H, Ar-H), 6.37~6.35 (d, J=8.4
Hz, 1H, Ar-H), 420~4.16 (d, J=15.2 Hz, 1H, CH,),
3.59~3.55 (d, J=15.2 Hz, 1H, CH,), 1.65 (s, 3H, CH),
1.39 (s, 9H, #-Bu); *C NMR (100 MHz, CDCl;) d: 205.7,
153.0, 147.7, 139.3, 137.2, 135.7, 134.9, 129.2, 127.8,
126.6, 125.4, 124.6, 124.0, 96.9, 57.3, 54.9, 35.0, 31.4,
24.0; IR (KBr) v: 1714, 1594, 1470, 1373, 1226, 1136,
1051, 954, 868, 762 cm™'. HRMS (ESI) calcd for Ca3Ha,-
BrCl;NaO [M+Na]" 520.9817; found 520.9807.

3[R (4-FH AL ORI W AR - 2- H 2 2-(2,2,2- =&
4.3)-2,3- A -1H-Ei-1-ld(3ga): 76.5 mg, ;=% 81%.
& 1A, mp. 139~140 C; 'TH NMR (400 MHz, CDCl;)
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0: 7.81~7.78 (m, 1H, Ar-H), 7.38~7.26 (m, 4H, Ar-H),
7.03~6.97 (m, 2H, Ar-H), 6.49~6.47 (d, J=8.4 Hz, 1H,
Ar-H), 4.19~4.15 (d, J=15.2 Hz, 1H, CH,), 3.89 (s, 3H,
CH3), 3.59~3.55 (d, J=15.2 Hz, 1H, CH,), 1.64 (s, 3H,
CHs); *C NMR (100 MHz, CDCls) : 205.6, 160.4, 147.7,
137.2, 135.7, 134.9, 134.6, 129.8, 129.2, 125.4, 124.6,
124.1, 115.1, 114.9, 96.9, 57.2, 55.5, 54.9, 24.0; IR (KBr)
vi 1722, 1601, 1467, 1370, 1202, 1130, 1023, 951, 860,
770 cm™'. HRMS (ESI) calcd for CaoH6BrCl3NaO, [M+
Na]" 494.9297; found 494.9276.

3[R @-F R FH W L ]2- A 2-2,2,2- =& 4
$)-2,3- A - 1H-Ei-1-Fi(3ha): 83.2 mg, F“F87%. H
[l 44, m.p. 85~86 ‘C; 'H NMR (400 MHz, CDCl;) J:
7.84~7.79 (m, 1H, Ar-H), 7.50~7.46 (m, 2H, Ar-H),
7.40~7.34 (m, 2H, Ar-H), 7.33~7.29 (m, 2H, Ar-H),
6.46~6.44 (d, J=8.4 Hz, 1H, Ar-H), 4.17~4.14 (d, J=
15.2 Hz, 1H, CHy), 3.60~3.56 (d, J=15.2 Hz, 1H, CH,),
1.65 (s, 3H, CH3); C NMR (100 MHz, CDCl;) 6: 205.1,
147.0, 140.5, 138.0, 135.8, 135.6, 135.0, 130.1, 130.0,
129.7,129.5, 125.2, 124.2, 122.4,96.7, 57.2, 54.9, 23.9; IR
(KBr) v: 1713, 1634, 1486, 1385, 1222, 1132, 1091, 953,
860, 767 cm . HRMS (ESI) caled for C;oH;3BrCl4NaO
[M+Na]" 500.8772; found 500.8751.

3-[VR - VR R FH) W H FE]-2-H 3 -2-2,22- =& &
#)-2,3- T A(-1H-Ei-1-Ff(3ia): 69.9 mg, 7F 67%. A
[E £, m.p. 122~123 °C; 'H NMR (400 MHz, CDCls) §:
7.84~7.79 (m, 1H, Ar-H), 7.67~7.60 (m, 2H, Ar-H),
7.41~7.36 (m, 1H, Ar-H), 7.33~7.27 (m, 2H, Ar-H),
726~721 (m, 1H, Ar-H), 6.49~6.42 (m, 1H, Ar-H),
4.17~4.13 (d, J=15.2 Hz, 1H, CH,), 3.40~3.56 (d, J=
15.2 Hz, 1H, CH,), 1.64 (s, 3H, CH;); *C NMR (100
MHz, CDCl) d: 205.2, 147.1, 141.1, 138.1, 135.9, 135.1,
133.1, 130.0, 129.7, 125.3, 124.4, 123.9, 122.4, 96.8, 57.3,
55.0, 24.0; IR (KBr) v: 1713, 1634, 1482, 1385, 1221,
1133, 1071, 953, 859, 766 cm '. HRMS (ESI) caled for
C19H13Br,CIsNaO [M+Na]" 544.8276; found 544.8247.

3-[ VR (MEWy -2-38) Y AL )-2- H Bk -2-(2,2,2- = &
)-2,3- K- 1H-Ei-1-Ff(3ja): 66.3 mg, 7&K 74%. AT
[l 44, m.p. 131~132 “C; '"H NMR (400 MHz, CDCl;) ¢:
7.84~7.79 (m, 1H, Ar-H), 7.56~7.51 (m, 1H, Ar-H),
7.42~731 (m, 2H, Ar-H), 7.15~7.08 (m, 2H, Ar-H),
6.57~6.55 (d, J=8.0 Hz, 1H, Ar-H), 4.19~4.15 (d, J=
15.2 Hz, 1H, CH,), 3.58~3.54 (d, J=15.2 Hz, 1H, CH,),
1.64 (s, 3H, CH3); C NMR (100 MHz, CDCl;) 6: 205.1,
147.2, 143.4, 141.0, 135.9, 135.1, 129.8, 128.5, 127.9,
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127.7,125.4, 124.1, 115.4, 96.7, 57.1, 55.0, 23.8; IR (KBr)
v 1721, 1592, 1488, 1384, 1230, 1127, 1038, 946, 854,
764 cm ! HRMS (ESI) caled for Cy7H;BrCL,OS [M—
H]™ 446.8780; found 446.8773.

3-[VR(4- R LR W AL )-2,5- R -2-(2,2,2-=
A LH)-2,3- "4 -1H-Eli-1-F(3ka): 85.6 mg, "% 88%.
WO, mp. 142~143 °C; 'H NMR (400 MHz,
CDCly) 6: 7.78~7.76 (d, J=8.0 Hz, 1H, Ar-H), 7.70~
7.68 (d, J=8.0 Hz, 1H, Ar-H), 7.39~7.34 (m, 2H, Ar-H),
7.30~7.27 (m, 1H, Ar-H), 6.98~6.97 (m, 1H, Ar-H),
6.97~6.95 (m, 1H, Ar-H), 4.17~4.13 (d, J=15.2 Hz, 1H,
CH,), 3.89 (s, 3H, CH3), 3.57~3.53 (d, J=15.2 Hz, 1H,
CH,), 2.12 (s, 3H, CH3), 1.62 (s, 3H, CH3); *C NMR (100
MHz, CDCly) 0: 205.1, 146.4, 145.9, 138.5, 137.3, 135.1,
134.8, 134.2, 133.6, 131.4, 130.6, 129.8, 127.1, 125.8,
1243, 124.0, 123.9, 96.3, 57.1, 55.2, 24.1; IR (KBr) v:
1709, 1604, 1456, 1385, 1252, 1131, 1030, 955, 824, 773
cm . HRMS (ESI) calcd for C;H;sBrCI;NaO, [M+Na]®
508.9453; found 508.9435.

3-[IR@-F ORI FF]-2,5- — H32-2,22- =& 4
)-2,3- A -1H-E-1-[f(31a): 84.6 mg, /7 86%. MHfh
[l 44, m.p. 184~185 ‘C; '"H NMR (400 MHz, CDCl;) ¢:
7.71~7.69 (d, J=8.0 Hz, 1H, Ar-H), 7.62~7.60 (d, J=
8.4 Hz, 1H, Ar-H), 7.51~7.49 (d, J=8.4 Hz, 1H, Ar-H),
7.45~7.35 (m, 2H, Ar-H), 7.20~7.18 (d, J=7.6 Hz, 1H,
Ar-H), 6.86~6.85 (d, J=4.4 Hz, 1H, Ar-H), 2.82~2.56
(m, 2H, CHy), 2.20 (s, 3H, CH3), 1.63 (s, 3H, CH3); 1*C
NMR (100 MHz, CDCLy) d: 203.7, 146.8, 146.4, 136.7,
133.4, 131.9, 131.0, 130.7, 130.6, 130.5, 130.5, 129.6,
129.3, 1249, 124.4, 46.9, 46.8, 22.5, 21.7; IR (KBr) v:
1701, 1600, 1490, 1376, 1200, 1123, 1087, 972, 834, 760
cm . HRMS (ESI) calcd for CyoH;sBrCl,NaO [M+Na]®
514.8929; found 514.8927.

3-[IRCR L) I 5L )-5- 4 -2- F E-2-2,2,2- =& &
$)-2,3- " F-1H-Ei-1-fi(3ma): 86.0 mg, /7% 90%. [
B E A, mp. 183~184 ‘C; 'H NMR (400 MHz, CDCls)
9: 7.73~7.71 (d, J=8.4 Hz, 1H, Ar-H), 7.56~7.49 (m,
3H, Ar-H), 7.42~7.37 (m, 1H, Ar-H), 7.36~7.28 (m, 2H,
Ar-H), 6.20~6.19 (d, J=2.0 Hz, 1H, Ar-H), 4.18~4.14
(d, J=15.6 Hz, 1H, CH,), 3.58~3.54 (d, J=15.2 Hz, 1H,
CH>), 1.65 (s, 3H, CH3); *C NMR (100 MHz, CDCl;) ¢:
204.2, 148.5, 141.6, 136.5, 134.0, 130.0, 129.9, 127.9,
127.8, 125.7, 125.1, 96.7, 57.3, 55.1, 24.0; IR (KBr) v:
1714, 1589, 1486, 1373, 1222, 1134, 1075, 955, 859, 771
cm . HRMS (ESI) caled for CioH;;BrCLO [M—H]
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476.8796; found 476.8798.

3-[IR(EF) I 3L ]-2,6- — I 2-Q22- =R &
F)-2,3- & (-1H-Ei-1-ffi(3na): 75.7 mg, ;7 83%. H
[E4£, mp. 119~120 °C; '"H NMR (400 MHz, CDCl) §:
7.59~7.58 (d, J=1.6 Hz, 1H, Ar-H), 7.52~7.43 (m, 3H,
Ar-H), 7.42~7.38 (m, 1H, Ar-H), 7.36~7.30 (m, 1H,
Ar-H), 7.09~7.02 (m, 1H, Ar-H), 6.22~6.20 (d, J=8.4
Hz, 1H, Ar-H), 4.18~4.14 (d, J=15.2 Hz, 1H, CH,),
3.58~3.54 (d, J=15.2 Hz, 1H, CH,), 2.32 (s, 3H, CHz),
1.64 (s, 3H, CH3); C NMR (100 MHz, CDCl;) 6: 205.6,
145.2, 142.3, 139.9, 137.4, 136.3, 136.0, 129.7, 129.5,
128.2, 125.1, 123.9, 122.7, 96.9, 57.3, 55.1, 24.0, 21.2; IR
(KBr) v: 1716; 1575, 1472, 1384, 1224, 1158, 959, 872,
741 cm™ . HRMS (ESI) calcd for CyoH;6BrCl3NaO [M—+
Na]" 478.9348; found 478.9330.

3-[ PR (4-F A L) I F I ]-6- F 4 2 -2- FF 3 -2-(2,2,2-
=R L H)-2,3- A~ 1H-Efi-1- (30a): 90.4 mg, ;=
89%. Ml A, m.p. 182~183 “C; '"H NMR (400 MHz,
CDCLy) d: 7.49~7.43 (m, 2H, Ar-H), 7.37~7.28 (m, 2H,
Ar-H), 7.20~7.19(d, J=2.8 Hz, 1H, Ar-H), 6.90~6.85
(m, 1H, Ar-H), 6.35~6.33 (d, J=8.8 Hz, 1H, Ar-H),
4.15~4.11 (d, J=15.6 Hz, 1H, CH,), 3.81 (s, 3H, CHs),
3.57~3.53 (d, J=15.6 Hz, 1H, CH,), 1.63 (s, 3H, CHs);
13C NMR (100 MHz, CDCls) d: 200.0, 155.6, 135.5, 132.4,
130.2, 124.8, 121.1, 119.2, 114.1, 99.7, 91.6, 52.1, 50.6,
50.3, 18.8; IR (KBr) v: 1720, 1604, 1485, 1384, 1236,
1167, 1022, 981, 828, 772 cm '. HRMS (ESI) caled for
CaoH5BrCI,NaO, [M+Na]" 530.8878; found 530.8863.

3-[VR (R FE) T H 2 ]-6- 91 -2- FH B -2-(2,2,2- = &
$)-2,3- A - 1H-Ei-1-Fi(3pa): 64.4 mg, F“F70%. A
[l 44, m.p. 123~124 “C; '"H NMR (400 MHz, CDCl;) ¢:
7.54~7.30 (m, 6H, Ar-H), 6.97~6.89 (m, 1H, Ar-H),
6.32~6.26 (m, 1H, Ar-H), 4.19~4.15 (d, J=15.2 Hz, 1H,
CH,), 3.58~3.54 (d, J=15.2 Hz, 1H, CH,), 1.66 (s, 3H,
CHs); 3C NMR (100 MHz, CDCls) d: 204.6, 162.9 (d,
Jer=252.4 Hz), 143.6, 142.0, 137.9, 136.5, 129.9, 129.7,
128.1, 127.4 (d, 3Jcr=7.9 Hz), 123.4 (d, *Jcr=2.8 Hz),
122.8, 109.7 (d, 2Jcr=21.7 Hz), 96.7, 57.4, 55.5, 24.0; IR
(KBr) v: 1720, 1610, 1479, 1371, 1268, 1153, 1092, 965,
850, 770 cm . HRMS (ESI) calcd for CjoH;;BrCI;FO
[M—H]~ 458.9121; found 458.9123.

3-[IR(CREL) T KL ]-6--2- F 2 -2-(2,2,2- =& &
F#)-2,3- A (- 1H-E-1-fi(3qa): 71.7 mg, F5E 75%. A
[E £, m.p. 138~139 ‘C; 'H NMR (400 MHz, CDCl;) §:
7.75~7.74 (d, J=2.0 Hz, 1H, Ar-H), 7.54~7.46 (m, 3H,
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Ar-H), 7.41~7.36 (m, 1H, Ar-H), 7.33~7.32 (d, J=6.0
Hz, 1H, Ar-H), 7.20~7.14 (m, 1H, Ar-H), 6.25~6.22 (d,
J=8.8 Hz, 1H, Ar-H), 4.18~4.14 (d, J=15.6 Hz, 1H,
CH,), 3.58~3.54 (d, J=15.6 Hz, 1H, CH,), 1.65 (s, 3H,
CHs); 3C NMR (100 MHz, CDCl) 8: 204.4, 145.7, 142.0,
137.2, 136.7, 135.7, 135.1, 126.6, 126.5, 124.6, 123.7,
96.8, 57.4, 55.3, 24.0.; IR (KBr) v: 1726, 1577, 1460,
1369, 1221, 1121, 959, 860, 779 cm”'. HRMS (ESI) calcd
for C1oH14BrCL,O [M+H]" 478.8952; found 478.8948.

3[R 2R IE) W 3 )-6- 5 -2- F AR -2-(2,2,2- =&
£.3)-2,3- A -1H-Ei-1-fli(3ra): 68.7 mg, /*F 69%. %
WO E A, mp. 107~108 C; 'H NMR (400 MHz,
CDCls) 6: 7.76~7.72 (m, 1H, Ar-H), 7.32~7.27 (m, 3H,
Ar-H), 7.24~7.17 (m, 2H, Ar-H), 6.40~6.31 (m, 1H,
Ar-H), 422~4.11 (m, 1H, CH,), 3.61~3.51 (m, 1H,
CHy,), 2.46 (s, 3H, CH3), 1.64 (s, 3H, CH3); 3C NMR (100
MHz, CDCLy) 6: 204.4, 145.8, 140.0, 139.1, 137.1, 136.3,
135.5, 134.9, 130.5, 130.4, 127.9, 127.9, 126.6, 125.0,
123.6,96.7, 57.3, 55.2, 23.9, 21.6; IR (KBr) v: 1718, 1608,
1466, 1373, 1250, 1132, 1032, 938, 866, 779 cm '. HRMS
(ESI) caled for CooHiBrCL,O [M+H]" 492.9109; found
492.9101.

3-(VR (@-CRUT ) 2K 3L ) W 3 )-6- & -2- H i -2-
(2,2,2- =5 . 3)-2,3- A -1 H-Bfi-1-Ff(3sa): 90.8 mg, 7~
K 85%. WWHEMOER, mp. 154~155 C; 'H NMR (400
MHz, CDCls) 6: 7.76~7.71 (m, 1H, Ar-H), 7.64~7.62 (d,
J=8.0 Hz, 1H, Ar-H), 7.49~7.40 (m, 2H, Ar-H), 7.33~
7,31 (d, J=8.4 Hz, 1H, Ar-H), 6.81~6.80 (d, J=4.4 Hz,
1H, Ar-H), 6.66~6.64 (d, J=8.4 Hz, 1H, Ar-H), 2.83~
2.65 (m, 2H, CH,), 1.65 (s, 3H, CHs), 1.39 (s, 9H, #-Bu);
13C NMR (100 MHz, CDCLy) 8: 203.5, 154.5, 145.0, 135.5,
1352, 135.1, 132.7, 131.7, 129.1, 128.6, 127.4, 126.1,
125.4, 124.4, 47.1, 47.0, 35.1, 31.3, 21.8; IR (KBr) v:
1729, 1601, 1463, 1374, 1235, 1135, 1054, 959, 819, 771
cm '. HRMS (ESI) calcd for Cy3HyBrCl,NaO [M+Na]"
556.9398; found 556.9380.

3[R (4- F AR ORI T Y R ]-6- S -2- R -2-(2,2,2-
A O HE)2,3- A -1H-Ei-1-Fi 3ta): 843 mg, FFFK
83%. W ME K, mp. 79~80 C; 'H NMR (400 MHz,
CDCls) d: 7.86~7.68 (m, 2H, Ar-H), 7.24~7.18 (m, 1H,
Ar-H), 7.04~6.94 (m, 3H, Ar-H), 6.43~6.36 (m, 1H,
Ar-H), 4.20~4.12 (m, 1H, CH>), 3.89 (s, 3H, CH3), 3.59~
3.52 (m, 1H, CHy), 1.63 (s, 3H, CHj); 3C NMR (100
MHz, CDCL3) 6: 204.4, 160.6, 145.9, 135.5, 134.9, 134.3,
129.7, 128.0, 126.5, 125.2, 123.6, 115.2, 115.0, 96.7, 57.3,
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55.5, 25.9, 23.9; IR (KBr) v: 1724, 1600, 1462, 1372,
1251, 1132, 1030, 958, 824, 772 cm '. HRMS (ESI) calcd
for CayH;sBrCLNaO, [M + Na] © 530.8878; found
530.8864.

3[R (4-F 28 3 ) W Y 3k ]-6- 5 -2- F 3 -2-(2,2,2- = 4K
£.38)-2,3- A -1H-Ei-1-Hi(3ua): 49.6 mg, 773K 50%. X
B [ 4K, mp. 193~194 ‘C; 'H NMR (400 MHz,
CDClL3) d: 8.99~8.97 (d, J=8.8 Hz, 1H, Ar-H), 7.86~
7.68 (m, 2H, Ar-H), 7.40~7.36 (m, 1H, Ar-H), 7.19~7.14
(m, 2H, Ar-H), 6.30~6.29 (d, J=8.8 Hz, 1H, Ar-H),
4.16~4.13 (d, J=15.2 Hz, 1H, CHp), 3.58~3.54 (d, J=
152 Hz, 1H, CHy), 1.64 (s, 3H, CH3); *C NMR (100
MHz, CDCl;) 6: 204.2, 163.3 (d, 'Jcr=249.9 Hz), 1454,
138.7, 138.1 (d, “Jcr=3.8 Hz), 137.5, 137.2, 135.9, 135.2,
130.3 (d, Yer=16.1 Hz), 128.0, 126.4, 123.8, 123.3,
117.1 (d, *Jcr=9.5 Hz), 96.7, 57.3, 55.3, 23.9; IR (KBr) v:
1717, 1635, 1505, 1385, 1228, 1134, 1093, 972, 857, 761
cm . HRMS (ESI) calcd for CioH;,BrCI,FNaO [M+Na]*
518.8678; found 516.8673.

3-[IR(RIE) T F L )-2- FF 3E-2-(2,2,2- =R £, 36)-2,3-
A -1H-Efi-1-f{(3ab): 63.6 mg, FEE 55%. [k,
m.p. 156~157 ‘C; '"H NMR (400 MHz, CDCls) J: 7.84~
7.78 (m, 1H, Ar-H), 7.54~7.43 (m, 4H, Ar-H), 7.37~7.29
(m, 2H, Ar-H), 7.25~7.20 (m, 1H, Ar-H), 6.36~6.34 (d,
J=8.4 Hz, 1H, Ar-H), 4.57~4.53 (d, J=15.2 Hz, 1H,
CH,), 3.97~3.94 (d, J=15.6 Hz, 1H, CH,), 1.66 (s, 3H,
CH3); '3C NMR (100 MHz, CDCls) d: 205.4, 147.7, 142.3,
137.1, 136.5, 134.9, 129.8, 129.7, 129.6, 129.3, 128.2,
128.1, 125.4, 124.2, 124.1, 61.2, 57.1, 33.5, 24.4; IR (KBr)
v 1717, 1634, 1466, 1369, 1223, 1150, 1026, 946, 855,
763 cm '. HRMS (ESI) calcd for Ci9Hj4BryNaO [M+
Na]® 600.7635; found 600.7610.

3[R (4- H AR BE DR ) I H R )-2- H R -2-(2,2,2- =98
2.3£)-2,3- A -1H-Ei-1-H{(3gb): 70.5 mg, 773 58%. [
B E A, mp. 139~140 ‘C; 'H NMR (400 MHz, CDCl;)
0: 7.82~7.78 (m, 1H, Ar-H), 7.46~7.39 (m, 1H, Ar-H),
7.37~7.31 (m, 1H, Ar-H), 7.30~7.26 (m, 2H, Ar-H),
7.02~6.96 (m, 2H, Ar-H), 6.50~6.48 (d, J=8.0 Hz, 1H,
Ar-H), 4.56~4.52 (d, J=15.6 Hz, 1H, CH,), 3.97~3.893
(d, J=15.6 Hz, 1H, CH,), 3.91~3.88 (m, 3H, CH3), 1.64
(s, 3H, CH3); *C NMR (100 MHz, CDCl;) 6: 205.5, 160.4,
148.0, 136.8, 136.5, 134.9, 134.7, 129.9, 129.8, 129.2,
125.4, 124.8, 124.1, 115.1, 114.9, 61.1, 57.2, 55.5, 33.6,
24.5; IR (KBr) v: 1714, 1595, 1463, 1371, 1229, 1130,
1024, 948, 860, 766 cm™'. HRMS (ESI) calcd for CaoHe-
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Br;NaO, [M+Na]" 630.7741; found 630.7718.

3-[VR(4- S K ) T AR ]-2- 6 -2-(2,2,2- =R 4
$)-2,3- " &-1H-Ei-1-ffi(3hb): 57.5 mg, F“FK 47%.
AR, mp. 167~168 °C; 'H NMR (400 MHz, CDCls)
5: 7.83~7.81 (d, J=7.2 Hz, 1H, Ar-H), 7.53~7.41 (m,
3H, Ar-H), 7.41~7.35 (m, 1H, Ar-H), 7.33~7.26 (m, 2H,
Ar-H), 6.47~6.45 (d, J=8.0 Hz, 1H, Ar-H), 4.54~4.50
(d, J=15.6 Hz, 1H, CH,), 3.97~3.93 (d, J=15.6 Hz, 1H,
CH>), 1.65 (s, 3H, CH3); *C NMR (100 MHz, CDCl;) ¢:
205.1, 147.4, 140.6, 137.8, 136.6, 135.0, 130.1, 130.0,
129.9, 129.7, 129.6, 125.3, 124.3, 122.6, 61.1, 57.2, 33.4,
24.4; IR (KBr) v: 1709, 1635, 1485, 1372, 1221, 1152,
1024, 943, 840, 774 cm™'. HRMS (ESI) calcd for C oHs-
Bry;CINaO [M+Na]" 634.7245; found 634.7219.

3[R (R 5L H AL ]-5- 0 -2- HE 86 -2-(2,2,2- =R &
$)-2,3- & -1H-Efi-1-Fi(3mb): 83.2 mg, /*F 68%. H
& 1A, mp. 173~174 “C;'H NMR (400 MHz, CDCl;)
8: 7.74~7.72 (d, J=8.0 Hz, 1H, Ar-H), 7.59~7.42 (m,
4H, Ar-H), 7.35~7.28 (m, 2H, Ar-H), 6.25~6.18 (m, 1H,
Ar-H), 4.54~4.50 (d, J=15.6 Hz, 1H, CH,), 3.97~3.93
(d, J=15.6 Hz, 1H, CH,), 1.65 (s, 3H, CHs); C NMR
(100 MHz, CDCl3) 0: 204.1, 148.8, 141.6, 141.5, 136.2,
134.8, 130.0, 129.9, 128.0, 127.8, 125.8, 125.7, 125.0,
61.1,57.3,33.3,24.4; IR (KBr) v: 1709, 1589, 1441, 1373,
1220, 1130, 1072, 981, 855, 770 cm™'. HRMS (ESI) calcd
for CioH;3BrysCINaO [M + Na] ' 634.7245; found
634.7220.

3[R (EIH W HFE]-2,6- ~ W I -2-222- =R &
3)-2,3- A -1H-Ei-1-8d(3nb): 78.1 mg, *F 66%. H
EEA, mp. 139~140 ‘C; '"H NMR (400 MHz, CDCls)
5: 7.60~7.44 (m, 5H, Ar-H), 7.33~7.28 (m, 1H, Ar-H),
7.07~7.05 (d, J=8.4 Hz, 1H, Ar-H), 6.23~6.21 (d, J=
8.4 Hz, 1H, Ar-H), 4.55~4.51 (d, J=15.6 Hz, 1H, CH,),
3.96~3.92 (d, J=15.6 Hz, 1H, CH,), 2.32 (s, 3H, CHs),
1.65 (s, 3H, CH3); '*C NMR (100 MHz, CDCls) §: 205.5,
160.4, 148.0, 136.8, 136.5, 134.9, 134.7, 129.9, 129.8,
129.2, 125.4, 124.8, 124.1, 115.1, 114.9, 61.1, 57.2, 55.5,
33.6, 24.5; IR (KBr) v: 1717, 1605, 1483, 1364, 1226,
1110, 1033, 954, 867, 737 cm'. HRMS (ESI) caled for
C20H6BrsNaO [M+Na]" 614.7791; found 614.7771.

B4 EL (Supporting Information) ¥/ LAYIH 'H

NMR F1 3C NMR E3. X Leppln] PG 2 AT il
(http://sioc-journal.cn/) I N %K.
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