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Cobalt-Catalyzed Electrochemical Reductive Coupling of
Alkynes and Alkenes

Gao, Shiquan®  Liu, Chuangjun”  Yang, Junfeng®™*  Zhang, Junliang™*
(“ Department of Chemistry, Fudan University, Shanghai 200438)
(® College of Chemistry and Pharmaceutical Engineering, Huanghuai University, Zhumadian, Henan 463000)

Abstract Transition-metal-catalyzed coupling reactions have now been extensively studied. However, the traditional reaction
generally requires the addition of excessive amount of oxidant or reductive reagent. The new reaction mode of electro-organic
synthesis avoids the usage of stoichiometric amount of redox reagent, which is more in line with the concept of green chemis-
try and atom economy. Recently cobalt catalysis has been discovered to be a cheap and low toxic alternative to noble transi-
tion-metal catalysts. In this paper, the reductive coupling reaction between alkynes and alkenes has been developed via elec-

trochemistry by cobalt catalysis. The product could be delivered up to 90% yield with excellent regioselectivity.
Keywords electro-organic synthesis; cobalt catalysis; reductive coupling; alkyne; alkene
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AR EE RE ML R, BL K 55 J p A QA A T 22
PR 1) R AR BB s 2 R U7, 363 AN A AL A
ARIE, bl A b ()38 IR AR B, 6 S0 1) 45 s i i
e B AT T MBI 5T (Scheme 1a), {H27E1X1E
AP TEIN 3 5B I IR B, T 1 SN )
RSO R DR, 25T, FRATIFE X B4 28 — il
AR B 70 TR SR LK 22380 S AR B S S (Scheme 1b).

(a) Previous work:
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R1/ + 2R

Coly(PPhs), (5 mol%)
PPh; (16 mol%)

R3
Zn (3.0 equiv.) RN

MeCN, H,0, 80 °C R2

10 examples
i

48% ~ 98% yield
Col; (10 mol%)

(b) This work:

1 HR5R

oL, DAORE CHRTN AR R R R A ERE, A R
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AR, <R BRI AR (P AR, YRR N T
VERIAR(FIAR), 7E 2 o0t — 24105 WL B e A4 1447 i
BER 1), A REEBNEARRS, FTRAMSE] 12%10/7 %,
{2 At 5 DAL PR B A T A AR KR8 T A 0 5 3L HR AL AR 1)
SONTEE. &R I Xantphos 1FENELARS, AT LIS H
26%M17= % (Entry 11). HE Xantphos 1E A K M ELAARRT,
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Scheme 1 Cobalt-catalyzed reductive coupling of alkynes and

2, DLBRAE N HARIN 7 A7 BT R (Entry 17), 7 88 FaAR
WARATCIEAF B, LUBE D BRI 7 545 B W &2 fr) £
T, IEF] 7%, HHERIEEAE BRI, B4R ™

alkenes

R 1 AR 1 RRRE 2 LRI SR AR S AL

Table 1 Condition optimization of cobalt-catalyzed electrochemical reductive coupling of alkyne 1 and alkene 2

A R A IS R VA R B A7 T A A R R T

oh Col, (10 mol%), ligand (12 mol%) o
= OR Et;NCIO, (2.0 equiv.) W}\
= + =
Ph/ /\g anode (+) | Ni(-), H,O (1.0 equiv.) ~ Ph7 OR
1 ) MeCN, 80 °C, 6 h, 6 mA PR,
Ph,P” “PPh, PhoF  PPh, Ph,P” " PPh, Phyp” " PPh2
dppm dppe dppp dppb
ipr
D v -
= L) O CLO
Fe
~,—PPh, © O o
= PPh, PPh, iy PPh, PPh,
dppf DPEPhos XPhos Xantphos
Entry R Ligand Anode Electrolyte Yield”/%
1 Bn P'Bus*HBF4 Fe EtaNCIO4 8
2 Bn PPhs Fe EtaNCIO4 12
3 Bn PCys Fe EtaNCl1O4 6
4 Bn dppm Fe EtaNCl1O4 4
5 Bn dppe Fe EtaNCl1O4 6
6 Bn dppp Fe EtaNCl1O4 4
7 Bn dppb Fe EtaNCl1O4 4
8 Bn dppf Fe EtaNCl1O4 4
9 Bn DPEphos Fe EtaNCl1O4 5
10 Bn Xphos Fe EtaNCl1O4 5
11 Bn Xantphos Fe EtaNCl1O4 26
12 Bn Xantphos Fe Et4NBF4 0
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Bk
Entry R Ligand Anode Electrolyte Yield®/%

13 Bn Xantphos Fe Et4NPFe 0

14 Bn Xantphos Fe EtsNCI 6

15 Bn Xantphos Fe LiBF4 3

16 Bn Xantphos Fe "BuaNI 27

17¢ ‘Bu Xantphos Mg "BuaNI 18

18¢ ‘Bu Xantphos Graphite "BuaNI 0

19¢ ‘Bu Xantphos Zn "BuaNI 87
207 Bu Xantphos Zn "BusNI 83
21¢ ‘Bu Xantphos Zn "BuaNI 87
22/ Bu Xantphos Zn "BugNI 88
23¢ ‘Bu Zn "BusNI 88 (66)
24" ‘Bu Zn "BusNI 0

4Reaction conditions: Col, (10 mol%), ligand (12 mol%), H,O (1.0 equiv.), 1 (0.2 mmol), 2 (2.0 equiv.), EtzNC1O;4 (2.0 equiv.) and MeCN (4 mL) were added in an
undivided cell in the glove box. Iron (0.5 cmX 1.5 cm) was used as the anode. Nickel foam (0.5 cmX 1.5 cm) was used as the cathode. The reaction mixture was
electrolyzed at 80 ‘C for 6 h at a constant current of 6 mA. ? The yield was determined by gas chromatography (GC) using n-tetradecane as an internal standard.
¢ The reaction mixture was electrolyzed at 80 ‘C for 6 h at a constant voltage of 2.0 V. ¢ Same condition as Entry 19 except "BuyNI (1.5 equiv.) was used as electro-
lyte. ¢ Same condition as Entry 19 except "BusNI (0.5 equiv.) was used as electrolyte./ The reaction mixture was electrolyzed at 60 ‘C for 6 h at a constant voltage of
2.0 V in mixture solvent of MeCN (4 mL) and N,N-dimethylacetamide (DMA) (2 mL) using 1 (0.3 mmol) and 2 (0.6 mmol). ¢ Same condition as Entry 22 except

Col, (Xantphos) (10 mol%) was used as catalyst. ” No electrocity.

ThsE, o Lewis BRMEXT M TG MER MR K. &5, 1@
AR E . IR LIS FIHZ R B 5, K
LR A 177 (DMA/MeCN) 145 F AT LA B AR FL A 5 1)
i, JF AN IREREEE 60 C.

Wi T ik sc e, XHRYIVEE T T %5
ZERWEK 2 FoR, jiﬁlzéa\mnmﬂﬁ%a@%ﬁ%%mu
SRR T BRI AT SR, BL 40%~90% U 45
FT HARF2Y) 3aa~3ga, RN EAIR &I LAREREE

X REE. Horh, 575 B A0 AL BURER X ™ 2 20
AR, RSO BACEE 2 (7 34T Fr (K (3da), AThES
R SR EAEA KRR, EREENE, 2R
xR TR, R ERAT PTG (3ea)®). BT,
ANKIFR I B e th g DA 5e 56 1) X3 AT
f” FEPERELL Z MR FE (3ha~3pa), H R SRATE
LT AL AL B AT SR SR, — S SR AR A
LR BUR I RE L 2B T LRA LT BRI, L ik

R2 AR A SR IR IR S SR

Table 2  Substrate scope of cobalt-catalyzed electrochemical reductive coupling of alkynes and alkenes

Coly(Xantphos) (10 mol%)
"BuyNI (0.5 equiv.)

R? *
% + VJ\O‘B
R1 u

O
R1 WO[BU
R2

Zn(+) | Ni(-), HyO (1.0 equiv.)
0,
1 2 MeCN/DMA, 60°C, 9 h, 2V ZE > 20)
R i a e), A
| OBy 3ca (R 3 F) 40% PhWOtBU ph/\(\)J\otBu
Z AN . 3da (R = 4-F), 45% Me MHex
) 3ea (R=4-Cl), 47%
X 3fa (R = 2-Me), 90% 3ha, 83% 3ia, 73%
3ga (R 2-F), 73%
0 F o)
PhWo‘Bu PR O'Bu /\C)Lofsu X oBu
OTBS "By
Cy OMe
3ja, 73% 3ka, 58% 3la, 75% 3ma, 57%
! 0
i Q
Ne f O X 1f PR X R
X 0'Bu N ofBu T oy PN
"Bu Bu Ph
3na, 86% 30a, 90% 3pa, 45% 3ga (R =CN), 26%

3ra (R = SO,Ph), 34%

“4Reaction conditions: the reaction was performed on a 0.3 mmol scale under the reaction conditions in Table 1, Entry 21.
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FU, S T %N AT BE Y S N HLEE (Scheme 2b), i fE
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NRA IR AT RER SR AR S —Fl2 LCo' 5IRMK
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PG A4S 27 A LCo™(OH),, LCo™(OH), fE R
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AAINAAR 2] LCo"H(OH)H R4 C, Halfk C &t
KRR IEANGS R aA D, Fafk D BLds TN
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g TR M 1S R & & P2 W) fT LCo™(OH),,
LCo"(OH), 7E [ JE i LCo!, 5e AMEALTIEIR. HRIEZ
SRR PR ST S 6 45 SR DA G vy 7 A e 3 P A X0
PESERE A, BATUONEE —FPHLBEEZ 1k B 24 505w R) 4 B
RATRE, (ER R TCVA e AR S M LEE 1) rT R .

2 i

gR LR, ASHE USRI AL S RN R A, AR
NBARK, RN, HhfE LR, fEEE Ik
(I AF N SEBL T BRI AT A ) R AL~ 3 SRR S . A
X ARG AR IR SN &, %R BAR R BAT AT
B (DERPATFEMANL REIE GG, O st
Q)RNEFFAFIA, B H RERIM 321 R4 (3) B X

66%

l

oh o Col,(Xantphos) (10 mol%) D o
/ . \)k . nBuyNI (0.5 equiv.) Py o'Bu
Ph O'Bu
Zn(+) | Ni(-), DO (4.0 equiv.) Ph D
MeCN/DMA, 60 °C, 9 h, 2 V ™ s8%

i
2¢ Wz
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Scheme 2 Deuterium labeling experiment and proposed catalytic cycle
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SRR FEPEAN S AT R AT, 2R S:mt s, AT
K53 D1 RWZ SRS IR R ), B — A g A
IR SR IR, it — D IRFR B R 5 A FHERC
RSB R AN BR PR 27 3 JER AR K s .

3 IEES
3.1 UES5HF

B i T 238 AR EK U A6 A 4 1 BT 2 R
Schlenk FAREZ A T ECE AW AN TEM T ##
YE. FEEMHEFHE 300~400 H fERIE A MG LA RER
FERABRAE. 'H NMR i, °C NMR 31 'F NMR %
F Bruker 400 MHz #Z #3442 . 'TH NMR N4 R
TMS (d: 0.00)2% CDCl; (9: 7.26), *C NMR HINFRN
CDCl; (d: 77.00). HRMS i&{§iH GCQTOF 7200 ZYF
Bruker McriOTOF11 T EIE. TGRSRk, B
WA B 1R SRR LR, A AT AR AR EE.
3.2 LWHE
3.2.1  AEBEALHE R A 02 69 69 WAL 52 5T R AR B

BAKMUET, BHHET, "BuNI (0.5 equiv.), Col,-
(Xantphos) (10 mol%), 1 (0.3 mmol), 2 (2.0 equiv.)F! H,O
(1.0 equiv)IMAZ|HALZ R B H, A5 MeCN (4
mL)Al NN-—F 5 2Bt Z(DMA) (2 mL). PAEE A AR
W, ARG RN, fEERBBE 10~15 min, F5%
F 60 CHBH, EIEE2V FRM9h RMNERE,
TEAR R INNE EEAE AR mL), FH RO
520 mL)ZH =R, G IEANAE, A VA IJCKERER
TRt UE, B LBRVER, &a &M ENT o e itaifs
F 4.

322 HBARMLEAme & iE

(2)-4,5- " ZKFE-4- L IHTR BT T (3aa): 60.9 mg L
WHARYD, 77 66%. '"H NMR (CDCls, 400 MHz) 6: 7.46~
7.38 (m, 2H), 7.32 (dd, J=11.6, 7.0 Hz, 3H), 7.19 (s, 1H),
7.10 (s, 2H), 6.94 (dd, J=7.4, 2.1 Hz, 2H), 6.52 (s, 1H),
2.83 (t, J=7.7 Hz, 2H), 2.37 (t, J=7.6 Hz, 2H), 1.48 (s,
9H); 3C NMR (100 MHz, CDCl3) §: 172.4, 141.5, 140.5,
137.1, 129.0, 128.7, 128.7, 127.9, 127.1, 127.1, 126.3,
80.3, 36.1, 34.2, 28.2. HRMS (ESI) calcd for C5;H240,Na
[M+Na]" 331.1674, found 331.1669.

(2)-4,5- K F-4-[RIBTR BT BE([D]-3aa): 56.3 mg
THeRYD, 723 61%. 'H NMR (400 MHz, CDCl;) o:
7.37~7.26 (m, 3H), 7.23~7.17 (m, 2H), 7.14~7.05 (m,
3H), 6.97~6.90 (m, 2H), 6.51 (s, 0.34 H), 2.82 (td,
J=17.5, 1.1 Hz 2H), 2.38~2.32 (m, 1.32 H), 1.47 (s, 9H).

(Z)-4,5- 5] F B 2R B -4- A7 R AU T 6 (3ba): 70.0
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mg LEHPIRY, 7% 70%. 'H NMR (400 MHz, CDCl;)
8: 7.18 (t, J=7.6 Hz, 1H), 7.07 (ddd, /=82, 1.9, 0.9 Hz,
1H), 7.01~6.91 (m, 3H), 6.89~6.85 (m, 1H), 6.77~6.74
(m, 1H), 6.70~6.64 (m, 1H), 6.41 (s, 1H), 2.76 (td, J=
7.7, 1.3 Hz, 2H), 2.34~2.31 (m, 5H), 2.16 (s, 3H), 1.44 (s,
9H); '3C NMR (100 MHz, CDCls) 6: 172.5, 141.4, 140.6,
138.1, 137.2, 137.0, 129.9, 129.1, 128.4, 127.8, 127.6,
127.0, 126.9, 125.9, 125.8, 80.2, 36.2, 34.2, 28.1, 21.4,
21.3. HRMS (ESI) caled for CpHysNaO, [M + Na]*
359.1987, found 359.1982.

(2)-4,5- —[A]30 AR F-4- IR BR AT B (3ca): 41.8 mg
TR YD, 723 40%. 'H NMR (400 MHz, CDCl3) o:
7.34~7.27 (m, 1H), 7.09 (td, J=8.0, 6.1 Hz, 1H), 7.04~
6.97 (m, 1H), 6.94 (dt, J=7.6, 1.2 Hz, 1H), 6.88 (ddd, J=
9.7, 2.6, 1.5 Hz, 1H), 6.81 (ddd, J=8.4, 2.6, 1.0 Hz, 1H),
6.71 (ddt, J=7.8, 1.5, 0.8 Hz, 1H), 6.58 (dt, J=10.6, 2.1
Hz, 1H), 6.49 (s, 1H), 2.79 (td, J=7.6, 1.3 Hz, 2H), 2.34
(t, J=7.3 Hz, 2H), 1.46 (s, 9H); *C NMR (100 MHz,
CDCls) d: 172.1, 163.0 (d, 'Jer=245.0 Hz), 162.2(d, 'Jer
=243.0 Hz), 142.3(d, *Jcr=7.0 Hz), 141.5, 138.9(d, *Jcr
=8.0 Hz), 130.4(d, *Jcr=8.0 Hz), 129.3 (d, *Jcr=9.0
Hz), 126.7(d, “Jcr=2.0 Hz), 124.8(d, “Jcr=3.0 Hz),
124.5(d, “Jer=3.0 Hz), 115.6, 115.4, 114.4 (d, 2Jc.e=20.9
Hz), 113.5 (d, 2Jcr=21.1 Hz), 80.5, 35.7, 33.9, 28.1; 'F
NMR (376 MHz, CDCly) 8: —112.53, —113.73; HRM
(ESI) calcd for C2HxF,NaO,; [M+Na]' 367.1486, found
367.1480.

(Z)-4,5- X AR FL-4- R IR AT TH(3da): 46.5 mg
T HPIRY), 7% 45%. 'TH NMR (400 MHz, CDCl3) 6:
7.14~7.10 (m, 2H), 7.05~7.00 (m, 2H), 6.90~6.78 (m,
4H), 6.47 (s, 1H), 2.77 (td, J=7.6, 1.3 Hz, 2H), 2.33 (t,
J=17.3 Hz, 2H), 1.46 (s, 9H); *C NMR (100 MHz, CDCl;)
5. 172.2, 162.0(d, 'Je.r=245.0 Hz), 1613 (d, YJer=
245.0 Hz), 140.2 (d, Jer=1.0 Hz), 135.9 (d, “Jcr=4.0
Hz), 133.0 (d, “Jcr=3.0 Hz), 130.5 (d, Jcr=8.0 Hz),
130.4(d, 3Jcr=8.0 Hz), 126.3, 115.7, (d, YJcr=21.3 Hz),
114.8(d, 2Jcr=21.1 Hz), 80.4, 35.8, 34.0, 28.1; '°F NMR
(376 MHz, CDCls) 0: —114.85, —115.47; HRMS (ESI)
caled for C,HpnF.NaO, [M+ Na]® 367.1486, found
367.1480.

(2)-4,5- X TARFE-4- TR T R (3ea): 54.0 mg
TR YD, 723 47%. '"H NMR (400 MHz, CDCls): 6:
7.34~7.26 (m, 2H), 7.13~7.06 (m, 4H), 6.89~6.81 (m,
2H), 6.47 (s, 1H), 2.78 (td, J=7.6, 1.3 Hz, 2H), 2.32 (t,
J=8.0 Hz, 2H), 1.45 (s, 9H); *C NMR (100 MHz, CDCl;)
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5: 172.1, 140.9, 138.4, 135.3, 133.2, 132.2, 130.2, 130.1,
129.0, 128.2, 126.5, 80.5, 35.6, 33.9, 28.1. HRMS (ESI)
caled for CyHy»CLNaO, [M+Na]® 399.0895, found
399.0889.

(Z)-4,5- — A1 W J R B -4- IR TR AU T B (3fa): 91.0
mg TEHPIRY, 723 90%. 'H NMR (400 MHz, CDCl;)
5:7.19~7.11 (m, 5H), 7.01 (t, J=8.0 Hz, 1H), 6.79 (t, J=
8.0 Hz, 1H), 6.68 (s, 1H), 6.65 (d, J=8.0 Hz, 1H), 2.86~
2.78 (m, 2H), 2.45~2.39 (m, 5H), 2.06 (s, 3H), 1.50 (s,
9H); 3C NMR (100 MHz, CDCl3) 0: 172.4, 140.7, 139.8,
136.4, 135.9, 135.4, 130.2, 129.6, 129.1, 128.5, 126.9,
126.5, 126.1, 125.7, 125.1, 80.3, 35.5, 34.0, 28.2, 20.1,
19.3. HRMS (ESI) caled for CpHysNaO, [M + Na]®
359.1987, found 359.1982.

(2)-4,5- AW AF-4- MG EE AT BE(3ga): 75.6 mg
TaRY), P25 73%. 'H NMR (400 MHz, CDCl3) o:
7.26~7.20 (m, 1H), 7.09~6.98 (m, 4H), 6.97~6.89 (m,
1H), 6.78~6.66 (m, 3H), 2.84 (t, J=7.7 Hz, 2H), 2.36 (t,
J=7.6 Hz, 2H), 1.44 (s, 9H); '*C NMR (100 MHz, CDCl;)
9:172.1, 160.3 (d, '"Jer=246.1 Hz), 159.8 (d, Jer=244.8
Hz), 137.9, 131.0 (d, “Jer=4.0 Hz), 129.6 (d, “Jer =3.0
Hz), 129.2 (d, *Jer=8.0 Hz), 128.3 (d, Jcr=8.4 Hz),
127.5 (d, 2Jer=16.3 Hz), 124.3 (d, “Jcr=3.5 Hz), 124.2
(d, *Jer=3.5 Hz), 123.3 (d, “Jcr=3.0 Hz), 121.7 (d, *Jcr
=4.6 Hz), 115.8 (d, 2Jc.s=22.0 Hz), 115.1 (d, Jcr=22.0
Hz), 80.4, 34.7, 34.0, 28.1; '9F NMR (376 MHz, CDCl;) ¢:
—114.61, —116.10. HRMS (ESI) calcd for Co;HxF,NaO,
[M+Na]" 367.1486, found 367.1480.

(E)-4- W B:-5- 2R B -4- IR B2 AU T FiE(3ha): 61.4 mg
T HPIRY), 7% 83%. 'H NMR (400 MHz, CDCls) o:
7.36~7.32 (m, 2H), 7.26~7.19 (m, 3H), 6.33 (s, 1H),
2.53~2.45 (m, 4H), 1.90~1.89 (d, J=4.0 Hz, 3H), 1.48
(s, 9H); 3C NMR (100 MHz, CDCls) &: 172.6, 138.3,
137.3, 128.8, 128.0, 126.0, 125.5, 80.3, 35.8, 34.3, 28.2,
17.7. HRMS (ESI) caled for Ci;H»ONa [M + Na]*
269.1517, found 269.1512.

(E)-4-CL5E-5-2K Fk-4- A TR U T B (3ia): 69.9 mg TG
EHCRY, 77 Z 73%. 'H NMR (400 MHz, CDCl;) o:
7.33~7.26 (m, 2H), 7.21~7.17 (m, 2H), 6.28 (s, 1H),
2.47~2.45 (m, 4H), 2.24~2.20 (m, 2H), 1.51~1.47 (m,
11H), 1.31~1.25 (m, 3H), 0.87 (t, J=4.0 Hz, 3H); 13C
NMR (100 MHz, CDCLy) o: 172.7, 142.0, 138.3, 128.6,
128.1, 126.0, 125.3, 80.2, 34.4, 32.3, 31.6, 30.7, 29.4, 28.3,
28.2,22.6, 14.1. HRMS (ESI) calcd for Co;H3,0,Na [M+
Na]" 339.2300, found 339.2295.
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(2)-4-¥F O HE-5- I8 FE-4- R TR AU T EE(3ja): 70.1 mg
TR YD, 723 73%. '"H NMR (400 MHz, CDCL3) o:
7.34~7.30 (m, 2H), 7.23~7.14 (m, 3H), 6.19 (s, 1H),
2.76~2.69 (m, 1H), 2.52~2.41 (m, 4H), 1.76~1.56 (m,
6H), 1.48 (s, 9H), 1.33~1.15 (m, 4H); '*C NMR (100
MHz, CDCLy) 0: 172.8, 146.5, 138.5, 128.7, 128.1, 125.9,
123.8, 80.2, 40.4, 35.1, 31.5, 28.2, 27.0, 26.3, 26.2. HRMS
(ESI) caled for C2H3NaO, [M+Na]" 337.2143, found
337.2138.

(2)-4- A 2 R L -5 R L -4- TR0 TR BT 16 (3ka):
54.1 mg TLEJEIRY), F2% 58%. 'H NMR (400 MHz,
CDCl) &: 7.35 (t, J=7.4 Hz, 2H), 7.29~7.25 (m, 1H),
7.20 (d, J=7.6 Hz, 2H), 6.55 (s, 1H), 4.06 (s, 2H), 3.32 (s,
3H), 2.64~2.48 (m, 4H), 1.48 (s, 9H); *C NMR (100
MHz, CDCly) 0: 172.6, 137.9, 137.1, 129.6, 128.8, 128.1,
126.7, 80.2, 70.3, 58.1, 34.4, 31.1, 28.2. HRMS (ESI)
caled for C;7H»NaOs; [M + Na] = 299.1623, found
299.1618.

(Z)-4-UT J R S 20k -5- IR R -4- TR TR L
TIE3la): 87.9 mg TLEIHPRY), 72 75%. 'TH NMR (400
MHz, CDCls) §: 7.35~7.27 (m, 4H), 7.24~7.20 (m, 1H),
6.41 (s, 1H), 3.77 (t, J=8.0 Hz, 2H), 2.54~2.47 (m, 6H),
1.49 (s, 9H), 0.91 (s, 9H), 0.05 (s, 6H); '*C NMR (100
MHz, CDCLy) 0: 172.5, 138.5, 138.0, 128.7, 128.1, 127.4,
126.2, 80.2, 61.8, 34.5, 34.1, 32.8, 28.2, 26.0, 18.3, —5.3.
HRMS (ESI) caled for C3H3sSiNaO; [M + Na] *
413.2488, found 413.2482.

(E)-4-T FE-5-AR AR FL-4- AT AU T BE(3ma): 52.1
mg T EIIRY, 7% 57%. 'H NMR (400 MHz, CDCls)
8: 7.21~7.14 (m, 2H), 7.09~6.99 (m, 2H), 6.21 (s, 1H),
2.51~2.45 (m, 4H), 2.15 (t, J=8.2 Hz, 2H), 1.49~1.38
(m, 11H), 1.31~1.22 (m, 2H), 0.84 (t, J=8.0 Hz, 3H); '°F
NMR (376 MHz, CDCl;) §: —114.96; 3C NMR (100
MHz, CDCl;) 6: 172.5, 160.1 (d, 'Jer=244.0 Hz), 144.1,
130.6 (d, “Jer=3.0 Hz), 127.9 (d, *Jcr=9.0 Hz), 125.9 (d,
2Jer=16.0 Hz), 123.4 (d, *Jcr=4.0 Hz), 117.8 (d, “Jcr=
3.0 Hz), 115.2 (d, Ycr=22.0 Hz), 80.3, 34.2, 31.8, 30.8,
30.2, 28.1, 22.6, 13.8. HRMS (ESI) calcd for C19H»,FNaO,
[M+Na]™ 329.1893, found 329.1887.

(E)-4- "1 K& -5-[a) 0 HE 2K 2k -4- IR B AU T 16 (3na):
81.0 mg TLHPRY), 7% 86%. 'H NMR (400 MHz,
CDCly) d: 7.49~7.37 (m, 4H), 6.23 (s, 1H), 2.51~2.43
(m, 4H), 2.18 (t, J=8.1 Hz, 2H), 1.48~1.41 (m, 11H),
1.34~1.25 (m, 2H), 0.88 (t, J=6.0 Hz, 3H); 3C NMR
(101 MHz, CDCls) §: 172.3, 144.8, 139.5, 133.1, 132.1,
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129.6, 128.9, 123.2, 119.0, 112.3, 80.4, 34.1, 32.1, 30.4,
30.3, 28.1, 22.7, 13.8. HRMS (ESI) calcd for [M+Na]"
Ca0H27NNaO; 336.1939, found 336.1934.

(E)-4-T 2:-5-(1-28)-4- 1A B BUT T (30a): 92.1 mg
TEMARY), 725 90%. 'H NMR (400 MHz, CDCl;) o:
7.97~7.92 (m, 1H), 7.84~7.80 (m, 1H), 7.71 (d, J=8.2
Hz, 1H), 7.48~7.39 (m, 3H), 7.26~7.21 (m, 1H), 6.64 (s,
1H), 2.61~2.55 (m, 4H), 2.07 (td, J=7.6, 1.7 Hz, 2H),
1.49 (s, 9H), 1.39~1.32 (m, 2H), 1.17~1.11 (m, 2H),
0.73 (td, J=7.3, 1.5 Hz, 3H); 3C NMR (100 MHz, CDCl5)
5: 1727, 143.3, 135.8, 133.6, 132.3, 128.3, 126.8, 126.4,
125.7, 125.6, 125.4, 125.3, 123.3, 80.4, 34.4, 31.5, 30.9,
30.4, 28.2, 22.6, 13.9. HRMS (ESI) calcd for [M+Na]"
Ca3H30NaO; 361.2143, found 361.2138.

(E)-4-T %:-5-2-ME 0 )-4- IR M 12 AU T e (3pa): 38.9
mg LEHPIRY, 723 45%. '"H NMR (400 MHz, CDCl;)
d: 8.56 (ddd, J=4.9, 1.9, 0.9 Hz, 1H), 7.59 (td, J=7.7, 1.9
Hz, 1H), 7.13 (dt, J=7.9, 1.1 Hz, 1H), 7.05 (ddd, J=7.6,
4.8, 1.1 Hz, 1H), 6.30 (s, 1H), 2.56~2.43 (m, 6H), 1.45 (s,
11H), 1.37~1.29 (m, 2H), 0.88 (t, J=7.3 Hz, 3H); 13C
NMR (100 MHz, CDCLy) d: 172.6, 157.1, 149.1, 146.9,
135.8, 124.8, 123.6, 120.7, 80.3, 34.3, 33.0, 30.8, 30.4,
28.1,22.9, 13.9. HRMS (ESI) calcd for [M+Na]" CjsHy-
NNaO; 312.1939, found 312.1934.

(2)-4,5- I R%-4-17 1 (3qa): 18.7 mg Tk,
F= % 26%. "H NMR (400 MHz, CDCl;)d: 7.38~7.32 (m,
3H), 7.24~7.16 (m, 2H), 7.16~7.08 (m, 3H), 7.03~6.93
(m, 2H), 6.62 (s, 1H), 2.87 (td, J=7.3, 1.2 Hz, 2H), 2.41
(t, J=7.3 Hz, 2H); 3C NMR (100 MHz, CDCL3) 6: 138.8,
138.5, 136.3, 129.2, 129.2, 129.0, 128.6, 127.9, 127.7,
126.9, 119.0, 36.3, 16.3. HRMS (ESI) Ci7HsN 233.1204,
found 233.1199.

(2)-1,2- B4R SE-1- T Mi(3ra): 359 mg G
IR, 72 34%. '"H NMR (400 MHz, CDCl3) o:
7.39~7.30 (m, 3H), 7.23~7.17 (m, 2H), 7.16~7.10 (m,
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3H), 7.01~6.95 (m, 2H), 6.63 (s, 1H), 2.87 (td, J=7.3, 1.2
Hz, 2H), 2.41 (t, J=7.3 Hz, 2H); *C NMR (100 MHz,
CDCl) d: 139.1, 138.9, 138.0, 136.4, 133.8, 129.3, 129.0,
128.9, 128.7, 128.5, 128.1, 127.9, 127.6, 126.8, 54.7, 33.4.
HRMS (ESI) calcd for C2,H2SNaO, [M+Na]" 371.1082,
found 371.1076.

3 Bh #f ¥} (Supporting Information) JT 5 4. & ¥ 1)
NMR ¥ [&]. JX L84 BE AT EL G B A1) ]9 326 (http://sioc-
journal.cn/) | N #K.
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