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Transition-Metal Free Radical-Mediated C—H Bond Alkynylation and
Allylation of Ethers, Aldehydes and Amides
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(“ College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Suzhou, Jiangsu 215123)
(® Key Laboratory of Synthetic Chemistry of Natural Substances, Shanghai Institute of Organic Chemistry,
Chinese Academy of Sciences, Shanghai 200032)

Abstract Ethers, aldehydes, and amides are widely found in natural products and pharmaceutical molecules, and employed
as inexpensive materials in synthetic chemistry. Radical-mediated heteroatomic a-C—H bond functionalization provides an
efficient strategy for structural modification of ethers, aldehydes, and amides. New approaches of C—H alkynylation and al-
lylation through phenyliodine bis(trifluoroacetate) (PIFA) induced hydrogen atom transfer (HAT) under visible-light irradiation
are reported. The method is operationally simple, leading to the corresponding alkynylated and allylated products in moderate
to good yields. The protocol features mild and transition-metal free conditions, broad functional group compatibility, and is
adapted to a diversity of ethers, aldehydes, and amides as well as various alkynylating and allylating reagents.
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Figure 1 Biologically active molecules containing a-alkynyl
ether moiety
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Figure 2 C—H alkynylation of ethers and amides
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1.1 BHEES50 C(spd)—H #HREHR
.11 &tk

i THF I 2R R IEB (1) VE RN P55 B 24
HEAT %L AN 1.5 equiv. [ PIFA 1E NEALT], 0.2 equiv.
fE) - N- R 6 HE 2R A e (TsSNHMe) A s sl FF
1.5 equiv. 1B R B AR A SR HH P2 AR 1) =9 AR 7E S0
W 56 LED (ROE AR T, B Jenbiasml i ph sk
HEATHRE(F 1, Entries 1~7). BAR S KM 1,2- 5
CHEIHHEALE Minisci [N H N AN, (HRTE1ZR
R AT H BRI R 14% 10726, Tl H 48 LR 1E 7
B2 R fmn, BELL 47%107 A5 2 Hbsr=9. BiJs, 4
HILL 30 W i LED #1130 W 54 158 Y6 4T (CFLYAT/E
HURHEAT S, WE R RMCT 50 W BBIT (R 1,
Entries 8~9), 1%45 F 3 WG It 9 B RN K0T IR B3 A
SO 2200 — BB SRR IE, RS e ek it
—htm. HEH| THE Mg (8, Jf Hog s =i
R, A8 2R B3R THF 15 NiE5(3 1, Entry 10),
23] 68% M= R, 25, HRAMANBIFIE 1, Entry
LRI 208G T %, A A BKER#H (R 1, Entry
I2)IRETF BN 19% 107226, N T #E— D%, AuH
FCHRG KB, IR X 7= A IR K. 2
Foh 7570 i) P B 3E AT 07 %8 (3% 1, Entries 13~15), ZEAIA 5
A1 10 mL THF B, 435173 5] 78%F1 80%[1r=K. Ffi)5,
PR ZERAIAGINFE 1, Entry 16), M HAES 3]
66% 1) H AR =4, (5% 2415 (TLC) Wil &I A K 4
IR FETA(1a) T8 4. Nk PIFA RO F A S B AT 75
WA, fE 5 F1 10 mL THF ) Jepirh, P 7= M4
(3% 1, Entrys 17~18). fZ1i€ Entry 18 A%
1.12 &4k

TER R T A 25, X TR A 138 3 e 4T 5 42,
H 46, MHREARTEATERER2), railfsae e
RS RIS R (2a~21). KR BRI AL E T
FEABAL TAIALIE XA, X = 2 0 B RN (2b~24).
BEAh, ZRER L EUARIE ) E P X 2 S ) R Mt A 2
4, A SRR 2R 1 7 2R 14 B 1S B R AT IR (2b,
2e), 15T FEED AT TR 2510 72 2R (2K, 21).

W J5, R BE AN I G B AT T 583k 3). H
ZK(3a). 1,4- 5 NI3Eb). FFIEEUT HEBEBe). N N-
THEZBEGD)LLR NN-T R Be)ENEY
R RI H A 1. 78 1,4- SN RN T, BT
RV =) 4b Ab, I 23 B AT I R R4,
BT Rk (1) P AR AR T e & BT (DA 1 2
i tk, (2)—2% C—H #k THF 1% C—H %1
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Table 1 Reaction condition screening of C—H alkynylation of
ether

PIFA, TsNHMe
H K,CO; o
Ph—==—SO,Ph + O\EW ®—f(oj
1a 50 W blue LEDs 2a
Entry PIF,A/ THF/mL KZC,O3/ Solvent  Yield/%
equiv.
16 1.5 — 1.5 MeCN 36
2b 1.5 — 1.5 PhCF3 21
3b 1.5 — 1.5 DCM 14
40 1.5 — 1.5 DCE 14
5b 1.5 — 1.5 DMSO 29
6b 1.5 — 1.5  Acetone 44
7b 1.5 — 1.5 EtOAc 47
8be 1.5 — 1.5 EtOAc 41
9bd 1.5 — 1.5 EtOAc 28
10 1.5 2 1.5 — 68
11¢ 1.5 2 1.5 — 65
12 1.5 2 — — 19
13 1.5 1 1.5 — 54
14 1.5 5 1.5 — 78
15 1.5 10 1.5 — 78
16¢ 1.5 10 1.5 — 66
17¢ 2 10 2 — 76
18¢ 2 5 2 — 77

© 2022 Chinese Chemical Society & SIOC, CAS

4Reaction conditions: 1a (0.2 mmol), TsSNHMe (0.2 equiv.), PIFA (1.5 equiv.),
K,CO; (1.5 equiv.) in solvent (2 mL) under N, with blue LEDs at r.t. > THF (15
equiv.). ©30 W blue LEDs. 30 W CFL. ¢ Without TsNHMe.

TEPEAR. M N,N- R 2 R ) IR OSLATS B SR AR B
R, ATRER T N T BT AM RS 7 3 B &
[ A AT B, EARERIZ, A NN-ZHEE
FRIE A E NI, B 7 HARI=4) 4e 4b, 104530 55 —Fh
RIF=H) e, HENR M FEA AR S )G KA T S8 PR
AN
1.1.3 AdwiAAL 5869 C(O)—H # bk kLR 2

2ok R SR AR AL, WRE T B EE RN RAEN 1
equiv.BRIERIRFA. 5 equiv.fE. 3 equiv.ff] PIFA FIBRIR
1, IR 4 mL AR, 75 50 W B 6 RIS OM.
(] B RATT3E T DAAR AR 75 22 5038 Joke A 4751 AR S 1) L 49
PAREN 1 equiv.. FIEBRIAIA 1.5 equiv.dF AT B X
PP I F VG BB AT T R B (R 4), IR RIE L
& 5 75 I 35 fie DL b S U 2R 3R A9 AH B 1K 72 4 (62~ 61),
XN Z P S BRI T —Fhrd e, [ERE R
FE, 6f IR B AN AN o A T ) B, FH R
EARME— G i, AR HZ TP AAEAE i 4 )8
TEATIIE LT — 23R A3. 1SR BSCERA iy 1) S L ]
e N B IR B R 2 R A T ik S .
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Table 2 Alkynylation of THF

R—=—=—SO,Ph + H—(j

O

PIFA, K,CO;

e —— ———R
50 W blue LEDs o

2a,77%,41h

=

2d, 81%, 22 h

=

29, 74%, 41 h

2j, 62%, 22 h

0

2b, 78%, 15 h

O—:—@»Et
o

2e,77%,36 h

[>—=—)-comme
0]

2h, 63%, 19 h

2k, 69%, 12 h

2¢,74%, 17 h

[e]

2f, 71%, 26 h

O—:Oph
(¢}

2i,55%, 16 h

L=

2|, 55%, 60 h

“Reaction conditions: 1 (0.2 mmol), PIFA (2 equiv.), K,COs (2 equiv.) in THF (5 mL) under N, with 50 W X2 blue LEDs at r.t.

K3 BB R IR M
Table 3  Alkynylation of ethers and amides

PIFA, K,CO3 o
Ph———S0O,Ph + H-R Ph———R
50 W blue LEDs
1a 3 4

/\ (0]

_Et [
= (0] j _Bu
7 O
Ph /[O /\

Ph Ph

4a, 35%?, 36 h 4b, 23%7, 13 h 4c, 36%7,41h

o TS
Ph

4d, 74%"P, 23 h

Ph

Reaction conditions: ¢ 1a (0.2 mmol), PIFA (2 equiv.), K,COs (2 equiv.) in 3 (5
mL) under N, with 50 WX 2 blue LEDs at r.t. ? 1a (0.2 mmol), PIFA (3 equiv.),
K>COs (3 equiv.), TFE (5 equiv.) in 3 (2 mL) under N, with 50 W X2 blue
LEDs atr.t.

12 BHRES58 C(sp’)—H BHERELMR

Bk TSR NEAR, IENE C—H B Y A S Bk
T TR (R 5). J0 i g 2 U ) 4 T ZE R 7 A
2% R 35 B (00 47 TR R U E L I 261 40 S
THF SR, BELL 40%A0 53%MH9 77 K153 H bR (8a,
8b). LUK HEEIEHUAR 1 A B S NN-Z 2
Bkl [ B2, B 43%B07= 245 2] T Hbrr=#(8¢). %k
HIN O RN, PL S1%07= 05 2 B A7 7= 4(8d).
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Table 4  Alkynylation of aldehydes
o PIFA, K,CO 0
Ph—=—s0Ph + J| ——=—2- A
H R acetone =
50 W blue LEDs Ph
1a 5 6

o) o) o
Ph Ph Ph

6a, 63%32, 12 h

(e} O (e}
=
= = FZ
Ph Ph Ph

6d, 61%7 18 h

o o Q
>
Z /KQ Ph/K@
Ph Ph : cl

69, 43%P, 12 h 6h, 47%", 38 h 6i, 42%P, 24 h

6b, 50%7, 12 h 6c, 32%% 12 h

6e, 36%%, 12 h 6f, 40%7, 20 h

© 2022 Chinese Chemical Society & SIOC, CAS

Reaction conditions: “1a (0.2 mmol), PIFA (3 equiv.), K,CO5 (3 equiv.), 5 (5
equiv.) in acetone (4 mL) under N, with 50 W X2 blue LEDs at r.t. 5 (0.2
mmol), PIFA (3 equiv.), K,CO; (3 equiv.), 1a (1.5 equiv.) in acetone (4 mL)
under N, with 50 WX 2 blue LEDs at r.t.

1.3 RNHIE

PR S a4t L LUK O (1 SCiR i, $2H DR AT RE
FINLE AR (K 5): 56, PIFA J6/E 6B R4 =4
O IE A 3, B C—H SR AR A B

http://sioc-journal.cn/ 4343
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Table 5 Allylation of C—H bonds

RT
__soph *OHTR
7

3or5

PIFA
50 W blue LEDs

R
AR
8

(6]
Ph)m

8b, 53%?, 36 h

O
Ph
O

8d, 51%° 32 h

Etoocm

8a, 40%7, 22 h

PhjLH/VNjO(

8c, 43%", 48 h

Reaction conditions: “7 (0.2 mmol), PIFA (2 equiv.), K,CO; (2 equiv.) in
3 (5 mL) under N, with 50 WX 2 blue LEDs at r.t. ©7 (0.2 mmol), PIFA (3
equiv.), TFE (5 equiv.) in 3 (2 mL) under N, with 50 W X2 blue LEDs at
r.t. °7 (0.2 mmol), PIFA (3 equiv.), K,CO; (3 equiv.), 3 (5 equiv.) in ace-
tone (4 mL) under N, with 50 W X2 blue LEDs at r.t.

XX
FsC oo CF,4
PIFA
-Phl or hv
iodanyl radical
%
F,C7 0O CFs

o D) N

R-FG

Bl5 C—H BRI BLEE
Figure 5 Reaction mechanism of the functionalization of C—H
bonds
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fRIE T —FhiES PIFA R0 T B A~ A H
MR SEIL C—H B2 AR L AL AT P 60 B L 0 37 5K
W, TR TR, RENESCULRE. MEMIBEAZ) C—H
SRR AR P AL SRE. 127570508 F T IRK . I RTIE c
DAL T 2028 R (1 o B AR 7R A7), e 3 Vi
7, AR RS e B AT, X EhES 5 C—
H #H R RA —E NS E .
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3 SRS
3.1 X5

'H NMR. BC NMR. “F NMR % & fT R RESER
IXHIX 2885 Bruker Avance I11; 155204 i 463000 )
1 #8715 Bruker MicrOTOF-Q II, A} GCT Prem-
ier™; ZLAMERE RS A 25 5 A Bruker Vertex 70; &
FIGE B4 #5285 5 INESA WRR.

FIT A A 24X R S8 ok nE R M S W S, BT 7
o AVE B MPERN 9 o B ati g o], 3504 B S5 50 Fis
R FE T T A B AR A B (A 40 B BT (R e
FIA R R QAN R e Tl HEEHT R
FIRERZ IR A 300~400 H; HoAtAb 250 # R kAT
FERRIEIA, ATERVCN R LTI,
32 ZWHE
3.2.1 B REALIR A 69 A Ak

HIERR A ) %5 76 100 mL (5 JE B F BN K/
BIEMIRET, W FLTONBEFE L 0 T S
R ZE DRI, AR SRS =R, BEE=E
B. EESHEY NB T THF (10 mL) fERE S
mmol) A4 15 KB, f£—78 C FHEMA R
BN IE T S O BRI M(2.5 mol/L, 2 mL). A&
fE—78 CR/M 1 h, ¥ ~FFE HEHS mmol)iE T T
S0 THF (5 mL)H, JEE—78 C NN e Mk &+,
kel ) B2 h, @ TLC W M 5E 4 )5, f£—78 CF
GABWIAAT IR K. RGP ZH I 30 mL
K, A5 mLX3)AH A HUHE I 5 & &K
LR KBk, ToKIRIREE T, &Ik, EtE
HEBRNT P RN

HEETRRIH] 452 78 100 mL BB PN KNG
WL, N R IEBREE(S mmol) LA Kz — & HE(20
mL). 7E 0 C A A & HOA ) & R IR (15
mmol), BJ5iERMRREET R =R, 4SRN 3 h
WL TLC MR B SE4 G, IR IR SN TR, 1
P05 h HETLAMH. RNAKRHGEE & F A
3 Wk, AN SR KBRS —IR, ToKBRERAN T8, A8
BRI I8 e 28R40 I F i A 4 B [PECA i T ) EA
(LFR TR, VIV=20 : 1~10 : 1143 B IR,

475 P SRR 1) & BT AT 43 R

7k FEFIER 100 mL R BEIH H ATRE T
IINJE T EIRAAI(10 mmol) FF-H2 [ FIEE(30 mL),
IONZERE W RERR AN (12 mmol), 3235358 ARV Ja N
PERRMAER 2 h, REARAHRER, @it TLC I
MR A R AR RIEZIRAE S5 T 50 mL 4FR 4B,
FK R AN 2K ek, ToKBRBRAN T8, LIE. ez
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Wedi, 5o HOFE 2 B (PE/EA, V/IV=5:1~3 " )5
B4 7 FER 7).

J5Q2): FEFIER 100 mL BB RN T,
MG ZHRFRHH(7 mmol) |+ ke FERERHH(0.2 mmol).
— A AEK(0.2 mmol) AH R 1 B FE (2 mmol) Al 2 35 I ik
FREN(5 mmol), FFIIN N,N-—F % 2812 mL). ¥ %
iR ZRE T 110 Ciis TN 14 h. SR RB IR =
HJE, @ik TLC WM. R B R MWK, &
TR AL 3 Wk, ANUAHAEAE KPS, KRR
BT R E e TR, B4 AR 5 (PE/EA,
VIV=5 1 1~2 1 1){3 ZH5 P EHR 7).

3.2.2 By C—H 4 'm e & b 3%

FETHRIEA T 8 mL S, FRNFRIED
Bl A FEIR7(0.2 mmol). TRER4F(0.4 mmol)Fil PIFA
(0.4 mmol). R J SO B & iR =k, BEE,
ANHEZ M) THF BUAHRM IS mL). ¥R PAARET 50
W B N, SRR TLC Wl e MBI
RS fE, ¥R MR RS, Had O s S
(PE/EA, V/V=50: 18520 : 1~10 : D{GF| HIr=4.
3.2.3 Bhieey C—H 45 Re b mk b 3%

TEFHRAE AR T 4 mL RBGHH, FRNRIET
B A EEIR7(0.2 mmol). BRERHH(0.6 mmol). PIFA
(0.6 mmol) A1 TFE (1 mmol), HIAAHRIEEIZ(2 mL). K
AR R A B RSB =R, BT 50 W LT
SN, Gl TLC Wl s S5, OBEE R, OV AK
K 8. CBERERL 3 Wk, A5 U A TS K B B e T
fE L LUE . ek s, Attt B(PE/EA, VIV=2:
1EG2 0 1~1: DR AF9.

3.2.4 B9 C(O)—H 47 AL Ak 3%

TR AT 8 mL KNI T, FRNGRIEH
B I 2R 71)(0.2 mmol B 0.3 mmol). AL (0.6
mmol)Fl PIFA (0.6 mmol). ¥ A4 52 %5 5 H &S il e
AZR, IINHRIEE(1 mmol 2% 0.2 mmol) A1 PSR (4
mL). ¥R RE T 50 WG T B, JEik TLC B
RGO, RLEE R G, ¥ AR R 2 kb, Bl
R B (PE/EA, VIV=50: 1 8,20 : 1~10 : 1){35]
Hbrr=4.

3.3 FEHIMFRIEHRIE

2-7K ZRFE USRI (2a): 26.5 mg, 23R 77%, ¥
WAk, k4L (PE/EA, V/V=1/50). '"H NMR (400
MHz, CDCls) d: 7.46~7.40 (m, 2H), 7.32~7.27 (m, 3H),
4.81 (dd, J=17.2, 4.8 Hz, 1H), 4.05~3.98 (m, 1H), 3.89~
3.83 (m, 1H), 2.28~2.18 (m, 1H), 2.14~2.04 (m, 2H),
1.99~1.90 (m, 1H); *C NMR (100 MHz, CDCls) §:

Chin. J. Org. Chem. 2022, 42, 4340~4349
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131.7, 128.3, 128.2, 122.8, 89.1, 84.5, 68.6, 68.0, 33.4,
25.5; FT-IR v: 2957, 2202, 1490, 1283, 1173, 1049. HRMS
(ESI) caled for Ci;H;;ONa [M~+Na]™ 195.0780, found
195.0782.

2-(4-JR A 2B ) DU S K (2b): 26.8 mg, 7K
T1%, 38 Ok, Ok H 2 (PE/EA, V/V=1/50). 'H
NMR (400 MHz, CDCly) d: 7.43~7.38 (m, 2H), 7.02~
6.95 (m, 2H), 4.79 (dd, J=7.6, 5.2 Hz, 1H), 4.04~3.97
(m, 1H), 3.89~3.82 (m, 1H), 2.26~2.18 (m, 1H), 2.13~
2.03 (m, 2H), 1.99~1.90 (m, 1H); *C NMR (100 MHz,
CDCl3) 6: 162.5 (d, Jcr=247.8 Hz), 133.6 (d, Jcr=8.4
Hz), 118.9 (d, Jor=3.5 Hz), 115.5 (d, Je.r=21.9 Hz), 88.8
(d, Jor=1.4 Hz), 83.4, 68.5, 68.0, 33.4, 25.5; 9F NMR
(376 MHz, CDCls) 6: —111.1 (s); FT-IR v: 2927, 2872,
1601, 1506, 1221, 1156, 1049 cm ™. HRMS (ESI) calcd for
C12Hi - FONa [M+Na]™ 213.0686, found 213.0683.

2-(3-F K LBRIL) TSR (2¢): 28.3 mg, 7= 74%,
WA, O A 44k (PE/EA, V/V=1/50). 'H NMR
(400 MHz, CDCls) 8: 7.45~7.39 (m, 1H), 7.31~7.24 (m,
1H), 7.10~7.01 (m, 2H), 4.85 (dd, J=7.2, 4.4 Hz, 1H),
4.05~3.98 (m, 1H), 3.91~3.83 (m, 1H), 2.29~2.19 (m,
1H), 2.16~2.06 (m, 2H), 2.00~1.90 (m, 1H); *C NMR
(100 MHz, CDCl;) d: 162.8 (d, Jer=250.1 Hz), 133.6 (d,
Jer=1.1 Hz), 130.0 (d, Jc.r,=7.9 Hz), 123.8 (d, Jc.r=3.8
Hz), 115.4 (d, Jcr=20.8 Hz), 111.4 (d, Jcr=15.5 Hz),
94.4 (d, Jor=3.2 Hz), 77.8, 68.6, 68.0, 33.4, 25.4; 'F
NMR (376 MHz, CDCl;) 6: —110.1 (s); FT-IR v: 2979,
2874, 1609, 1579, 1486, 1172, 1150, 1049 cm . HRMS
(ESI) caled for Cj,H;;FONa [M+Na]* 213.0686, found
213.0686.

2-(2- 9K OB EE) DY A R R (2d): 30.8 mg, JEE
81%, B yfiik, il 2ifk (PE/EA, V/V=1/50). 'H
NMR (400 MHz, CDCly) d: 7.27~7.23 (m, 1H), 7.22~
7.19 (m, 1H), 7.15~7.10 (m, 1H), 7.04~6.98 (m, 1H),
4.80 (dd, J=17.6, 5.2 Hz, 1H), 4.04~3.97 (m, 1H), 3.90~
3.83 (m, 1H), 2.28~2.19 (m, 1H), 2.14~2.03 (m, 2H),
2.00~1.91 (m, 1H); 3C NMR (100 MHz, CDCl;) 8: 162.3
(d, Jer=244.8 Hz), 129.8 (d, Jc.r=8.6 Hz), 127.6 (d, Jcr
=3.1 Hz), 124.7 (d, Jcr=9.5 Hz), 118.5 (d, Jor=22.7
Hz), 115.6 (d, Jcr=21.1 Hz), 90.1, 83.3 (d, Je.r=3.4 Hz),
68.5, 68.0, 33.3, 25.5; 9F NMR (376 MHz, CDCL3) 6: —
113.1 (s); FT-IR v: 2954, 2873, 1491, 1450, 1255, 1215,
1049 cm ™ '. HRMS (ESI) caled for C1,H;;FONa [M+Na]"
213.0686, found 213.0683.

2-((4- 7 F) B TR VUSRI (2€): 30.7 mg, F=3%
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77%, Ok, R 410 (PE/EA, V/V=1/50). 'H
NMR (400 MHz, CDCl;) d: 7.37~7.32 (m, 2H), 7.14~
7.10 (m, 2H), 4.81 (dd, J=7.2, 4.8 Hz, 1H), 4.05~3.98
(m, 1H), 3.89~3.82 (m, 1H), 2.63 (q, J=7.6 Hz, 2H),
2.26~2.18 (m, 1H), 2.13~2.04 (m, 2H), 1.99~1.91 (m,
1H), 1.22 (t, J=7.6 Hz, 3H); *C NMR (100 MHz, CDCl;)
5: 144.6, 131.7, 127.8, 120.0, 88.3, 84.6, 68.7, 67.9, 33.5,
28.8, 25.5, 15.3; FT-IR v: 2964, 2929, 2872, 1509, 1458,
1168, 1050 cm™!. HRMS (ESI) calcd for Ci4H;60Na [M+
Na]* 223.1093, found 223.1096.

2-((4-BUT HEIRHL) B2 ) DU S BRI (2f): 32.4 meg,
FER T1%, HEWER, BiktEaift(PE/EA, V/V=1/50).
'H NMR (400 MHz, CDCI3) 6: 7.38~7.34 (m, 2H),
7.33~7.29 (m, 2H), 4.81 (dd, J=7.2, 4.8 Hz, 1H), 4.04~
3.97 (m, 1H), 3.90~3.81 (m, 1H), 2.27~2.17 (m, 1H),
2.13~2.03 (m, 2H), 1.99~1.89 (m, 1H), 1.30 (s, 9H); 13C
NMR (100 MHz, CDCLs) d: 151.5, 131.4, 125.2, 119.8,
88.4, 84.6, 68.7, 67.9, 34.7, 33.5, 312, 25.5; FT-IR v:
2961, 2904, 2869, 1506, 1460, 1363, 1267, 1051 cm .
HRMS (ESI) caled for C1sH2ONa [M+Na]" 251.1406,
found 251.1406.

2-((3-F 2K 38 B ) DU AWk i (2g): 27.6 mg, =
74%, O, R AL (PE/EA, V/V=1/50). 'H
NMR (400 MHz, CDCl;) d: 7.26~7.21 (m, 2H), 7.20~
7.15 (m, 1H), 7.13~7.09 (m, 1H), 4.81 (dd, J=7.2, 5.2
Hz, 1H), 4.04~3.97 (m, 1H), 3.89~3.82 (m, 1H), 2.31 (s,
3H), 2.26~2.18 (m, 1H), 2.13~2.04 (m, 2H), 1.99~1.91
(m, 1H); *C NMR (100 MHz, CDCl3) d: 137.9, 132.3,
129.2, 128.8, 128.1, 122.6, 88.7, 84.6, 68.6, 67.9, 33.4,
25.5,21.2; FT-IR v: 2958, 2924, 2189, 1669, 1485, 1320,
1299, 1212, 1183, 1058 cm !. HRMS (ESI) calcd for
Ci13H140Na [M+Na]* 209.0937, found 209.0934.

A-((2-DUZ Wk g 358 ) 2, bR 52 5 FH R HY i (2h): 29 mg,
FEHR 63%, WO, BakFE4ifL(PE/EA, VIV=1/15).
'H NMR (400 MHz, CDCly) &: 7.99~7.92 (m, 2H),
7.50~7.45 (m, 2H), 4.82 (dd, J=7.6, 5.2 Hz, 1H), 4.04~
3.97 (m, 1H), 3.93~3.85 (m, 1H), 3.90 (s, 3H), 2.29~
2.19 (m, 1H), 2.13~2.05 (m, 2H), 2.00~1.91 (m, 1H);
13C NMR (100 MHz, CDCl3) d: 166.5, 131.6, 129.6, 129.4,
127.5, 92.2, 83.7, 68.5, 68.1, 52.2, 33.3, 25.5; FT-IR v:
2953, 2882, 1719, 1605, 1435, 1273, 1107, 1050 cm .
HRMS (ESI) calcd for CisH403Na [M+Na]" 253.0835,
found 253.0834.

2-([1,1- IR R FE 1-4- £k i ) DU SR IR (2i): 27.1 mg,
FEE55%, MBI, B HE4iL(PE/EA, V/V=1/50).
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'H NMR (400 MHz, CDCl;) 6: 7.60~7.56 (m, 2H),
7.55~7.49 (m, 4H), 7.46~7.41 (m, 2H), 7.38~7.33 (m,
1H), 4.84 (dd, J=7.2, 5.2 Hz, 1H), 4.07~4.00 (m, 1H),
3.91~3.84 (m, 1H), 2.30~2.21 (m, 1H), 2.15~2.07 (m,
2H), 2.01~1.93 (m, 1H); 3C NMR (100 MHz, CDCl;) §:
141.0, 140.4, 132.1, 1289, 127.6, 127.0, 126.9, 121.7,
89.7, 84.4, 68.7, 68.0, 33.5, 25.5; FT-IR v: 2925, 2870,
1486, 1171, 1048, 1007 cm '. HRMS (ESI) calcd for
CisH160ONa [M+Na]" 271.1093, found 271.1088.

2-(2-Z8 LRI NI AR (2§): 27.5 mg, =% 62%,
B OAR, O R4 AL (PE/EA, V/V=1/50). '"H NMR
(400 MHz, CDCly) &: 7.97 (s, 1H), 7.82~7.73 (m, 3H),
7.51~7.45 (m, 3H), 4.87 (dd, J=6.8, 5.6 Hz, 1H), 4.09~
4.02 (m, 1H), 3.93~3.86 (m, 1H), 2.32~2.23 (m, 1H),
2.19~2.09 (m, 2H), 2.02~1.93 (m, 1H); '*C NMR (100
MHz, CDCLy) 6: 132.9, 132.8, 131.6, 128.5, 127.9, 127.8,
127.7 126.6, 126.5, 120.2, 89.5, 84.8, 68.7, 68.0, 33.5,
25.6; FT-IR v: 2974, 2871, 1506, 1346, 1331, 1049 cm ..
HRMS (ESI) caled for C1¢HisONa [M—+Na]" 245.0937,
found 245.0940.

2-(4-5 2K L BRI DU AR (2k): 28.8 mg, FER
70%, PR, BikFE4itb(PE/EA, V/IV=1/50). 'H
NMR (400 MHz, CDCly) d: 7.38~7.33 (m, 2H), 7.29~
7.26 (m, 2H), 4.80 (dd, J=6.8, 5.2 Hz, 1H), 4.05~3.97
(m, 1H), 3.90~3.83 (m, 1H), 2.28~2.19 (m, 1H), 2.13~
2.04 (m, 2H), 2.00~1.92 (m, 1H); 3C NMR (100 MHz,
CDCls) &: 134.3, 133.0, 128.6, 121.3, 90.1, 83.4, 68.5,
68.0, 33.4, 25.5; FT-IR v: 2957, 2203, 1488, 1172, 1089,
1052, 1014 cm™'. HRMS (ESI) calcd for C;,H;1CIONa
[M+Na]* 229.0391, found 229.0395.

2-((4-H R HL) B ) DU ARG (21): 20.4 mg, F=%
55%, ¥ AR, Ok A2 (PE/EA, V/V=1/50). 'H
NMR (400 MHz, CDCls) d: 7.34~7.30 (m, 2H), 7.12~
7.08 (m, 2H), 4.80 (dd, J=7.2, 4.8 Hz, 1H), 4.05~3.98
(m, 1H), 3.88~3.82 (m, 1H), 2.33 (s, 3H), 2.26~2.18 (m,
1H), 2.13~2.04 (m, 2H), 1.99~1.91 (m, 1H); *C NMR
(100 MHz, CDCLy) d: 138.4, 131.6, 129.0, 119.7, 88.3,
84.6, 68.7, 67.9, 33.5, 25.5, 21.5; FT-IR v: 2973, 2923,
2870, 1509, 1334, 1172, 1049 cm™'. HRMS (ESI) calcd for
C13H140Na [M~+Na]" 209.0937, found 209.0938.

3-(CEIE) T HIEH (4a): 12.3 mg, 77F 35%, FH
WA, @ik 4L (PE/EA, V/V=1/50). '"H NMR (400
MHz, CDCl;) d: 7.47~7.41 (m, 2H), 7.33~7.28 (m, 3H),
439 (q, J=6.8 Hz, 1H), 3.91~3.81 (m, 1H), 3.56~3.47
(m, 1H), 1.53 (d, J=6.8 Hz, 3H), 1.26 (t, J=7.2 Hz, 3H);
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13C NMR (100 MHz, CDCl;) 6: 131.7, 128.2, 122.9, 89.5,
84.7, 65.5, 64.2, 22.3, 15.2; FT-IR v: 2976, 2931, 2868,
1490, 1443, 1328, 1106, 1072 cm ™. HRMS [CI] calcd for
C12H 140 [M] 174.1045, found 174.1042.

2-CR O HRHE)-1,4- 5 7N (4b): 8.6 mg, =% 23%,
WA, O A 410 (PE/EA, V/V=1/10). '"H NMR
(400 MHz, CDCLy) 0: 7.48~7.42 (m, 2H), 7.34~7.27 (m,
3H), 4.57 (dd, J=8.4, 2.8 Hz, 1H), 3.95~3.91 (m, 2H),
3.79~3.66 (m, 4H); 3C NMR (100 MHz, CDCl;) o:
131.9, 128.7, 128.3, 122.1, 86.6, 84.3, 70.4, 66.5, 66.4,
65.8; FT-IR v: 2964, 2911, 2854, 2231, 1490, 1444, 1116,
1091 cm '. HRMS (ESI) calcd for C;,H;,0,Na [M+Na]®
211.0730, found 211.0732.

3-(FUT EIL) I T (4e): 13.4 mg, 7F 36%, F
AR, ik 4iL(PE/EA, V/V=1/50). '"H NMR (400
MHz, CDCls) d: 7.46~7.41 (m, 2H), 7.32~7.27 (m, 3H),
4.32 (s, 2H), 1.29 (s, 9H); 3C NMR (100 MHz, CDCl;) §:
131.8, 128.2, 1282, 123.0, 87.1, 84.7, 74.5, 51.1, 27.6;
FT-IR v: 2975, 2929, 2224, 2189, 1490, 1367, 1189, 1152,
1065 cm '. HRMS (ESI) calcd for C;3H;s0ONa [M+Na]"
211.1093, found 211.1089.

N-HJE-N-(3- IR 5L -2- B A 3k ) & Bt 2 (4d): 27.8 mg,
PR T4%(FH TR ELE] 10 0.6), Ak, Gnkk:
4lifb(PE/EA, V/V=1/2). '"H NMR (400 MHz, CDCl;) ¢:
7.44~7.38 (m, 3.2H, M4 RH4E), 7.35~7.26 (m, 4.8H,
P FHIIE), 4.44 (s, 2H, — N FH1K), 424 (s, 1.2H, —
A FAE), 3.12 (s, 3H, —MAa14), 3.04 (s, 1.8H, —4
SRR, 2.21 (s, 1.8H, —ANRAIE), 2.12 (s, 3H, — 7
Fy44); 13C NMR (100 MHz, CDCls) &: 170.8, 170.5(/§
SERAAR), 131.8, 131.7(FIANFMI1E), 128.7, 128.4(FAN 7
FfA), 128.4, 128 3(Fi N SEH1A), 122.7, 122 24N 744
1K), 84.6, 84.1(HAFHy1EK), 83.7, 83.0(H > FH1A),
41.1, 36.7(FAFHIE), 352, 33.4(BA FH1A), 21.7,
21.5(F R AIAE); FT-IR v: 2929, 1632, 1489, 1400, 1261
cm '. HRMS (ESI) caled for Cj;;H;3NONa [M+Na]®
210.0889, found 210.0885.

N- B -N-(3- 2R JE-2- B TR 56 ) F P i (4e): 11,1 mg,
FEER 32%(FAN TR LB 10 1), SOk, fnkikal
fK.(PE/EA, V/V=1/2). '"H NMR (400 MHz, CDCl;) ¢: 8.17
(s, 0.5H, — A FH1E), 8.06 (s, 0.5H, — A7 H1E),
7.44~7.39 (m, 2H, WA RHK), 7.35~7.28 (m, 3H, #
A FAE), 439 (s, 1H, —/NRA1E), 4.23 (s, 1H, —1
FERER), 3.08 (s, 1.5H, — M RA44E), 3.00 (s, 1.5H, —4
SERJIAR); PC NMR (100 MHz, CDCls) J: 162.2, 162.1(#
SR, 131.8, 131.7(FNFMI1A), 128.8, 128.5(F1
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SRR, 128.4, 128 3(H P FH1E), 122.5, 122.0(FiA 57
FAE), 85.4, 84.1(FAFib1E), 82.8, 82.5(F /™ FH4 k),
40.0, 33.9(PIN S F1A), 33.8, 29.5(F5 S 1K); FT-IR v:
2924, 1667, 1489, 1396, 1262, 1069 cm . HRMS (ESI)
caled for C;H;NONa [M + Na] © 196.0733, found
196.0729.

N,N- " F 5L -3- DR BB T T i (4e'): 11,1 mg, ;=%
32%, AMGEE, mp. 113~114 C, GikFE4i{L(PE/EA,
V/V=1/2). '"H NMR (400 MHz, CDCls) 8: 7.56~7.52 (m,
2H), 7.43~7.38 (m, 1H), 7.38~7.33 (m, 2H), 3.29 (s,
3H), 3.03 (s, 3H); 3C NMR (100 MHz, CDCls) 154.7,
132.3, 130.0, 128.5, 120.6, 90.2, 81.6, 38.4, 34.2; FT-IR v:
2958, 2918, 2850, 2208, 1647, 1489, 1395, 1263, 1134,
1073 cm '. HRMS (ESI) caled for C;;H,NO [M+H]"
174.0913, found 174.0909.

1-3F L3k -3- 28 2 2- P bR -1-Ff (6a): 26.6 mg, ;=3
63%, Ok, R 4itb(PE/EA, V/V=1/50). 'H
NMR (400 MHz, CDCl3) d: 7.60~7.55 (m, 2H), 7.47~
7.42 (m, 1H), 7.40~7.35 (m, 2H), 2.55~2.46 (m, 1H),
2.10~2.01 (m, 2H), 1.86~1.77 (m, 2H), 1.74~1.64 (m,
1H), 1.55~1.44 (m, 2H), 1.40~1.21 (m, 3H); '*C NMR
(100 MHz, CDCly) &: 191.5, 133.0, 130.6, 128.6, 120.2,
91.4, 87.2, 52.3, 28.3, 25.8, 25.4; FT-IR v: 2929, 2854,
2197, 1661, 1489, 1445, 1262, 1089, 1070 cm . HRMS
(ESI) caled for CisH;sONa [M+Na]" 235.1093, found
235.1099.

4- B FE - R B - B -3- T (6b): 17.2 mg, 77
50%, 3K Bk, Ok A S (PE/EA, V/V=1/50). 'H
NMR (400 MHz, CDCls) d: 7.60~7.55 (m, 2H), 7.48~
7.42 (m, 1H), 7.41~7.36 (m, 2H), 2.82~2.70 (m, 1H),
1.27 (d, J=7.2 Hz, 6H); *C NMR (100 MHz, CDCl5) §:
192.2, 133.0, 130.6, 128.6, 120.2, 91.6, 86.9, 43.1, 18.1;
FT-IR v: 2972, 2934, 2873, 2198, 1667, 1489, 1258, 1053
cm . HRMS (ESI) caled for Cj;H;;ONa [M+ Na]”®
195.0780, found 195.0784.

4-FEFE3- T H-2-Bi(6¢): 9.2 mg, FUE 32%, MK
&, kR4 L (PE/EA, V/V=1/50). "H NMR (400 MHz,
CDCly) &: 7.59~7.55 (m, 2H), 7.48~7.43 (m, 1H),
7.41~7.36 (m, 2H), 2.45 (s, 3H); '*C NMR (100 MHz,
CDCls) d: 184.6, 133.1, 130.7, 128.6, 119.9, 90.3, 88.3,
32.8; FT-IR v: 2923, 2200, 1668, 1279, 1155 cm”'. HRMS
[CI] calcd for CioHsO [M] 144.0575, found 144.0577.

1- 283 1-Pipe-3-Fi(6d): 22.5 mg, =& 61%, #(h
WA, @ik 4L (PE/EA, V/V=1/50). '"H NMR (400
MHz, CDCl;) d: 7.59~7.55 (m, 2H), 7.47~7.42 (m, 1H),
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7.41~7.35 (m, 2H), 2.67 (t, J=7.2 Hz, 2H), 1.77~1.68
(m, 2H), 1.45~1.36 (m, 2H), 0.95 (t, J=7.2 Hz, 3H); 13C
NMR (100 MHz, CDCl;) o: 188.3, 133.0, 130.6, 128.6,
120.1, 90.5, 87.9, 45.3, 26.3, 22.2, 13.8; FT-IR v: 2959,
2932, 2872, 2201, 1667, 1489, 1272, 1067 cm™'. HRMS
(ESI) caled for Ci;3H;4ONa [M+Na]" 209.0937, found
209.0938.

1-FR P -3- 2K 3 2- T He-1-f (6e): 12.4 mg, 7=
32%, Ok, B A1k (PE/EA, V/V=1/50). 'H
NMR (400 MHz, CDCl;) d: 7.59~7.53 (m, 2H), 7.47~
7.42 (m, 1H), 7.41~7.35 (m, 2H), 2.20~2.13 (m, 1H),
1.35~1.30 (m, 2H), 1.12~1.06 (m, 2H); *C NMR (100
MHz, CDCls) J: 188.4, 133.0, 130.6, 128.6, 120.0, 90.4,
86.2, 24.6, 11.2; FT-IR v: 3011, 2201, 1650, 1489, 1376,
1341, 1284, 1107, 1078, 1213 cm ™ '. HRMS (ESI) calcd for
C12H10ONa [M+Na]" 193.0624, found 193.0626.

(E)-1- 2K 3 -4- O -1- 3 -3- T (66): 13.5 mg, j=#
40%, B ORAR, A 41k (PE/EA, V/V=1/50). 'H
NMR (400 MHz, CDCl;) d: 7.62~7.57 (m, 2H), 7.47~
7.42 (m, 1H), 7.41~7.36 (m, 2H), 7.34~7.23 (m, 1H),
6.30~6.23 (m, 1H), 2.02 (dd, J=6.8, 2.0 Hz, 3H); '*C
NMR (100 MHz, CDCLy) o: 178.4, 149.5, 134.0, 132.9,
130.5, 128.6, 120.2, 91.1, 86.2, 18.5; FT-IR v: 2914, 2207,
1646, 1622, 1306, 1290, 1188, 1174 cm . HRMS (ESI)
caled for Cp;H;0ONa [M + Na] = 193.0624, found
193.0628.

1-(4- FH AR IR0 )-3- 2R BE 2- T B-1-[ (6g): 20 meg,
FER 43%, #OER, mp. 115~116 C, tifFEaifl
(PE/EA, V/V=1/30). '"H NMR (400 MHz, CDCl;) ¢:
8.23~8.16 (m, 2H), 7.70~7.65 (m, 2H), 7.50~7.45 (m,
1H), 7.44~7.39 (m, 2H), 7.01~6.96 (m, 2H), 3.90 (s,
3H); *C NMR (100 MHz, CDCl3) J: 176.7, 164.5, 133.0,
132.0, 130.6, 130.3, 128.7, 120.4, 113.9, 92.3, 86.9, 55.6;
FT-IR v: 2988, 2901, 2196, 1627, 1559, 1541, 1508, 1259,
1158, 1066, 1057 cm ™. HRMS (ESI) calcd for Ci6H;20Na
[M+Na]* 259.0730, found 259.0725.

1-(4-F AR )-3- A HE-2- T be-1-F (6h): 21.2 mg, 7~
F47%, EEOEAA, mp. 61 ~62 C, {0l A aifl
(PE/EA, V/V=1/50). '"H NMR (400 MHz, CDCl;) ¢:
8.28~8.22 (m, 2H), 7.70~7.66 (m, 2H), 7.52~7.47 (m,
1H), 7.46~7.41 (m, 2H), 7.22~7.16 (m, 2H); '*C NMR
(100 MHz, CDCls) 6: 176.4, 166.5 (d, Jer=255.1 Hz),
133.4 (d, Jer=2.7 Hz), 133.1, 132.3 (d, Jor=9.7 Hz),
130.9, 128.7, 120.0, 115.9 (d, Jcr=22.1 Hz), 93.4, 86.6;
F NMR (376 MHz, CDCl3) 6: ~103.2 (s); FT-IR v:
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2971, 2926, 2198, 1638, 1594, 1279, 1227, 1207, 1149
cm '. HRMS (ESI) caled for C;sHgFONa [M -+ Na]®
247.0530, found 247.0533.

1-(4- SR HE)-3- 2K Fe-2- T Be-1-Bl (6i): 20.1 mg, /=
K 42%, EOE AR, mp. 86~87 C, ik 4ifk
(PE/EA, V/V=1/50). '"H NMR (400 MHz, CDCl;) o:
8.18~8.13 (m, 2H), 7.71~7.67 (m, 2H), 7.53~7.48 (m,
3H), 7.46~7.41 (m, 2H); 3C NMR (100 MHz, CDCL) ¢:
176.7, 140.7, 135.3, 133.1, 131.0, 130.9, 129.0, 128.8,
119.9, 93.6, 86.6; FT-IR v: 2988, 2901, 1653, 1541, 1508,
1396, 1250, 1066 cm™'. HRMS (ESI) caled for CisHoCl-
ONa [M+Na]" 263.0234, found 263.0230.

2-((2- DYk g 5 ) FH BRI AR R LR (8a): 14.5 myg,
FRE 40%, BEE, kR Ai{L(PE/EA, VIV=1/20~
1/10). 'H NMR (400 MHz, CDCls) 6: 6.22 (s, 1H), 5.65 (s,
1H), 4.20 (q, J=7.2 Hz, 2H), 4.07~3.99 (m, 1H), 3.89~
3.83 (m, 1H), 3.75~3.69 (m, 1H), 2.51 (d, J=6.4 Hz,
2H), 2.02~1.93 (m, 1H), 1.91~1.81 (m, 2H), 1.56~1.46
(m, 1H), 1.29 (t, J=7.2 Hz, 3H); '*C NMR (100 MHz,
CDCls) d: 167.2, 137.9, 126.6, 77.6, 67.8, 60.7, 37.9, 31.2,
25.5, 14.2; FT-IR v: 2975, 2872, 1714, 1180, 1147, 1063,
1026 cm !. HRMS (ESI) calcd for CjoH;s03Na
[M+Na]" 207.0992, found 207.0995.

1- 28k -2-((2- 1Y 0 19k PR 6 ) R 5k )-2- T 0 - 1- il (8D):
22.8 mg, FEER 53%, AWM, A a1k (PE/EA,
VIV=1/20~1/10). '"H NMR (400 MHz, CDCl;) §: 7.79~
7.74 (m, 2H), 7.55~7.49 (m, 1H), 7.45~7.39 (m, 2H),
5.95 (s, 1H), 5.65 (s, 1H), 4.07~4.00 (m, 1H), 3.88~3.82
(m, 1H), 3.74~3.67 (m, 1H), 2.75 (dd, J=14.4, 4.8 Hz,
1H), 2.63 (dd, J=14.4, 8.0 Hz, 1H), 2.05~1.94 (m, 1H),
1.95~1.82 (m, 2H), 1.61~1.51 (m, 1H); '*C NMR (100
MHz, CDCLy) 0: 198.2, 145.5, 137.8, 132.2, 129.6, 128.2,
127.3, 77.7, 61.7, 38.4, 31.3, 25.6; FT-IR v: 2970, 2870,
1654, 1447, 1337, 1060 cm !, HRMS (ESI) caled for
C1sH160,Na [M+Na]" 239.1043, found 239.1039.

N-1-(3-ZK P -3 T )i ) -N- H 2k 2t i (8e): 19.7
mg, FEE A3%(MA A ARLLE] 1:0.8), AR, &
WA ALL(PE/EA, VIV=12~1/1, IO\ 1%=2Z%). 'H
NMR (400 MHz, CDCl3) 6: 7.77~7.66 (m, 3.6H, Pi/>5:
FtE), 7.58~7.50 (m, 1.8H, Wi SEM1K), 7.47~7.40
(m, 3.6H, FANSFH14K), 5.98 (s, 1.8H, BN E#IE), 5.79
(s, 0.8H, —5FAH414), 5.70 (s, 1H, —A5FA1E), 3.57 (¢,
J=17.2 Hz, 2H, —R#f), 3.50 (t, J=7.2 Hz, 1.6H,
— A7), 2.99 (s, 3H, —AFHIE), 2.96 (s, 2.4H, —
ANRERIE), 2.74~2.67 (m, 3.6H, HAFH1E), 2.08 (s,
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2.4H, —ANFHIE), 2.00 (s, 3H, —ANFHIE); °C NMR
(100 MHz, CDCl3) J: 197.8, 197.6(FiA> 5 #1E), 170.7,
170.6( Wi TR AE), 145.1, 143.9(PiAS FRIAE), 137.5,
137.3(FAS J MK, 132.5, 132.2(FiAS B 4E), 129.7,
128.5( WA Sk 44), 129.5, 129.4(W AN 5 k9 44), 128.4,
128 2(FAN SR AA), 49.9, 46.7(F5NFRIE), 36.2, 33.1
(BN SFERIER), 31.9, 30.0(F > FH1E), 21.9, 21.3(FA 5+
Fy44); FT-IR v: 2928, 1647, 1636, 1446, 1404, 1220, 1010
cm . HRMS (ESI) caled for Ci;H;7NO;Na [M+Na]"
254.1151, found 254.1149.

4-3F O HE-2- 7 B -1-2K T HE-1,4- i (8d): 18 mg,
FEEE 51%, SOk, AikiEaifb(PE/EA, VIV=1/20~
1/10). "H NMR (400 MHz, CDCl3) 6: 7.86~7.78 (m, 2H),
7.55~7.50 (m, 1H), 7.46~7.40 (m, 2H), 5.89 (s, 1H),
5.76 (s, 1H), 3.67 (s, 2H), 2.52~2.40 (m, 1H), 1.95~1.88
(m, 2H), 1.82~1.75 (m, 2H), 1.70~1.64 (m, 1H), 1.43~
1.30 (m, 3H), 1.29~1.16 (m, 2H); 3C NMR (100 MHz,
CDCls) d: 210.9, 197.4, 142.3, 137.4, 132.2, 129.8, 128.8,
128.1, 50.7, 44.5, 28.4, 25.8, 25.6; FT-IR v: 2928, 2854,
1705, 1655, 1448, 1339, 1317, 1214, 1068, 1002 cm .
HRMS (ESI) caled for Ci7H200,Na [M+Na]™ 279.1356,
found 279.1361.

4B RL(Supporting Information) 4/ C(O)—H %
BRIEAL S ML 26 AF ik BT & B 09 "H NMR AT 12C
NMR #% &, X 2e bkl nr DL 5 9% AT ) 3k (http://sioc-
journal.cn/) . N #,
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