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Catalytic Synthesis of Pyrazine and Ketone Derivatives by
Unsymmetrical Triazolyl-Naphthyridinyl-Pyridine Copper
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Abstract A novel method for the synthesis of pyrazine and ketone derivatives was developed by using asymmetric lig-
and-based catalyst TNP-Cu@rGO. The screening of reaction bases, solvents, reaction temperatures and time was conducted
to determine optimal reaction conditions. The reaction scope and generality of this methodology for the synthesis of pyrazines
were tested and the results showed that this catalytic system had good functional tolerance. More than twenty substrates
experiments were successfully set up, and pyrazines with moderate to high yields were isolated. Additionally, this catalytic
system could also be used to the systhesis of ketones in good yields. Furthermore, the mechanism investigations were
conducted for the synthesis of pyrazine derivatives to better understand the synthesis of pyrazines. The recycling test of
TNP-Cu@rGO for the synthesis of pyrazines was investigated and the experiments showed that the catalyst could still
maintain high catalytic activity for five times.
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BT HEEIER . 2,6- — H MR AL R AL A ). ik
SEH TR AR 2. 2. e R S,
Wz R, FRORG] R T P AN T AT R A G
1, g A e MR LAY E R A kAR R
P A, X LTy BAR BRI 1 B e BRI ), 1
AR T|ERNE 2 R B FAE, Har=4 K=,
M 3 R FR BT e, DRI BR ) 1 LR . BB A
R HA B il IREEIE . Fe b 5 i El =4 2
IKEERE R, O — PR B b AR, R a2 3
TR TAE & & BRE. 2012 4F, Li ARG T DL
H I A e AR T, E[Cp*IrCLy]o/NaOH 44 & N5t 75 &
THREHAT N-BEBsAb OBy, 12 B A AT R &
FHVE RS0 AL 2017 a8 N il T & NAN
A FC A4 1) 5% 2% 4 90 ([Cp*Ir(BiBzImH,)CI][CL]), F4#%
HFKH T ZR B, ZAE R SCBL T 755507 7E 1 %
R 243055 B OISR e 4k 2018 4, Fujita TR 04
BT — MR R AT, BHIEHE SRR N-G
B N, WIR1S T RS R B, 2019 4F, Na-
mitharan BREZH S T FeoOs 4K F-50 30 75 ik 5
HHELIR I B B N-edk s C-le b Ab & R s i AR 28 A7
A W), 2020 4, Mannathan $f 8120 o4 58 T fF A
Zn(NO3),*6H20 NHEALF, RIS IA F5 B i) N-ki 3
B, FEAR BB =), R

Hop, 7R A FE R E F Y Rus Irs Rh, Pd &R
SR AE AT FUAR T B, RERE1S BRI 1k
FRRNFE RO LSRRI TAE & TF AR AR R 5 BRI
4 J& Fe. Mn. Ni. Cu %5, fALIZIE B AN T 514
B, KBRS RIS Z RN &8 4
F, BTG 4 A AT FURE AL T R i BT,

B, BATHRBAPHRE T UM & & SRR 4
JEMEAT, R I Tl B FH 2118 0 S A0 i AR B Jse
BRI, I AR AR R A R DS F B (R0 e
fEALPERERRARIOL 2019 4, FRATUMRIE T —FhHEFAEXT
PR = M ZE g L e o447 TNP-Cu@rGO 4L 71 (TNP:
Triazolyl-Naphthyridinyl-Pyridine), &g %% 3 2 fie &5 1% B¢
SN B R WRAT AR, FE R I B I . A SOR
TNP-Cu@rGO Iy N FH 21| -E b 5 ik e A4 540 55 1 2%
FTEED R RN SRaG a5 R, ZAME A TR0 A a2
WAL A AR SR AR P 2 I AR S A AL T 1, ARG
T2 AU SCHRAT OB 77, S A mdE e mT R

SEAF R & . o 3 T ) S X v [ A4 ) 4

R, WL MR R RN RS, JFFEH T ATRER
EAUEE, R SEBL T 2 A 750 1 [T AC AR P S e
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1 HR5R

LML T TNP-Cu@rGO AL A4 (TNP) 2 4% 1§
CRIJTVEG K, FAR W25 R G .
1.1 RMFHRK
T 28 Rk R AR A MR, TNP-Cu@Go
VE AT ol b B R AT AE M ) & R L (& 1
R). B, FBEEN SN AR, S 45 SRR B
Bl P e 59 B ARkES), 9 KoCO3+ Nap,COsz. KsPOs, N
T AT BE SR AR I BN YL % (Table 1, Entries 1~
3). HAERISRERIS, %5 N 2 /> BRI W) (Table 1,
Entries 7~9). M Cs,COs. KO'Bu. NaO'Bu £ Al
I, 1% BRG] AT BRS80S S W (Table 1,
Entries 4~6). B/5, 5 A MEEN. 2551 E
WA FRIRNZ RIS MR K, 223 Ao e R I — FR A
AR R M (Table 1, Entries 4. 10~14). #
R RPKARRAL @

Table 1 Optimization of reaction conditions

N AN
[ j\ . ©/\OH Catalyst, Base [ j\
N” NH, Solvent, Temp., Time “N” H/\©
3a

1a 2a

Entry Base Solvent Temp./'C  Yield”/%

1 K2COs Xylene 140 24

2 NaCOs3 Xylene 140 Trace
3 K3PO4 Xylene 140 33

4 Cs2C03 Xylene 140 97

5 KOBu Xylene 140 95

6 NaO'Bu Xylene 140 91

7 KOH Xylene 140 89

8 NaOH Xylene 140 86

9 CsOH*H20 Xylene 140 75
10 Cs2C03 Toluene 140 79
11 Cs2C0O3 1,4-Dioxane 140 30
12 Cs2C03 DMF 140 61
13 Cs2COs3 DMA 140 Trace
14 Cs2CO3  1,2-Ethanediol 140 Trace
15 Cs2C0;3 Xylene 120 76
16 Cs2C0;3 Xylene 150 97
17 Cs2C0;3 Xylene 140 85¢
18 Cs2COs3 Xylene 140 974
19 Cs2C0;3 Xylene 140 Trace*

© 2022 Chinese Chemical Society & SIOC, CAS

“Reagents and conditions: 1a (1.0 mmol), 2a (1.2 mmol), catalyst (15 mg, =
3% loading), solvent (2.0 mL), base (0.75 equiv.), 8 h. ? Yields of isolated
product. ©6 h.¢12 h. ¢ Without catalyst.
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J&i, XF RONEE [A) Bl R AT T A4k, KR 8 hy 140 'CH
2% B B A 1 52 82 s (8] F1 LB (Table 1, Entries 15~18).
12 KRYPETEMNER

TEB R N S SR b, 6 S S R IREAT T B g
P& AT, SEIRgs SRR TNP-Cu@rGo % It I
HOR 2 BB () R R R AT o R U rE B, B
WHEMFBR R, HARLR 2. L CEERF Eaia ftd
FFE(U CHs~ OCH»)Z 2 M #R g LA 75 B R 15 B AH B
() H kR 72 9)(Table 2, 3b~3g). S256 K & W B 13k 4]
(1 AR T D5 2 I R IR 1 R A S By, R BE % LA
& K UL RS 2 H bR a9 (Table 2, 3h~3r). [FIR, SC
56 R I 2 R A7 LK 122 S5 B2 [T RE A /N, 24 R R AR AR Ay
BRI B ZE IR, 1% B BE IR 15 h 25 2R 75 17
3K (Table 2, 3t~3u, 3x). 24 AMEW) HFFE N JFORI, SZI6
WA DURFEAT, HER=4) 3w F=RIA %] 85%.

JE A% M A7) 7 S M P o 3 A S S R v v P
RIL, T TNP-Cu@rGo M HZ 2 LIHFRE 500 1 15
SN, FEX R E AT TR 3). SRE

B, 4OR IR b AR IE T8 2 T H 1 3 0 2 it H 1 3
TNP-Cu@rGo #BRE i s N NFF b i3k AT - 35 15 55 e ) I
PSR, 19 EBIAH R BARF=40. 53 Ak oAt 5 B 2 IR
WRHAT TIRTT, R T8 % BLE M (Table 3,
6e). (A, TNP-Cu@rGo AW TE 2 S M MR (1) e A s B
WA R A RS I, 6 TR S A I 8 R R
UL PERE.

1.3 RMHIBRIERT

FETFZ A ML TNP-Cu@rGO fER LN S
IR SR R I AR SR A M, S T AR
AT S S LR DA, 36T SR S BE AL B AT T 48
=

B, HEHIERSA 2,2,6,6-V1 H - 1-DREE JE %
A A EY)(TEMPO)YX I S B AL ER S R EAT 45 1), 4521
KW, 2 TEMPO fFAESMN, ML 528 TIOR8
REBE IR EAT, H CLOLF5 FIUS2.(91%) 43 B AH B (1) 7= 4)
3a, HHUICTT DAWIE HERR % NAR 220 B 3k SR 7] R
4 (Scheme 2a).

K2 JRMIREENEHEE o

Table 2 Substrate scope of the reaction

N N\
| = N OH TNP-Cu@rGO [ P
_ + R |—/ N N AN
N™ "NH; Cs,CO3, Xylene, 140°C, 8 h H | \e
1a 3 R’

H
N N
B
[/]/
N

3a, 97% 3b, 83% 3c, 85%

B il el e e

3d, 89% 3e, 88% 3f, 89%

39, 92% 3h, 80% 3i, 84%

3j, 72% 3k, 78%

e i T

31, 81%

3m, 80% 3n, 83% 30, 87% 3p, 82% 3q, 84% 3r, 85%
CF3

H H N N N

T ' NNﬁo>[\ Y0
[ \]/ S CF3 NN [ S P N

_ _ [ OMe _ N
N N N/ N

3s, 80% 3t, 78% 3u, 87% 3v, 80% 3w, 85% 3x, 90%

@ Reagents and conditions: 1a (1.0 mmol), 2 (1.2 mmol.), TNP-Cu@rGO (15 mg, ©=3% loading), xylene (2.0 mL), Cs,CO; (0.75 equiv.), 140 °C, 8 h. * Yields of
isolated product.
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Table 3 Substrate expansion for the reaction of alcohols with ketones

0O

(0]
R1.—\ R2'—\ TNP-Cu@rGO, KOH Rzl_\ | \_R1
_ + | _ ! b7 %
Toluene, 110°C, 12 h 6
2

6a, 86% 6b, 83% 6c, 80% 6d, 88%
O e) 0 O
\ S/ Me MeO
. cl
6e, 81% of, 7% 6g, 79% 6h, 82%

@ Reagents and conditions: 2 (1.1 mmol), 5 (1.0 mmol.), TNP-Cu@rGO (15 mg, ®=3% loading), toluene (2.0 mL), KOH (0.75 equiv.), 110 ‘C, 12 h. ?Yields of
isolated product.

Cs,CO3, Xylene, 140°C, 8 h
1a 2a 3a

With TEMPO: 91%
No radical scavenger: 97%

(b) oiij/bH [EL
L

@ |y NS
S OH TNP-Cu@rGO [ /]\
| + N"N
N” “NH, H

N Me N
[ j\ . 2g(0.6 mmol) TNP-Cu@rGO gg oM
N "NH, o  Cs2COs Xylene, 140°C, 2 h N
1a (0.5 mmol) F3C/©/\ [ 1
2r (0.6 mmol) NTON
3f CF3
3g:3f=27:1
B2 s
Scheme 2 Control experiments

B 5, Al BH 12 s 7 AR PR R 238 T 1% s R ) 100
SO, 106 PR ML IGEAE SN R A 5 A [R] B R e T ik /X//T‘
17 Ri(2g 2r). JME 2 h J5, @il A S (GC) ik 80- o Phoro
Y, PRI BN LI U0 (3g A 30 BT ) B L
9270 1. GERRER RLE VI B % bk 2 2 2 5 2 60
TEBIEIOM, 2 R LB S T3 B £
AR, XHZ & B 1) & A B F)(Scheme 2b). 3 404

SR By 73 2 W9t R0 A T] A4S 1R 47 SR 0 B 7T e R ) 20.
MUER S ROCEEMEA. BG, Slnha Btk 58 fo
BRSO3 15 AT PR 2R . AEAS R 0 SRR ), % I e
SR AT I AT (B 1), SEEG 25 RAR I LE I AR 0 2 4 _ 6 &8 1012
B PRI s B TP R e 4, L RS Time/h
TE BRI AELE 2 R B R 47 A BB AE . [FI L B 1 AaY) 3a £ pid b R A (i 72
RIS RBEAT 8 h, PERRIA R, B A S N B Figure 1 Intermediate research for the synthesis of 3a

[, PR A AN 2 A .
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13 A % e I £ W S [E1 % N B N S D G M
(Scheme 3). B RIEHMMIRPIFZLET, YMRMAKRF
AN Z FR S SRS A NN 28 B it g i, &5 3R
B, %R PR R L 14% M5 15 21 K F % (4a). B S,
TEFRER R LA AE T, AR H I (4a) 5 R R IE IR [ B 8
h, AR LR 4b). f)a, K45 3 0 fZ e
PRI PR S N, ATy SR AT LAAS 2 T304 3a. IX AN
SIS FAIE A2 R 1 SR R AT,

TNP-Cu@rGO ©AO

@AOH
Cs,CO3, Xylene, 140°C, 2 h

2a 4a, 14%

N

N
[ \j\ 4a _TNP-CU@rGO, xylene [ \j\
_ +
N” NH, Cs,COs, 140°C, 4 h N N7 pPh
1a 4b, 96%
N Ns
[ j\ TNP-Cu@rGO, xylene [ j\
Pz + 2a = PN
N” N7 Ph Cs,C0;, 140°C,8h N~ "N”"Ph
4b 3a, 93%

M3
Scheme 3 Intermediate capture experiments

AR b T PR S5 FIAH 5% SCHR AR B 12, DL B I

7Y 3a I, ST 1OV AT REAIALEL AT Scheme 4

AN RNZ L U AN R ) AE AL TR R R

TERITE, 28 TP E B S0 R RS 4a. (i) 4 T 5 2

WA A S EK AL B ] A 4b. (i) 55— 7

Az PR S PR A R A DR R RL 3 J8 IV Jig v ] 44 A B H
=) 3a.

N Ns
OH | TNP-Cu@GO _ ||
+ _ _— > _
2a 1a 3a

[Cu]

[CulH,

o —
7
-[H0] N N/\©
4a 4b

B4 Gk 3a (B
Scheme 4 Reaction mechanism of the synthesis of 3a
1.4 T TNP-Cu@rGO Bl fEIRSLIG
BJa, T B IEIZAR S AR AL TR A8 A A 1 e,
XF TNP-Cu@rGO 9 sl W 8 I SE B2t AT T RIETE. H5 /%
LGSR G IR RZS B0y F R S 2R 22 IR
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RS D BRIl A AR, K P Bl A AR BRI 2%
PF R BRI BOREIEAT IR (Scheme 5). 45 REH], Bl [
TG IR A P OB G 22, 2 PR AR B S5 S 3 A I
FIFEAR, TUYI4) 3a (3R BERE1S BB R ) S M.

N NS
| OH TNP-Cu@rGO [ /j\

_ + — L NN
N~ NH, Cs,CO;, xylene H
1a 2a

0
______________________________ e s
Recycled times 0 1 2 3 4 5
Yield/% 97 91 89 86 86 83

BR S AL TNP-Cu@rGO [ El i 525
Scheme 5 Recycled experiments of TNP-Cu@rGO catalyst

2 g

Zx BATIR, A SCRI M AR AL ] TNP-Cu@rGO
SCHL T BRANY 4 A (AL SR R S DA R T
U R, S8R e 5 0 I 1) it S IV JER A7 33 e S 5
F HIZ A AL TR AS R B R AR R B R B T 8%
SRIHEAIETE, BUR T 72%~ 977%™ 2. it 4 i) sz
56 LA FOT v T 4% P 4 3 Sz 36 HE M HH 7 927 S B 19 B B
T, TR, 6haZ A A A SR HEAT T [l USCHs ) S 56
ZMEAR RPEHE T — PG 2E ORI R A A Y T
EIESLIL T IR A, X AT A TR R RS
L Ja A ORI AT A R T — 26 V) S al 47 1 B 2.
3 SRS
31 B 5EHHA

Fr A 15822 ) 'TH-NMR. '3C-NMR F1 '9F
NMR HHATRAE, F LAY SRR (TMS) NN FR(S 0),
% DMSO-ds (‘"H 2N 6 2.50, *C y 6 39.5)8% CDCl; (‘"H ~
67.26,13C 4 6 77.1). '"H-NMR, BC-NMR F1 °F-NMR 4}
HI7E Bruker Advance 111 HD 400 MHz. 101 MHz 1 376
Hz ¥ _E3RA. RATE 100~400 HEERAR(SGF254)
HHATHZ 8T, E 230~430 HEERR LA H: Z T 5.
4 R B (HRMS)/E LTQ-FTUHRA Ji 4% _Eids%. Fr
AR AL R PR AL, B 7 — k.
32 ZLWHE
32.1 TNP-Cu@rGO #1bal Rk rtboh b F BB ER 69
Iy ik

fE 25 mL FRRBEH, RIKIIAZE HEE(2a)(130
mg, 1.2 mmol). ZIEMEHEE(1a) (95 mg, 1.0 mmol). L
7] TNP-Cu@rGO (15 mg, 3 wt%)~ Cs,COs (244 mg, 0.75
mmol). ~H Q2.0 mL)T 140 CHBHAhHi#E SN 8 h,
SN 3t o 9 2 £ B (TLC) 3 B S Sk B, e N7 45 o
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Ja, fPHAHEER, #RBY I KERIEIA Z
& 2. B5(5 mLX3)ZHL, &G HUARFEH K MgSOs T
W,k s A AR 45 IR il IR SR F AR JE B 24k [V
) © MG CER)=5 @ 1], 48] N-FHEMLER-2-f%(3a):
W A AR, 180 mg, E 97%. mp. 65~66 C
(Ref.'3 66~67 “C); '"H NMR (400 MHz, CDCLy) &: 7.78
(dd, J=2.8, 1.5 Hz, 1H), 7.74~7.67 (m, 1H), 7.61 (d, J=
2.9 Hz, 1H), 7.19 (d, J=4.5 Hz, 4H), 7.14 (q, J=4.1 Hz,
1H), 5.54 (d, J=5.6 Hz, 1H), 4.39 (d, J=5.7 Hz, 2H); 13C
NMR (101 MHz, CDCl;) 6: 153.54, 140.87, 137.51,
131.61, 131.05, 127.62, 126.50, 126.37, 44.32; HRMS
caled for C1iH;oN; [M+H]" 186.1031, found 186.1031.

N-Q2-F B LR )-2- & (3b): B (B[ 4&, 165 mg,
FEH 83%. m.p. 67~68 C; 'H NMR (400 MHz, CDCl;)
5: 7.80 (dd, J=2.8, 1.5 Hz, 1H), 7.71 (d, J=1.5 Hz, 1H),
7.63 (d, J=2.8 Hz, 1H), 7.17 (d, J=7.3 Hz, 1H), 7.07 (td,
J=6.5, 4.3 Hz, 3H), 5.21 (t, J=5.4 Hz, 1H), 4.38 (d, J=
5.3 Hz, 2H), 2.23 (s, 3H); *C NMR (101 MHz, CDCls) 6:
154.57, 141.98, 136.50, 136.16, 132.82, 132.14, 130.60,
12831, 127.77, 126.25, 43.69, 19.03; HRMS calcd for
Ci2H N3 [M+H]" 200.1188, found 200.1186.

N-(3-F L BE ML R )-2- 2 (3¢e): B (L iR AR, 169
mg, 7% 85%. '"H NMR (400 MHz, CDCls) 0: 7.89 (dd,
J=2.8, 1.5 Hz, 1H), 7.81 (s, 1H), 7.71 (d, J=2.8 Hz, 1H),
7.19 (t, J=7.5 Hz, 1H), 7.10 (d, J=9.1 Hz, 2H), 7.05 (d,
J=7.5Hz, 1H), 5.63 (s, 1H), 4.45 (d, J=5.5 Hz, 2H), 2.29
(s, 3H); *C NMR (101 MHz, CDCl;) J: 154.69, 141.98,
138.53, 138.39, 132.66, 132.16, 128.65, 128.37, 128.24,
124.67, 45.44, 21.43; HRMS calcd for Cj,HsN; [M+H]"
200.1188, found 200.1187.

N-(4-F B0 R )-2- 1% (3d): s B[ 4A, 177 mg,
FEF 89%. mp. 77~78 C (Refl3 78~80 C); 'H
NMR (400 MHz, CDCl;) 6: 7.93~7.59 (m, 3H), 7.13 (d,
J=7.7 Hz, 2H), 7.04 (d, J=7.7 Hz, 2H), 5.22 (t, J=5.9
Hz, 1H), 4.38 (d, J=5.6 Hz, 2H), 2.23 (s, 3H); 3C NMR
(101 MHz, CDCl3) d: 154.60, 142.01, 137.20, 135.47,
132.85, 132.11, 129.43, 127.62, 45.31, 21.13; HRMS calcd
for C12H14N3 [M+H]" 200.1188, found 200.1186.

N-(2- H A8 35 5 FE I 18R )-2- i (3e): o 2 [ 44, 189
mg, /7% 88%. m.p. 70~71 C; 'H NMR (400 MHz,
CDCl3) d: 7.92~7.82 (m, 1H), 7.77 (s, 1H), 7.64 (s, 1H),
7.27~7.09 (m, 2H), 6.86~6.69 (m, 2H), 5.28 (s, 1H),
4.44 (d, J=5.9 Hz, 2H), 3.73 (s, 3H); 3*C NMR (101 MHz,
CDCly) d: 157.57, 154.79, 141.96, 132.57, 132.27, 129.26,
128.79, 126.48, 120.56, 110.37, 55.30, 41.06.; HRMS

Chin. J. Org. Chem. 2022, 42, 190~199
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caled for C1,H14N3O [M+H]™ 216.1137, found 216.1136.

N-(3- FF R0 36 3 I 1R )-2- i (31300 9k o £ Y44,
191 mg, 7#% 89%. 'H NMR (400 MHz, CDCl;) J: 7.92
(dd, J=2.8, 1.5 Hz, 1H), 7.83 (d, J=1.5 Hz, 1H), 7.74 (d,
J=2.8 Hz, 1H), 7.22 (t, J=7.9 Hz, 1H), 6.93~6.84 (m,
2H), 6.79 (ddd, J=8.2, 2.6, 0.9 Hz, 1H), 5.61 (s, 1H), 4.48
(d, J=5.7 Hz, 2H), 3.73 (s, 3H); *C NMR (101 MHz,
CDCl3) 0: 159.89, 154.61, 141.96, 140.27, 132.75, 132.18,
129.76, 119.78, 113.21, 112.75, 55.18, 45.35; HRMS calcd
for C12H14N30 [M+H]" 216.1137, found 216.1138.

N-(4- F AR R BRI 158 )-2- 1% (3g): 3¢ (70 B 4%, 198
mg, ;3% 92%. m.p. 96~97 C (Refl'*197~99 C); 'H
NMR (400 MHz, CDCl3) 6: 7.85 (dd, J=2.8, 1.5 Hz, 1H),
7.77~17.72 (m, 1H), 7.67 (d, J=2.8 Hz, 1H), 7.20~7.12
(m, 2H), 6.83~6.68 (m, 2H), 5.21 (s, 1H), 4.36 (d, J=5.4
Hz, 2H), 3.68 (s, 3H); '3C NMR (101 MHz, CDCls) §:
159.03, 154.54, 141.97, 132.80, 132.15, 130.53, 128.96,
114.12, 55.30, 45.00; HRMS calcd for CioHisN;O [M+
H]" 216.1137, found 216.1137.

N-G3-FCF LM )-2-F2(3h): B OIRAE, 162 mg, 77
% 80%. 'H NMR (400 MHz, CDCl;) 6: 7.87 (d, J=1.3
Hz, 1H), 7.78 (s, 1H), 7.70 (d, J=2.8 Hz, 1H), 7.18 (td,
J=17.9, 5.8 Hz, 1H), 7.01 (d, J=7.6 Hz, 1H), 6.94 (dt, J=
9.7, 2.1 Hz, 1H), 6.85 (td, J=8.4, 2.6 Hz, 1H), 5.38 (s,
1H), 4.46 (d, J=5.8 Hz, 2H); 3C NMR (101 MHz, CDCl5)
5: 161.99 (d, J=246.2 Hz), 153.36, 140.94, 140.33 (d, J=
6.9 Hz), 132.06, 131.15, 129.18 (d, J=8.3 Hz), 121.89 (d,
J=2.8 Hz), 113.35, 113.14 (d, J=1.1 Hz), 43.76 (d, J=
1.9 Hz); F NMR (376 MHz, CDCls) 6: —112.67; HRMS
caled for CiH; NsF [M+H]" 204.0937, found 204.0938.

N-(A-FEHENEBR)-2- i (3i): (44, 170 mg, 7~
# 84%. m.p. 79~80 °C; 'H NMR (400 MHz, CDCl;) o:
7.86 (dd, J=2.8, 1.5 Hz, 1H), 7.81~7.72 (m, 1H), 7.68 (d,
J=2.8 Hz, 1H), 7.28~7.11 (m, 2H), 6.99~6.84 (m, 2H),
5.34 (t, J=5.7 Hz, 1H), 4.41 (d, J=5.5 Hz, 2H); *C NMR
(101 MHz, CDCly) d: 162.15 (d, J=245.5 Hz), 154.45,
141.98, 134.35 (d, J=3.1 Hz), 132.97, 132.18, 129.21 (d,
J=8.0 Hz), 115.53 (d, J=21.4 Hz), 44.70; '°F NMR (376
MHz, CDCl3) J: —115.03; HRMS caled for C;H;iNsF
[M+H]" 204.0937, found 204.0937.

N-(2- &R L ML R )-2- i (3139 #5 4 [ 44, 158
mg, 7% 72%. m.p. 71~72 ‘C; 'H NMR (400 MHz,
CDCLy) 0: 7.96~7.94 (m, 1H), 7.86 (d, J=1.6 Hz, 1H),
7.77 (d, J=2.8 Hz, 1H), 7.38 (dd, J=5.7, 2.2 Hz, 1H),
7.32 (d, J=4.6 Hz, 1H), 7.19 (dd, J=5.8, 3.5 Hz, 2H),
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5.50 (s, 1H), 4.64 (d, J=6.1 Hz, 2H); 3C NMR (101 MHz,
CDCls) d: 154.43, 141.96, 135.96, 133.59, 133.02, 132.30,
129.64, 128.79, 127.60, 126.97, 43.19.; HRMS calcd for
CiHiNsCI [M+H]" 220.0642, found 220.0643.

N-(3-G R M ER)-2-f(3k) 3 B @A, 171 mg,
F% % 78%. '"H NMR (400 MHz, CDCls) 6: 7.84 (dd, J=
2.8, 1.5 Hz, 1H), 7.75 (s, 1H), 7.65 (d, J=2.7 Hz, 1H),
7.20 (d, J=2.2 Hz, 1H), 7.10 (qd, J=5.3, 2.6 Hz, 3H),
5.58 (s, 1H), 4.40 (d, J=5.8 Hz, 2H); 3C NMR (101 MHz,
CDCls) d: 154.43, 141.99, 140.89, 134.49, 132.96, 132.25,
129.97, 127.54, 127.52, 125.58, 44.72; HRMS calcd for
CiHiN;CI [M+H]" 220.0642, found 220.0644.

N-(4-5 RN B)-2- % (31): O E AR, 178 mg, 77
% 81%. m.p. 80~81 ‘C (Ref.* 79~80 C); '"H NMR
(400 MHz, CDCl;) J: 7.96 (dd, J=2.8, 1.5 Hz, 1H), 7.85
(s, 1H), 7.79 (d, J=2.8 Hz, 1H), 7.34~7.19 (m, 4H), 5.37
(t, J=6.0 Hz, 1H), 4.51 (d, J=5.7 Hz, 2H); *C NMR (101
MHz, CDCls) 6: 154.38, 141.99, 137.17, 133.18, 133.13,
132.19, 128.87, 128.83, 44.72; HRMS caled for
CiHiNsCI [M+H]" 220.0642, found 220.0642.

N-(3-IRICFEMEBR)-2-%(3m): FE O E K, 211 mg, 77
Z 80%. m.p. 60~61 C; 'H NMR (400 MHz, CDCl3) o:
8.09~7.72 (m, 3H), 7.48 (t, J=1.9 Hz, 1H), 7.39 (dt, J=
7.9, 1.6 Hz, 1H), 7.25 (dt, J=7.7, 1.4 Hz, 1H), 7.18 (t, J=
7.8 Hz, 1H), 5.36 (s, 1H), 4.53 (d, J=5.6 Hz, 2H); '3C
NMR (101 MHz, CDCly) &: 15432, 142.01, 141.10,
133.20, 132.25, 130.54, 130.47, 130.29, 126.07, 122.79,
44.75; HRMS caled for C;;H;NsBr [M+H]" 264.0136,
found 264.0137.

N-(4-BRFEMER)-2-1(3n): B E 1K, 219 mg, 77
# 83%. m.p. 112~113 °C; '"H NMR (400 MHz, CDCls)
5: 8.06~7.93 (m, 1H), 7.93~7.72 (m, 2H), 7.58~7.38
(m, 2H), 7.27~7.11 (m, 2H), 5.30 (s, 1H), 4.50 (d, J=5.5
Hz, 2H); 3C NMR (101 MHz, CDCls) §: 154.34, 141.99,
137.69, 133.20, 132.19, 131.79, 129.22, 121.28, 44.78;
HRMS calcd for C;jH;N;Br [M+H]" 264.0136, found
264.0135.

N-(4-R-REENE R )-2- 2 (30): B R A [EA, 270 mg,
PP 87%. mp. 126~127 ‘C; 'H NMR (400 MHz,
CDCls) d: 7.90 (dd, J=2.8, 1.5 Hz, 1H), 7.79 (s, 1H), 7.74
(d, J=2.8 Hz, 1H), 7.64~7.47 (m, 2H), 7.08~6.94 (m,
2H), 5.07 (s, 1H), 4.43 (d, J=5.2 Hz, 2H); 3C NMR (101
MHz, CDCls) 0: 154.29, 141.99, 138.34, 137.78, 133.30,
132.18, 129.47, 92.81, 44.91; HRMS calcd for CiH;iNsI
[M+H]" 311.9998, found 311.9999.
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N-Q2-( =5 38 ) A JE k98 )-2- ik (3p): 3 4 [ 44k,
207 mg, FEF 82%. m.p. 118~119 C; 'H NMR (400
MHz, CDCl3) 6: 8.04~7.95 (m, 1H), 7.87 (s, 1H), 7.81 (d,
J=2.8 Hz, 1H), 7.67 (d, J=7.8 Hz, 1H), 7.58 (d, J=7.7
Hz, 1H), 7.49 (t, J=17.5 Hz, 1H), 7.37 (t, J=7.6 Hz, 1H),
5.25 (s, 1H), 4.79 (d, J=5.9 Hz, 2H); *C NMR (101 MHz,
CDCls) J: 154.27, 141.95, 137.20, 133.28, 132.22, 132.20,
129.50, 128.58 (q, J=272.1 Hz), 128.56 (q, J=30.1 Hz),
127.47, 126.17 (q, J=5.7 Hz), 41.78 (q, J=2.7 Hz); "°F
NMR (376 MHz, CDCl3) 6: —59.81; HRMS calcd for
CiH i N3F; [M+H]" 254.0905, found 254.0904.

N-(3-( =560 FF 3L ) R BE ik e )-2- Ji2 (3q): 3 € R A,
213 mg, /% 84%. 'H NMR (400 MHz, CDCl;) J: 7.87
(s, 1H), 7.79 (s, 1H), 7.69 (d, J=2.7 Hz, 1H), 7.50 (s, 1H),
7.46~7.38 (m, 2H), 7.37~7.28 (m, 1H), 5.46 (s, 1H),
4.52 (d, J=5.7 Hz, 2H); *C NMR (101 MHz, CDCl;) ¢:
154.37, 141.98, 139.84, 133.17, 132.30, 131.44 (q, J=32.0
Hz), 130.83, 130.82, 129.15, 128.12 (q, J=271.5 Hz),
124.26 (q, J=4.4 Hz), 44.83; '°F NMR (376 MHz, CDCl;)
0. — 62.57; HRMS caled for C;H;N;F; [M+H] "
254.0905, found 254.0903.

N-(4-( =5 FF 228 R 2L ) -2-F (3r): B (R[] 1k, 215
mg, /7% 85%. m.p. 81~82 ‘C; 'H NMR (400 MHz,
CDCl3) o: 7.98 (dd, J=2.8, 1.5 Hz, 1H), 7.89 (d, J=1.5
Hz, 1H), 7.81 (d, J=2.8 Hz, 1H), 7.58 (d, J=8.1 Hz, 2H),
7.45 (d, J=8.0 Hz, 2H), 5.39 (s, 1H), 4.63 (d, J=5.7 Hz,
2H); BC NMR (101 MHz, CDCl;) o: 154.31, 142.89,
142.00, 133.33, 132.26, 128.18 (q, J=32.5 Hz), 129.66 (q,
J=271.5 Hz), 127.61, 125.63 (q, J=3.9 Hz), 44.83; '°F
NMR (376 MHz, CDCl3) 0: —62.44; HRMS calcd for
Ci2H i N3F; [M+H]" 254.0905, found 254.0906.

N-(4-( =580 AR08 ) R R L R )-2- i (3s): 3 FAu [ 44K
215 mg, =% 80%. m.p. 75~76 C; '"H NMR (400 MHz,
CDCl3) 6: 7.86 (dd, J=2.8, 1.5 Hz, 1H), 7.78 (d, J=1.6
Hz, 1H), 7.68 (d, J=2.8 Hz, 1H), 7.32~7.20 (m, 2H),
7.08 (d, J=7.9 Hz, 2H), 5.37 (s, 1H), 4.46 (d, J=5.5 Hz,
2H); '3C NMR (101 MHz, CDCls) J: 154.40, 148.51 (q,
J=2.1 Hz), 141.97, 137.45, 133.10, 132.20, 128.87,
124.29 (q, J=255.0 Hz), 121.22, 44.60; '°F NMR (376
MHz, CDCl3) 6: —57.93; HRMS calcd for C;2H;;N3F50
[M-+H]" 270.0854, found 270.0856.

N-(3,5-80( =5 A L) Jk ik e )-2- iz (3¢): 1 [ 44,
250 mg, FEH 78%. m.p. 76~77 C; '"H NMR (400 MHz,
CDCl3) d: 7.95~7.80 (m, 2H), 7.78~7.61 (m, 4H), 5.54
(s, 1H), 4.63 (d, J=5.8 Hz, 2H); *C NMR (101 MHz,
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CDCly) d: 154.12, 141.99, 141.81, 133.49, 132.58, 131.83
(q, J=33.3 Hz), 127.56 (q, J=3.8 Hz), 127.32 (q, J=
271.1 Hz), 121.36 (q, J=4.0 Hz), 44.36; '°F NMR (376
MHz, CDCl;3) 0: —62.96; HRMS calcd for C;3H;oN3Fs
[M+H]" 322.0779, found 322.0780.

N-(3,5- = F AU A R BE ik 8 )-2- Ji2 (Bu): 3 €4 ] £k,
213 mg, ;5% 87%. m.p. 103~104 ‘C; 'H NMR (400
MHz, CDCls) §: 8.02~7.91 (m, 1H), 7.86 (s, 1H), 7.77 (d,
J=2.8 Hz, 1H), 6.48 (d, J=2.4 Hz, 2H), 6.36 (t, J=2.3
Hz, 1H), 5.46 (s, 1H), 4.46 (d, J=5.3 Hz, 2H), 3.73 (s,
6H); *C NMR (101 MHz, CDCl3) d: 161.09, 154.56,
141.95, 141.05, 132,90, 132.16, 105.42, 99.20, 55.29,
45.52; HRMS calcd for Ci3H16N30, [M+H]" 246.1243,
found 246.1245.

N-(RFF[d][1,3] A AR -5-FL 3k )-2-i% (Bv): #H
44, 183 mg, %3 80%. m.p. 106~107 ‘C; 'H NMR
(400 MHz, CDCl3) d: 7.89~7.81 (m, 1H), 7.75 (s, 1H),
7.67 (d, J=2.9 Hz, 1H), 6.81~6.58 (m, 3H), 5.81 (s, 2H),
5.32 (s, 1H), 4.33 (d, J=5.2 Hz, 2H); '3C NMR (101 MHz,
CDCls) d: 154.49, 147.92, 146.92, 141.96, 132.86, 132.41,
132.15, 120.79, 108.34, 108.14, 101.07, 45.26; HRMS
caled for C;pH;pN3O, [M + H] © 230.0930, found
230.0928.

N-(EWy -2-FE B L IE 88)-2- i (Bw): B (L [EI 1A, 162
mg, 7% 85%. m.p. 69~70 ‘C; 'H NMR (400 MHz,
CDCls) d: 7.92 (dd, J=2.8, 1.5 Hz, 1H), 7.80 (d, J=1.6
Hz, 1H), 7.73 (d, J=2.9 Hz, 1H), 7.12 (dd, J=5.1, 1.3 Hz,
1H), 6.93 (dq, J=2.2, 1.0 Hz, 1H), 6.87 (dd, J=5.1, 3.5
Hz, 1H), 5.20 (s, 1H), 4.65 (d, J=4.7 Hz, 2H); *C NMR
(101 MHz, CDCly) 6: 154.07, 141.91, 141.62, 133.25,
132.49, 126.93, 125.77, 125.03, 40.32; HRMS calcd for
CoH oN3S [M+H]" 192.0595, found 192.0597.

N-(Z5-1-F LI 92 )-2- i (3x): ¥ B (0 [l 4, 228
mg, & 90%. m.p. 112~113 C; 'H NMR (400 MHz,
CDCl;) d: 7.86~7.80 (m, 1H), 7.80~7.73 (m, 1H),
7.71~7.65 (m, 1H), 7.61 (d, J=8.1 Hz, 1H), 7.60~7.53
(m, 2H), 7.37~7.29 (m, 2H), 7.28 (d, J=7.6 Hz, 1H),
7.23 (t, J=7.5 Hz, 1H), 5.21 (t, J=5.3 Hz, 1H), 4.74 (d,
J=5.0 Hz, 2H); '*C NMR (101 MHz, CDCl3) &: 154.49,
141.94, 133.91, 133.74, 132.65, 132.42, 131.52, 128.85,
128.49, 126.52, 126.23, 126.02, 125.50, 123.52, 43.53;
HRMS caled for Ci;sHi4N; [M+H]"  236.1188, found
236.1186.

Chin. J. Org. Chem. 2022, 42, 190~199

© 2022 Chinese Chemical Society & SIOC, CAS

3.2.2 TNP-Cu@rGO 1EAL#)BF 5 BR 6915 SRR 5 3

fE 25 mL TR, RO K HEE(2a) (119
mg, 1.1 mmol). ZZ(5a)(120 mg, 1.0 mmol). {#4L7]
TNP-Cu@rGO (15 mg, 3 wt%). KOH (42 mg, 0.75
mmol). FZK(Q2.0 mL)T 110 Cils4nHHidE B 12 h,
RS REHF TLC BUBER R BEREE, RSN G, frd
AEZRER, KRNI KERIFIMN L B85
mL X3)AHL, &IHAHAHIFHICK MgSOs T, ik
WRAGAFBR = i H R AR BT Al [ V(A hEE) - (A
FLE=20 : 1], 192 3-RKER A (6a): HELEH A, 180
mg, ;3% 86%. m.p. 69~70 C (Refl'* 69~70 C); 'H
NMR (400 MHz, CDCL3) §: 8.07~7.98 (m, 2H), 7.61 (s,
1H), 7.54~7.48 (m, 2H), 7.42~7.32 (m, 4H), 7.28 (s,
1H), 3.36 (dd, J=8.7, 7.0 Hz, 2H), 3.15 (dd, J=8.5, 6.9
Hz, 2H); 3C NMR (101 MHz, CDCl;) : 199.20, 141.39,
136.98, 133.11, 128.68, 128.61, 128.52, 128.12, 126.22,
40.47, 30.22; HRMS caled for C;sH;sO [M+H]"
211.1123, found 211.1124.

3-(4- L) -1- 2R U - 1-B (6b): T (o[l 14, 186
mg, 7% 83%. m.p. 33~34 C (Ref'*34~35 C); 'H
NMR (400 MHz, CDCly) 6: 7.98 (d, J=7.0 Hz, 2H),
7.60~7.55 (m, 1H), 7.48 (dd, J=8.3, 7.0 Hz, 2H), 7.16 (q,
J=8.1 Hz, 4H), 3.34~3.28 (m, 2H), 3.08~3.03 (m, 2H),
2.35 (s, 3H); 3C NMR (101 MHz, CDCls) §: 199.37,
138.20, 136.91, 135.64, 133.04, 129.22, 128.61, 128.30,
128.06, 40.63, 29.74, 21.01; HRMS calcd for CisH;70
[M+H]" 225.1279, found 225.1279.

3-(4- FARURE R B0 )-1- 2K T e -1- T (6¢): 11 (7 [ 4
192 mg, /% 80%. m.p. 59~60 C (Refl%l 59~
60 ‘C); 'H NMR (400 MHz, CDCl3) §: 8.02~7.95 (m,
2H), 7.57 (d, J=7.4 Hz, 1H), 7.48 (t, J=7.7 Hz, 2H),
7.23~7.17 (m, 2H), 6.91~6.85 (m, 2H), 3.82 (s, 3H),
3.30 (dd, J=8.4, 6.9 Hz, 2H), 3.05 (t, J=7.7 Hz, 2H); 13C
NMR (101 MHz, CDCly) &: 197.81, 163.48, 141.50,
130.32, 130.04, 128.52, 128.44, 126.09, 113.76, 55.46,
40.11, 30.37; HRMS caled for Ci¢Hi70, [M+ H] "
241.1229, found 241.1230.

3-(2-1RFRHE)-1- K Fe-1-FR(6d) 4 TE A, 254
mg, 7% 88%. 'H NMR (400 MHz, CDCL3) o: 8.01 (d,
J=17.0 Hz, 2H), 7.58 (dd, J=7.9, 1.5 Hz, 2H), 7.48 (t, J=
7.6 Hz, 2H), 7.35 (dd, J=7.7, 1.8 Hz, 1H), 7.27 (td, J=
7.4, 1.3 Hz, 1H), 7.11 (td, J=7.6, 1.8 Hz, 1H), 3.39~3.31
(m, 2H), 3.22 (dd, J=8.9, 6.9 Hz, 2H); 3C NMR (101
MHz, CDCls) 0: 198.91, 140.60, 136.81, 133.14, 132.92,
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130.83, 128.64, 128.10, 128.01, 127.67, 124.40, 38.63,
30.83; HRMS calcd for C;sH;sBrO [M+H]" 289.0228,
found 289.0227.

1- 2R B -3-(WE My -2- ) T it - 1- i (6e) !4 35 € 44,
175 mg, =% 81%. '"H NMR (400 MHz, CDCl;) 6: 8.04~
7.97 (m, 2H), 7.63~7.56 (m, 1H), 7.53~7.46 (m, 2H),
7.16 (dd, J=5.1, 1.2 Hz, 1H), 6.96 (dd, J=5.1, 3.4 Hz,
1H), 6.92~6.87 (m, 1H), 3.43~3.37 (m, 2H), 3.36~3.30
(m, 2H); *C NMR (101 MHz, CDCl;) J: 198.59, 143.91,
136.79, 133.18, 128.66, 128.06, 126.88, 124.70, 123.40,
40.46, 24.17;, HRMS caled for C;3H;3SO [M+H]'
217.0687, found 217.0686.

1-(4-F K H)-3- K fe-1-B (6): 35 (BlEA, 172 mg,
FEFE 77%. mp. 76~78 C (Refl"* 76~78 C); 'H
NMR (400 MHz, CDCl;) 6: 7.92 (d, J=8.6 Hz, 2H), 7.45
(d, J=8.6 Hz, 2H), 7.35~7.31 (m, 2H), 7.27 (dd, J=8.2,
1.5 Hz, 3H), 3.33~3.27 (m, 2H), 3.09 (dd, J/=8.5, 6.8 Hz,
2H); *C NMR (101 MHz, CDCl;) d: 198.00, 141.07,
139.52, 135.20, 129.47, 128.94, 128.58, 128.42, 126.24,
40.43, 30.07; HRMS caled for C;sHi4ClIO [M+H] "
245.0733, found 245.0734.

1-(3- 9 - 1-( ) P R 356 ) 7 - 1- P (B[ #0): 34 €2 1
ARWEAR, 177 mg, 773 79%. '"H NMR (400 MHz, CDCl3)
9: 7.79 (d, J=17.2 Hz, 2H), 7.42~7.26 (m, 7H), 3.32 (dd,
J=8.6, 6.9 Hz, 2H), 3.10 (dd, J=8.5, 6.9 Hz, 2H), 2.43 (s,
3H); *C NMR (101 MHz, CDCl3) d: 199.47, 141.39,
138.41, 136.94, 133.83, 129.06, 128.61, 128.54, 128.45,
126.13, 125.27, 40.54, 30.20, 21.37; HRMS calcd for
Ci6H,70 [M+H]" 225.1279, found 225.1280.

1-(3- F AR TR 0 -3- R P Joe - 1 -l (6 )1 4e0: 28 € AR
Wik, 197 mg, 7= 82%. 'H NMR (400 MHz, CDCl;) ¢:
7.61~7.51 (m, 2H), 7.42~7.23 (m, 6H), 7.14 (ddd, J=
8.2, 2.7, 1.0 Hz, 1H), 3.88 (s, 3H), 3.33 (dd, J=38.5, 6.9
Hz, 2H), 3.11 (dd, J=8.4, 6.9 Hz, 2H); *C NMR (101
MHz, CDCLs) 0: 199.04, 159.91, 141.32, 138.31, 129.61,
128.56, 128.46, 126.17, 120.70, 119.57, 112.36, 55.45,
40.56, 30.23; HRMS caled for CiH;70; [M + H] '
241.1229, found 241.1228.

¥ Bh# £l (Supporting Information) 7~%) 3a~3x, 6a~
6h HIRZRESLIR A RS . BRI, X Lebb Rl a] BL4 25 M
A W 3 (http://sioc-journal.cn/) . %K.
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