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BREEAFXNFENKE AN E R REEA~E W FREAE
Suzuki-Miyaura #1 Sonogashira & Rz 5 A9 5z F

fwrey Al b N S N
SRIATTIR S HEXY  xeEms #rE™ A
(I PEITE R A A SRR 2B Iy 041000)

( PIBE R [ R A RIS T R AT IR A BPAIEERE 010000)

WE AT UM ERET R0 It AR R ARk s, FRZRR. MR BTN EFBHLEY)
HISERIBEAT 7 RAE. X ki £ T AR 5 4UJE PACL(CH;CN), 41 3% A AL U ZE B (KOH) A7/ N 1] i R A AL Suzuki-
Miyaura IR, ZRBFERT BEKY - V=11 DHIREER P =R TR AT AT, BA & RRA. Wk, SaIR R
SR L IEAh, PACL(CH;CN),/WKPEER/Cul  FITR A (A7 4 28 RIS 75 /N B8 8 I A 2 05 BB SR A 01 Sonogashira
B N R B BT, Horh, PACL/BRMEEL 3b {8 477X IR P R AR s N 2 R B 7 v P AL TG k.

KA BRIAEERR, B R, 4 Suzuki L& B Sonogashira k& N

Synthesis of Imidazolium Precursors for the Hydroxyl-Group-Modified
N-Heterocyclic Carbenes and Applications of the in situ Generated
Carbene Ligands in Suzuki-Miyaura and Sonogashira
Coupling Reactions

Bai, Yali’ Li, Xiaowei” Xiao, Xuedong” Liu, Jiaqi“

Yang, Junjuan®*  Wang, Junwen™*
(“ Department of Chemistry, Shanxi Normal University, Linfen 041000)
(¢ Inner Mongolia Datang International Renewable Resources Development Co. Ltd., Hohhot 010000)

Abstract Four imidazolium precursors for the N-heterocyclic carbenes (NHCs) with a hydroxyl functionalized four-mem-
bered heterocyclic side arm were synthesized and characterized by IR, XRD and NMR spectroscopies. The corresponding
NHC ligands thus generated in situ from these imidazolium precursors in the presence of base such as KOH, together with
PdCI,(CH;CN),, exhibited excellent catalytic activity in Suzuki-Miyaura cross-coupling reactions for the synthesis of a range
of biaryl compounds. The reactions could be conducted in the mixed solvent of fert-butyl alcohol/water (¥ © V=1 : 1) at room
temperature with the advantages of mild conditions, high efficiency as well as environmental friendliness. In addition, although
in minor amount, the mixed catalyst system containing imidazolium salts, PdCl,(CH;CN), (0.1%) and Cul (1%) exhibited
excellent catalytic activity in Sonogashira coupling reaction. In particular, the combination system of PdCl,/imidazolium salt
3b has been shown to be higher catalytically active for both coupling reactions.

Keywords hydroxyl group; N-heterocyclic carbene; palladium; Suzuki-Miyaura cross-coupling; Sonogashira cross-coupling
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Fase, HAEIbETE B E Y. Barroso ZPF 2014 44 iE
T Zr I Hf 5 NHC Btk A (B DFIZ-E900] &8t
TR INERAL B ; Zhao LT NHC 14
JEBLEEY) B G, BT T AMNE RN A BRI RS
L, (EM R R AR BIECAL R, AR AR e PR AT 1
B3] 7 R R4 Hameury 57058 7 N-Z<3F
%ﬁ C £ Pd(ID)F NI(II)E/]Q%A%EPB/J¥X%%AEE$XTﬁ

SERI RIS, TSR AR AR SR A T Ni(IDZE & %)
IR AL RS, Ohmiya Z5P7E 2016 4E4RIE T 28
Wy 2 FAZ M ) FPE N-Ze0 R ERCAE D VE R AL 7
I B GE A0 SN, R B R BRI = 93%. A
I, RATAERIFER T — R GRETFRAME LT R
FEMIRTAARBKIE L 3a~3d(F 2), KN ALY
IR P, AR5 A SR TR A kEE: 4a 1
4b(E 2)f B PEEAT TSR L.

Ph  Ph
OH Br OH \
NEN
R NN R
o/ ol o
M
R /IN

cr
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N\7N3 7”\
HO
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[

B o CAaE R & Rk RE I # NHC R MIEE &4
Figure 1 Selected examples of reported NHC ligands with hy-
droxyl-functionalized side arms or related metal complexes
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Figure 2 Structure of the imidazolium salts 3a~3d and 4a, 4b
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IR S L S B FRIE 75 Ak & W B 2 A o i,
It H, IEERGEA RSB HHRAN NI R,
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BATA AL T G AR REFE T SLHLXS Suzuki-Miyaura %
W56 2 B2 (1) v Ak, 53— 7 THI, Sonogashira I B2
PR BT R A 77 S B e A, DA R HAE
e () 438 A /3N (Caddick AT Cloke 2680418 Yk 4G
FIA R A AR N FH T Sonogashira B N H1), Ff
H, AR AW ECR. fEA TS, AR
TE AR R B VU o 4 PR A 4 R T K S m R LR
Sonogashira 5P B H AL IR PE, FHEimdk 7R &
57 PACL(CH;CN)o/BKME Eh/Cul s3I FH &, KPR
B 7RI R 2, BRAC T OB ) AR
1 SRS
1.1 REERE R SR

A 1R 2 AR SRR R A RS0 Rk
3a~3d 2 4a, 4b 2T EY 1 80 2 SR 1-HUR
IR IR AE DO S R I (THF) R 1,4- 48 SRS 58 4 I v
J5i, PRI B B 728 1 11753 (Scheme 1)1, 3 Sk
NEIEIR 25 (3a~3d, 4a, 4b)I45 K CiEId 'H NMR, “C
NMR. ZLAMGEE . TR MRS X FRATHEET T
FAE. {F 3a~3d Fl 4a, 4b (1] 'H NMR 31, Rk 2 f75
JRFIHJEN 6 9.07~9.50 AbffIHLIE, 7E PC NMR i,

WK 2 A7BR R (5 5 HEAE & 144 P, X 50k IR
TH [ RF S K s 5 P Ak 2245 5 A0 — 3

B (M I\/N R TsNX
O "
OH (@ NHPFs NR
3a~3d
CHQC'Z\ CBI'4, PPh3

1 N¢\N R N
A D
TsN
Br (2) NHiPFg 2PF; “I\N-R

2 l\/

4a~4d

B 1 wkme; 3a~3d # 4a, 4b (5
Scheme 1 Synthesis of imidazolium salts 3a~3d and 4a, 4b

KH X ST XA 3d I b S5 H AT T R
*ﬁ i 3d (CCDC 1476938) 23l id 2.k 43 B 2 e A

JEE AR 2R, HaiRgs i 3 frs, 10E
k%ﬂ%ﬁﬁaﬂ%i@ 1. SR EoRkMEEE 3d JB T =AM &,
ZEBEE P-1. S JETFA AN VAR EE, O(1)—
S(1)—O(Q)f 14 119.99(18)°, C(5)—S(1)—N(1)& Ny
106.34(17)°. dnfERIMERR SRS H IS C—H X
(X=N, O)YABIERH (K 1), 7 [A)i I 1 25 AL SRk
T LR,

http://sioc-journal.cn/ 1259
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Figure 3 Molecular structure of imidazolium salt 3d

R 3d AR A L8 ()
Table 1 Hydrogen bond distances (A) and angles (°) for 3d

D—H-A D—HH-A DA /D—H-A
0(3)—H(3)**F(4)" 0.82 2.49 3.091(9) 124
C(6)—H(6)--O(2) 0.93 2.59 2.935(5) 103

C(10)—H(10A)--F2)" 097 2.53 3.431(7) 155
C(12)—H(12B)--O(1)  0.97 2.56 3.429(5) 150
C(13)—H(13)F(6)" 0.93 239 3.269(6) 158
C(15)—H(15)---F(1)" 0.93 231 3.236(7) 173
“Symmetry codes: (i) —x, 2—y, 2—z; (ii) 1 —x, 1 —y, 1—2z (iii) x, y, 1+z;
@{iv) 1=—x,2—y, 1—z.

1.2 BEFREMBTAKKES ZESLIBAER R
AR R TE Suzuki BB R BRI ELESE
1.2.1 Suzuki-Miyaura 1% 8% B R R 4 469 4L

PAIRAR D7 e 5 R R AR BRI, {6 PdCl,-
(CH;CN), (1.0 mmol%)FIBkIE £ 3b (1.0 mmol%)/E Ay f
A7, I e AR A R BRI R], AR OB gk 45 IR
HFF 2 .

HHE 2 A%, EFIAEST Suzuki-Miyaura {8 B b
P R <0 I B B S [ | i R | Il B A
(DMSO)FI 1,4-— 4/~ (Dioxane)it, =R 35H1N 43%
N 10%, REAEGR 2, Entries 1, 2). 43557305 m T
R i-PrOH. U7 EE(TBA)FI H,O i, 72545 —E M
PR, 9N 50%, 89%F1 42%(F 2, Entries 3~5). 3&Al]
MEGE ORGSR A B R, Sl T — RS
WACE WA S KRR 101 RS, SREW, |’
R AR FLEUAS T S A AL ROCR (R 2, En-
tries 6, 7 vs. 3, 4). H, IREHFIHT BE(TBA)H,O
(Vi V=1 DIBCR TS 99% (3% 2, Entry 7). HIt, %
M TBA/H,O (V@ V=1 @ DIENEAER B, R AL
TR 0.5 h S5 NEATIR L. H Seie s vy oA
F i, KOH /& 54 80K 2, Entry 7), F & TCHLHAN
A HLIE (U0 KOBu-t, K,COs, NaHCO; %515 Bl ) 77 R H i
fK(5& 2, Entries 8~10).
1.2.2 R &4 Bk 33 Suzuki 1SR R 69 %5 76

TERAGI IR L2 T, FATIEK T A R 1 R B
X} Suzuki-Miyaura 5SS RIS, BT I SN IILE 2

1260 http://sioc-journal.cn/

2 REIE IR R 5 R AR I S . 1) 2 i
Table 2 Effect of different solvents and bases on the cross-
coupling of bromobenzene and phenylboronic acid

PdCIy(CH3CN),, 3b
Orore Qs o0 1y, (5
Solvent, base, 25 °C

Entry Solvent (V . V) Base Time/h  Yield”/%
1 DMSO KOH 1 43
2 Dioxane KOH 1 10
3 i-PrOH KOH 1 50
4 TBA KOH 1 89
5 H,0 KOH 1 42
6  i-PrOH/H,O(1:1) KOH 1 85
7 TBA/HO(I: 1) KOH 0.5 99
8  TBA/MHO(I:1) KOBu-t 0.5 89
9  TBA/HLO(:1) K,CO; 0.5 85
10  TBA/H,0(1: 1) NaHCO; 0.5 70

“Reaction conditions: PhB(OH), (0.6 mmol), bromobenzene (0.5 mmol), base
(1.0 mmol), 3b (1.0 mol%), PdCl,(CH3CN), (1.0 mol%) and solvent (2.0 mL)
at 25 °C; " Isolated yields determined by chromatographic purification, and the
products were characterized by 'H NMR and ">C NMR.

B FIAT 0.5h, 45585 T% 3 .
£33 AFERIBACTS AN TS FENER 4 Suzuki-Miyaura 55 5 5

qEA
5
Table 3 Suzuki-Miyaura reaction of various arylhalides with
different arylboronic acids

X B(OH),
© PdCI,(CH3CN),, 3b H
: "L )
KOH, TBA/H,0, 25 °C
R! R2
Entry R! R? X Yield®/%
1 H H Br 99
2 H OC,H; Br 94
3 H Cl Br 87
4 OCH,; H Br 92
5 OCH,; OC,H; Br 90
6 OCH,; Cl Br 82
7 CH, H Br 95
8 CH, OC,H; Br 91
9 CH, Cl Br 85
10 NO, H Br 99
11 NO, OC,H; Br 99
12 NO, Cl Br 99
13 CN H Br 99
14 CN OC,H; Br 99
15 CN Cl Br 99
16 H H Cl 15

© 2017 Chinese Chemical Society & SIOC, CAS

“ Reaction conditions: arylboronic acids (0.6 mmol), arylhalides (0.5 mmol),
KOH (1.0 mmol), 3b (1.0 mol%), PdCl,(CH3CN); (1.0 mol%) and TBA/ H,O
(V:V=1:1) (2.0 mL) at 25 “C for 0.5 h; ® Isolated yields determined by
chromatographic purification, and all products were characterized by '"H NMR
and "C NMR.

02 3 fior, FvA BRATT R AN 7 SE R e AL 9 A
2T AL S IS T R R (R 3, Entries

Chin. J. Org. Chem. 2017, 37, 1258~1265
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1~16). SLIGFR, RIE S R PSS H 1)
TRUNAT F(F 3, Entries 1~15). AW T EH 1 %
LG IR R, R SR AR LT, MR, A 4R
TIEBIEY A F] T Suzuki-Miyaura 85 5 B 2
7. BEAL, VAR DT BAR I A 11 FE 5 255 R o vty A P 5 e
bl 7 A R E A R 358 P 52 v £ P ) .

T 2 BRI Eh B S 0HEE A ME RE S ), JRATIAE
AL R, AR T ke EE 3a~3d Al 4a, 4b 7E4L{H
161 Suzuki-Miyaura {5 S H 1 REE 1, 45 SR a0k
4 IR,

K4 AFERORIE SRR RN RL K Suzuki-Miyaura (5155
oA

Table 4 Suzuki-Miyaura reaction of bromobenzene and phe-
nylboronic acid with different imidazolium salts

Br B(OH),
© . @ PACly(CH3CN),, imidazolium salts
KOH, TBA/H,O, r.t., 0.5 h

Entry Imidazolium salt Yield®/%
1 3a 85
2 3b 99
3 3¢ 89
4 3d 85
5 4a 30
6 4b 41

¢ Reaction conditions: PhB(OH), (0.6 mmol), bromobenzene (0.5 mmol),
KOH (1.0 mmol), imidazolium salts (1.0 mol%), PdCl,(CH3CN), (1.0 mol%)
and TBA/H,0 (V: V=1 :1) (2.0 mL) at 25 ‘C for 0.5 h; * Isolated yields
determined by chromatographic purification, and all products were character-
ised by "H NMR and °C NMR.

HR 4 AT, fEAHFE RN AT, SASRET
REFAI KR ER AR UL, 576 258 B A 2] ok me b 7R 40 {4k
") Suzuki-Miyaura K5 87 H 22 I H B 3 1R s 8 77 1
(3% 4, Entries 1~4 vs. 5, 6). Hr, AL PACL/K
LR 3b 15 2 [0 (AL 5 1 B (% 4, Entry 2, 99%).

13 EAXFFEMEIAKIEERSHELXD
Sonogashira fBEK R &2 B TEE
1.3.1 Sonogashira 1% 3% & & & #6940

DARBR IR 2 B IRAB I S5 I A ASEAR S BE, - AR e £
3b £l PACL(CH;CN), {E AL, Cul {E A Bh AL, @
REECRAER B B RONET R A RS, T
% Sonogashira ISR BRI s B 2R A, S 45 2R AL
s

FH 5 TN, 4 FRA 1% B P AR IR B R NLN-
2L H I 2 (DMF) /Il DMSO 1 Ry e LRI, TEH LA
KOH 1 K,CO,3 7E 120 °C R Vi 24 h IR 2 (R
5, Entries 1~4), A M EGN MITE 80 C, 5 h }3kAE
T 99%IR (3 5, Entry 6), FTLL, 3 EGN /E A RN

Chin. J. Org. Chem. 2017, 37, 1258~1265

RS AFEMER, BAMELT 25 Sonogashira 1Bk
BRI ¢

Table 5 The effect of different solvents, bases and amounts of
catalysts on the Sonogashira coupling reaction

PdCI,(CH3CN),, Cul, 3b O
+ —
Solvent, base

[Cu)/ [Pd)/

Entry Base  Solvent mmol%mmol% Temp./"C Time/hYield®/%
1 KOH DMF 5 1 120 24 83
2 KOH DMSO 5 1 120 24 38
3 K,CO; DMF 5 1 120 24 18
4 K,CO; DMSO 5 1 120 24 5
5 EtN  DMF 5 1 80 24 66
6 EtN  DMSO 5 1 80 5 99
7 EtN  NMP 5 1 80 16 92
8 Et3N  14-Dioxane 5 1 80 16 66
9 EtN  EtOH 5 1 80 16 38
10 EtzN - DMSO 0 1 80 24 44
11 EzN DMSO 5 1 80 5 99
12 EzN DMSO 1 1 80 5 98
13 EzN DMSO 1 0.1 80 5 98
14 EtzN  DMSO 0.1 0.1 80 5 59
15 EzN - DMSO 0.1 0.01 80 5 38
16 Et;N  DMSO 5 0 80 48 68

© 2017 Chinese Chemical Society & SIOC, CAS

“ Reaction conditions: phenylacetylene (0.6 mmol), iodobenzene (0.5 mmol),
base (1.2 mmol), 3b, PdCl;(CH3;CN),, Cul and solvent (0.7 mL); b Isolated
yields determined by chromatographic purification, and the products were
characterised by 'H NMR and '*C NMR.

Bl BfiE, LA 1.2 mmol Et;N B, 7E57E iK1 FT A %7,
WRAPEIE I IS T AT I3 (3R 5, Entries 5~7), TMidE
R PR 750 0 - 2R SR 23 2 T BRI (RS,
Entries 8~9). H:1, L DMSO Ji&E7, Et;N Jybil, 80 C
T, M5 h, AT33] 99%MCR (K 5, Entry 6). [k,
TAVRE e Jy de (IR SIS A A, AL 7R Bt B4
SR S SRR, 8T 0.1 mmol% PACL(CH;CN), Al 1
mmol% Cul VAT SR1F i IS 3 98% (3K 5,
Entry 13).

132 Rz & Bk 334 Sonogashira 183K R 69
Yok

TERACHIR BLZEAE T, BATIAR T AR YA A
ASTA HUAR S Fy Ik it 2 564 Sonogashira 48 I S5 N7 52 M,
iR 6 fs.

% 6 1141, 5 Suziki-Miyaura {85 5 R AREL, 763
T2 AFRE ], TN Rk SRR R I L, ROBESCE
Y Sk 5 R 2 (R AR BE 145 96 (3R 6, Entries 1~6). 548
ERIETRERI R SR AN L, ST I A A ke
A S E AL Sonogashira I S B Hr & L HE 1) s
T PES I3 6, Entries 1~4 vs. 5, 6). Hr, {447 PACLy/

http://sioc-journal.cn/ 1261
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F 6 R[AIBKME R AR E 5T Sonogashira 1/ 5k s B FrIFZ I ¢
Table 6 Sonogashira reactions of various iodobenzenes with
different imidazolium salts

I !

PdCI,(CH3CN),, Cul
imidazolium salts

==

Et;N, DMSO

Entry R Imidazolium salt Yield"/%
1 H 3a 77
2 H 3b 99
3 H 3c 98
4 H 3d 92
5 H 4a 61
6 H 4b 77
7 4-NO, 3b 99
8 4-OCH;, 3b 95
9 2-NH, 3b 86
10 3-NH, 3b 71
11 4-NH, 3b 89

“ Reaction conditions: phenylacetylene (0.6 mmol), iodobenzene (0.5 mmol),
triethylamine (1.2 mmol), imidazolium salts (0.1 mmol%), PdCl,(CH;CN),
(0.1 mmol%), Cul (1.0 mmol%) and DMSO (0.7 mL) at 80 ‘C for 5 h;
? Isolated yields determined by chromatographic purification, and the products
were characterized by 'H NMR, C NMR.

WK E £ 3b I H f s B AR ALTE P 99% (3% 6, Entry 2). Xf
TANTE R SSLERA, A R F T3 AT 1 5 SRR A 45 2
B L% (3 6, Entries 7), JF B A 45 o T3 M1 55
FEIAYIE B BCR AT AK(FR 6, Entries 8~11). [F
B, TR A7 U S B 5 A0 A B R RS o BUAR ) =
FEMEPIAREL, 193 WA BAR(ER 6, Entries 9~
11).

2 #ig

G T A ERE TR B TR BRI R
APRBKIEER, BF9T T HAEAE AL ) Suzuki 1 Sonogashira
SN A A TS V. g5 SRR, X Lk ER7E B KOH
FEAE N RAL A BRI -R LR 5 PACL(CH5CN), 7
FIXHRAZAE T AT EE/K, Zi, 0.5 h)Al =Rl
Suziki-Miyaura f3X % M. T7E Sonogashira & N H,
LA DMSO 97, EGN i, 58 FH /7 & i ke £ 5 i
££5751(0.1 mol% PdCl,(CH;CN), 1 1 mol% Cul), W] {4l
ROR 52K ZH BRI S S A3 31 R AP e . mont T A&
FREEE R AWK SR, 7E 1 P A A AR B S B 2R
S i) SN T

3 LEHY
3.1 UBE5EF

'H NMR A1 ®C NMR 7£ %5 T Bruker AVANCE 111
HD 600 MHz Spectrometer | 52, TMS N 45, CDCI; B¢
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DMSO-ds NI F; A4 HE 4 Varian 660-IR FT-IR
Spectrometer J|75; & 5548 WRS-3 Melting Point Appa-
ratus M7, LR T4 Vario MACRO cube JCE 73 HTIX
WE . Seied R v B R o T A prall, REFs
SIVERH, S bR e TR RROK.

3.2 fELFIEHIE

3.2.1 “keddh 3a A= 4a 094 A%

TENHEF A EDT 1 (2.0 g, 6.0 mmol)Eift &
¥ 2 (2.0 g 5.1 mmol)Fl 1-FIHEBKME(9.5 mL, 119.0
mmol), T80 C FHFEFEIN S h, 2O RE(TLC)MRE: X
NEARTCJFER S PRI 100 mL LB, 7 E 6
DUEE R, BEUE, A AWV, 1530 A R AR FE 4k,
SR J5 AE B R 5 S RO R A AT B B 1 A 46 S 15 Bk
ek 3a TY 4a.

3.22 wkek ik 3b~3d 4= 4b 895 %

R ISP 1 (2.0 g, 6.0 mmol)Eifk &
Y2 (1.0 g, 2.5 mmol)Al 1-"FFBKME(1.2 g, 7.6 mmol), ¥
it 50.0 mL FIPUEBRIE(THE)F, T 80 ‘C Rtk
W, TLC PRI 2 LFER A, RN RTE AT
ARk, g, A 10.0 mL THF $edk, 5313 60K
[, SR 5 7E H EE 5 /N U IR 347 B & A0 ¥ Je 15
FwkrkEh 3b ok 4b, BKMEER 3c~3d % TSR
3.3 Suziki-Miyaura 18EL & N B —RR LI 75 3%

ERAABE T, TRME SN AR 0.5
mmol). A AL AL ¥ (0.6 mmol). KOH (1.0 mmol),
PdCl,(CH;CN), (1.0 mmol%). PKPEER(1.0 mmol%) iz
(2.0 mL), £ 25 ‘CF &M, TLC BRE: M SERSE. H
AKIEVE, ZEEL K SR EEA MU EK MgSO, T4,
YRR, VR L IEFIE R, SR s e R H
WRrE. B SIS HI4 TH NMR Hfiil.

3.3 Sonogashira {88 & M B —R% SR8 7554

ERAFABE T, TRME SN AR 0.5
mmol). 7K Z.$(0.6 mmol). Et;N (1.2 mmol). 0.1% mmol
(0.25 mg) PACl,(CH;CN),. 1.0 mmol% (1.90 mg) Cul. 0.1
mmol%PKMEEEF 0.7 mL #5771, 7E 80 C T 3, TLC fR
BRI SRR, FAKIEYE, SRR, AN
K MgSO, T, i€, WK LIEFIRH=Y, SFtth
W AR HER Y. Bisth A WS HE 'TH NMR
k.

3-(1- FH 2R Pt i 2 B T e -3- 0 k-3 0 Y ) -
FH L IR I S RO IR 26 (3a): A ELEA, 72 85%. mup.
194.1~194.6 ‘C; 'H NMR (DMSO-ds, 600 MHz) 8: 2.45
(s, 3H), 3.14 (d, J=4.7 Hz, 2H), 3.45 (d, J=8.7 Hz, 2H),
3.58 (d, J=8.7 Hz, 2H), 3.82 (s, 3H), 4.28 (s, 2H), 5.19 (t,
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J=4.7 Hz, 1H), 7.49 (d, J=17.8 Hz, 2H), 7.63~7.66 (m,
4H), 9.07 (s, 1H); *C NMR (DMSO-ds, 125 MHz) 6
144.571 (CH), 137.836 (Ca,), 131.235 (Cay), 130.396
(CHa,), 128.587 (CH,,), 123.960 (CH), 123.600 (CH),
63.090 (CH,), 54.885 (CH,), 51.019 (CH,), 38.918 (CH3),
36.306 (C), 21.5849 (CHj). Anal. caled for C,¢HpFsNs-
05PS: C 39.92, H 4.61, N 8.73; found C 40.01, H 4.61, N
8.75.

3-(1- F R B I R IR T Joe-3- 2 Y -3 Y ) -
FEIE BRI N U R H(3b): A, FFE 89%. mup.
122.0~122.5 ‘C; '"H NMR (DMSO-d,, 600 MHz) §: 2.45
(s, 3H), 3.11 (d, J=4.5 Hz, 2H), 3.46 (d, J=8.7 Hz, 2H),
3.62 (d, J=8.7 Hz, 2H), 4.33 (s, 2H), 5.17 (t, J=4.5 Hz,
1H), 5.40 (s, 2H), 7.38~7.45 (m, 5H), 7.48 (d, J=8.0 Hz,
2H), 7.65 (d, J=8.0 Hz, 2H), 7.73 (d, J=14.6 Hz, 2H),
9.30 (s, 1H); *C NMR (DMSO-d;, 125 MHz) §: 144.611
(CH), 137.621 (Ca,), 135.195 (Ca), 131237 (Ca),
130.424 (CHa,,), 129.492 (CHy,), 129.214 (CHy,), 128.587
(CHy,), 124.278 (CHy,), 122.920 (CH), 63.177 (CH,),
54.967 (CH,), 52.482 (CH,), 51.427 (CH,), 38.851 (C),
21.583 (CH3). Anal. calcd for C,,H,FgN3O+PS: C 47.40, H
4.70, N 7.54; found C 47.52, H4.71, N 7.55.

3-(1- F R B I R IR T Joe-3- 2 Y -3 I Y ) -
25 SRR e N SRR R £ Be): IR EER, PR 86%.
m.p. 186.0~186.3 “C; 'H NMR (DMSO-d,, 600 MHz) §:
2.44 (s, 3H), 3.11 (d, J=5.0 Hz, 2H), 3.45 (d, J=8.8 Hz,
2H), 3.61 (d, J=8.8 Hz, 2H), 4.33 (s, 2H), 5.17 (t, J=5.0
Hz, 1H), 5.95 (s, 2H), 7.45 (d, J=7.9 Hz, 2H), 7.50 (d, J=
6.9 Hz, 1H), 7.57~7.66 (m, 5H), 7.76 (d, J=6.3 Hz, 2H),
8.03 (t, J=6.3 Hz, 2H), 8.13 (d, J=7.9 Hz, 1H), 9.38 (s,
1H); C NMR (DMSO-d;, 125 MHz) J: 144.571 (CH),
137.861 (Cay), 133.874 (Ca,), 131.233 (Ca.), 130.812
(Car), 130.547 (Cap), 130.417 (CHp,), 130.071 (CHy,),
129.372 (CHa,), 128.595 (CHy,), 127.887 (CHy,), 127.662
(CHyy), 126.925 (CHa,,), 126.162 (CHy,), 124.111 (CHy,),
123.336 (CH), 123.176 (CH), 63.194 (CH,), 54.955 (CH,),
51.403 (CH,), 50.463 (CH,), 38.909 (C), 21.587 (CHs3).
Anal. calced for CycH,3F¢N3OsPS: C 51.40, H 4.65, N 6.92;
found C 51.51, H 4.66, N 6.94.

3-(1- A ORI It L 2 2R T Joe-3- 2 R L -3- W7 R 6 )
A RE L R e N U R £ (3d): B G EAK, PR 85%.
m.p. 200.6~200.9 “C; 'H NMR (DMSO-d,, 600 MHz) §:
2.36 (s, 3H), 3.03 (d, J=5.2 Hz, 2H), 3.38 (d, J=8.5 Hz,
2H), 3.51 (d, J=8.5 Hz, 2H), 4.24 (s, 2H), 5.13 (t, J=5.2
Hz, 1H), 6.48 (s, 2H), 7.37 (d, J=7.4 Hz, 2H), 7.49 (s,
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1H), 7.57~7.70 (m, 7H), 8.24 (d, J=8.4 Hz, 2H), 8.45 (d,
J=8.4 Hz, 2H), 8.87 (s, 1H), 9.12 (s, 1H); *C NMR
(DMSO-ds, 125 MHz) §: 144.509 (CH), 137.182 (Ca,),
131.555 (CHy,), 131.335 (Cay), 131.111 (Cap), 131.024
(Car), 130.647 (Cy,), 130.373 (CHy,), 129.887 (CHy,),
128.515 (CHa,), 128.271 (CHy,), 128.187 (CHa,), 126.094
(CH,p), 123.826 (CH), 122.698 (CH), 63.013 (CH,),
54.868 (CH,), 51.181 (CH,), 45.479 (CH,), 38.856 (C),
21.473 (CH;). Anal. caled for C3oH30FsN;O5PS: C 54.79, H
4.60, N 6.39; found C 54.82, H4.61, N 6.38.

3,3- (- FF SRR IR 330 )1 - P st 7 22 2 48
TR R £h (4a): B A [EAE, FEEE 78%. mup.
193.2~193.4 C; '"H NMR (DMSO-d,, 600 MHz) &: 2.49
(s, 3H), 3.59 (s, 4H), 3.85 (s, 6H), 4.48 (s, 4H), 7.44 (d,
J=8.3 Hz, 2H), 7.49 (d, J=8.3 Hz, 2H), 7.66 (s, 2H), 7.80
(s, 2H), 9.31 (s, 2H); *C NMR (DMSO-d,, 125 MHz) 6:
144.774 (CH), 138.146 (Ca,), 130.368 (Ca,), 128.477
(CHy,), 124.103 (CHa,), 123.747 (CH), 54.135 (CH,),
51.200 (CH,), 38.290 (CH;), 36.481 (C), 21.646 (CH3).
Anal. caled for CyH,7F5NsO,P,S: C 34.74, H 3.94, N
10.13; found C 34.82, H 3.93, N 10.11.

3,3- (1= SR IR -3 37 FH 2 )-1- R it it 2 2R 40
T REN L R (4b): BB AR, 2% 82%. mup.
106.2~106.5 °C; 'H NMR (DMSO-ds, 600 MHz) &: 2.49
(s, 3H), 3.62 (s, 4H), 4.47 (s, 4H), 5.46 (s, 4H), 7.44~7.49
(m, 12H), 7.49 (d, J=8.0 Hz, 2H), 7.79 (s, 2H), 7.84 (s,
2H), 9.50 (s, 2H); *C NMR (DMSO-d,, 125 MHz) §:
142.685 (CH), 135.721 (Ca,), 132.922 (Ca.), 128.269
(Car), 127.308 (CHy,), 127.090 (CHy,), 126.649 (CH,,),
126.314 (CH,,), 122.140 (CH,,), 120.941 (CH), 52.029
(CH,), 50.398 (CH,), 49.361(CH,), 35.972 (C), 19.510
(CH3). Anal. calcd for C3,H35F,NsO,P,S: C 45.56, H 4.18,
N 8.30; found C 45.63, H 4.19, N 8.30.

2% 3, Entry 1): 'TH NMR (CDCls, 600 MHz)
5:7.34 (t, J=7.4 Hz, 2H), 7.44 (t, J=7.4 Hz, 4H), 7.59 (d,
J=17.4 Hz, 4H).

4-Z A IR 3, Entry 2): 'H NMR (CDClL,
600 MHz) 6: 1.36 (t, J=6.9 Hz, 3H), 4.00 (q, J=6.9 Hz,
2H), 6.89 (d, J=8.4 Hz, 2H), 7.22 (t, J=7.5 Hz, 1H), 7.34
(t, J=17.5 Hz, 2H), 7.44 (t, J=8.4 Hz, 2H), 7.48 (t, J=1.5
Hz, 2H).

4-5 RN 3, Entry 3): 'H NMR (DMSO-ds, 600
MHz) d: 7.39 (t, J=7.6 Hz, 1H), 7.47 (t, J=8.4 Hz, 2H),
7.52 (d, J=7.6 Hz, 2H), 7.66 (d, J=8.4 Hz, 2H), 7.69 (d,
J=8.4 Hz, 2H).
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4-HVEFEERY(% 3, Entry 4): 'H NMR (CDCls,
600 MHz) 6: 3.78 (s, 3H), 6.91 (d, J=8.7 Hz, 2H), 7.23 (,
J=17.4 Hz, 1H), 7.34 (t, J=7.4 Hz, 2H), 7.48 (d, J=8.7
Hz, 2H), 7.46 (d, J=7.4 Hz, 2H).

4- L E F-4- R FEBIRP(R 3, Entry 5): 'TH NMR
(CDCls, 600 MHz) 8: 1.36 (t, J=7.0 Hz, 3H), 3.77 (s, 3H),
4.00 (q, J=7.0 Hz, 2H), 6.88 (dd, J=8.4, 8.4 Hz, 4H),
7.40 (dd, J=8.4, 8.4 Hz, 4H).

4- G -4- LR RPN (K 3, Entry 6): '"H NMR
(CDCLs, 600 MHz) &: 3.77 (s, 3H), 6.89 (d, J=8.7 Hz,
2H), 7.30 (d, J=8.6 Hz, 2H), 7.39 (d, J=8.6 Hz, 2H), 7.41
(d, J=8.7 Hz, 2H).

4-HIFEPEEPY 2 3, Entry 7): 'H NMR (CDCls, 600
MHz) 6: 2.27 (s, 3H), 7.13 (d, J=7.5 Hz, 2H), 7.21 (t, J=
7.5 Hz, 1H), 7.30 (t, J=7.5 Hz, 2H), 7.38 (d, J/=7.1 Hz,
2H), 7.47 (d, J=7.1 Hz, 2H).

4- LA KA HEBEEPEER 3, Entry 8): 'H NMR
(CDCls, 600 MHz) 8: 1.36 (t, J=7.0 Hz, 3H), 2.30 (s, 3H),
3.99 (q, J=7.0 Hz, 2H), 6.87(d, J/=8.7 Hz, 2H), 7.14 (d,
J=8.1 Hz, 2H), 7.37 (d, J=8.1 Hz, 2H), 7.42 (d, J=8.7
Hz, 2H).

4-50-4-FFRPEZERY (K 3, Entry 9): '"H NMR (CDCls,
600 MHz) J: 2.39 (s, 3H), 7.25 (d, J=8.9 Hz, 2H), 7.38 (d,
J=8.5 Hz, 2H), 7.45 (d, J=8.9 Hz, 2H), 7.49 (d, J=8.5
Hz, 2H).

4-THEEE 52 F 3, Entry 10): 'H NMR (CDCls, 600
MHz) 6: 7.45 (t, J=7.1 Hz, 1H), 7.51 (t, J=7.1 Hz, 2H),
7.63 (d, J=17.1 Hz, 2H), 7.74 (d, J=8.9 Hz, 2H), 8.30 (d,
J=8.9 Hz, 2H).

4T HE-4- 2 S IR P 3, Entry 11): 'H NMR
(CDCls, 600 MHz) &: 1.46 (t, J=7.0 Hz, 3H), 4.10 (q, J=
7.0 Hz, 2H), 7.00 (d, J=8.6 Hz, 2H), 7.57 (d, J=8.6 Hz,
2H), 7.69 (d, J=8.6 Hz, 2H), 8.27 (d, J=8.6 Hz, 2H).

4- T -4 EIBEEPN(E 3, Entry 12): 'H NMR
(CDCls, 600 MHz) 5: 7.47 (d, J=8.5 Hz, 2H), 7.56 (d, J=
8.5 Hz, 2H), 7.71 (d, J=8.7 Hz, 2H), 8.30 (d, /=8.7 Hz,
2H).

4-E FL (3 3, Entry 13): 'H NMR (CDCls, 600
MHz) 6: 7.35 (t, J=7.4 Hz, 1H), 7.40 (t, J=7.4 Hz, 2H),
7.51 (d, J=7.4 Hz, 2H), 7.60 (d, J=8.4 Hz, 2H), 7.64 (d,
J=8.4 Hz, 2H).

4- 2 B FE-4 SFIEB RO 3, Entry 14): 'H NMR
CDCls, 600 MHz) 6: 1.37 (t, J=7.0 Hz, 3H), 4.01 (g, J=
7.0 Hz, 2H), 6.91 (d, J=8.7 Hz, 2H), 7.45 (d, J=8.7 Hz,
2H), 7.56 (d, J=8.4 Hz, 2H), 7.61 (d, J=8.4 Hz, 2H).
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G- S -4-F B A PY(R 3, Entry 15): '"H NMR
(CDCls, 600 MHz) &: 7.38 (d, J=8.6 Hz, 2H), 7.44 (d, J=
8.6 Hz, 2H), 7.57 (d, J=8.5 Hz, 2H), 7.65 (d, J=8.5 Hz,
2H).

1,2- ~ K 2RI 6, Entries 1~6): m.p. 60.2~
60.7 C (lit.?*: 60~61 C); '"H NMR (CDCl;, 600 MHz)
8:7.17~7.28 (m, 6H), 7.45~7.47 (m, 4H).

4-THEF I Z P (K 6, Entry 7): 'H NMR
(CDCls, 600 MHz) &: 7.39~7.40 (m, 3H), 7.56~7.57 (m,
2H), 7.67 (m, J=8.9 Hz, 2H), 8.23(m, J=8.9 Hz, 2H).

4-HURSE R IR 2 P 6, Entry 8): 'H NMR
(CDCls, 600 MHz) d: 3.75 (s, 3H), 6.80 (d, J=8.6 Hz,
2H), 7.23~7.27 (m, 3H), 7.40 (d, J=8.6 Hz, 2H), 7.44 (d,
J=6.8 Hz, 2H).

2- LR F I K LYK 6, Entry 9): '"H NMR
(CDCls, 600 MHz) d: 4.13 (br, 2H), 6.63~6.66 (m, 2H),
7.07 (t, J=7.8 Hz, 1H), 7.25~7.30 (m, 4H), 7.45 (d, J=
7.8 Hz, 2H).

3- LRI IR PYE 6, Entry 10): 'H NMR
(CDCls, 600 MHz) d: 3.62 (br, 2H), 6.58 (d, J=7.8 Hz,
1H), 6.78 (s, 1H), 6.87 (d, J=7.8 Hz, 1H), 7.05 (t, J=7.8
Hz, 1H), 7.24~7.28 (m, 3H), 7.44 (d, J=7.9 Hz, 2H).

4- LR IR I FJEPYEE 6, Entry 11): 'H NMR
(CDCls, 600 MHz) d: 3.71 (br, 2H), 6.53 (d, J=8.5 Hz,
2H), 7.19~7.26 (m, 5H), 7.41 (m, J=6.8 Hz, 2H).

4 Bh#4 %l (Supporting Information) FT & AL & W1
'H NMR, "C NMR 1 IR &, X 2eppkln] LU 2 A
F1 35 (http://sioc-journal.cn/)_I. F %%,
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