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Abstract Phosphoramides are common structures in natural products and bioactive molecules. Additionally, they are also
important intermediates in synthetic chemistry. In this paper, a direct, simple, efficient and relatively greener transition metal
iridium catalyzed C—H bond amidation was reported. The target conversion was achieved in ionic liquids using weakly coor-
dinated benzamides and phosphoryl azides as substrates and amidation reagents, respectively. Moderate to excellent isolated
yields were obtained, showing good functional group tolerance and high regioselectivity. Furthermore, a possible mechanism
of the reaction was proposed. The establishment of the catalytic system enriches the synthesis protocols of phosphoramides and
extends the application of ionic liquids as green media in the C—H bond functionalization.
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A RIS 1 AN 4 JE T G W) A e 1 ES - (Tonic
liquids)!'2 3 NBF ST G RLET. 2018 4F, Wu 251304 1-
T A3 H R R e DU S R £ ([BMIMBFES) AR B 4% 4t i
A, 1A RERAE RG], SEELT Rh 4L 2-2K
FEMERE C—H BRI V. 7 12345 E T Hak
P, UHEERR, &R iR R B A
RAFr e et fyg A fa e . oA &k, sk, |ATR
FBLH 25 87 6 FR R il 5t B 0 (TsNs) 78 B8 1 ¥R H 1)
C—H I, BUS TR EE R, 2T DL B
B, 456 TANE LS EBERR — 2K 5 (DPPA) il fL 3%
A 75 THI AR DS FE 05, AR S DL T AR AR N RN i,
ik DPPA 51 C—H #FEAN N FT, ST
C—N BB, S EEEMNH, wE T8 7k
7E C—H ##H Re b LA K BB B9 & b IR

1 &HR510R

AVE SER VR

FERAIABT TN, B T N-BUT R4 4
f(a)fE B Y, BA DPPA(2a)fE Ayl i 5L

1.1

#l, AR ULESE Ir A1 Rh /E AT
A, oy RIEEE T AREL . WA SN EE DL R R T A
SEXT IR AR AT C—H B ade 48 1 Frde e A S i P AR 3 38 12
GREMR(R 1), g5 RRW, WX H R0 R0 H B

oM. (BB AR [BMIM]BE, t, UG E L A
1 : 4 HI[IrCp*Cl], F1 AgNTH (A& 1A R NMEILT, %
SXANTR] SN iR B AL R N [ s, R ILTE 80 CII%%
PER AT LA BSH 38% I REEEAL =) 3aa, 1M T = Al A
SR FE AR BARELAL, IX AT RE AR RN AL = I RE 22
DK =05 22 i ke e PEFTIE I (3R 1, Entries 1~4).
TR IR, Al N B W )AL C—H ik
PEPE, I TH NMR 2087, B R0 2 e A s e 2
=¥y, 45 80 CIRMFFMT, B R M2 (AgSbFs
1 AgBF) %A 15214 Nl IR ML45 5 (3R 1, Entries
5~6). A, BRI ERANZ B TsNs 251k
B B H LA 98 HA 2R T IR S 4 1l R R ([BMIIMI]-
PFo)™4, SR FF AR 2] HAR=¥)(F 1, Entry 7). 285,
B2 T NI FE G S R RS2, A N i 41
&, 50 mol% AgOAc HIMAT] LA (2 3F B A5 =PI %

1 REKMRAL
Table 1 Optimization of reaction conditions
catalyst 0
N S - B o
(:ﬁLH * N3_g;g ionic liquids NH
H T,24 h _P=0
open air PhO (IDPh
1a 2a
(1.0 equiv.) (1.5 equiv.) 3aa
Entry Catalyst Silver salt Additive (50 mol%) Solvent 7/°C Yield %/%

1 [IrCp*Cla]2 AgNTH NaOAc [BMIM]BF4 rt. ND¢
2 [IrCp*ClL2]2 AgNThH NaOAc [BMIM]BF4 40 Trace
3 [IrCp*Cl2]2 AgNThH — [BMIM]BF4 80 38
4 [IrCp*Cla]> AgNTH — [BMIM]BF4 100 ND¢
5 [IrCp*Cl2]2 AgSbFe — [BMIM]BF4 80 25
6 [IrCp*Cl2]2 AgBF4 — [BMIM]BF4 80 Trace
7 [IrCp*Cla]2 AgNTH — [BMIM]PFs 80 ND¢
8 [IrCp*Cla]2 AgNTH Li2COs [BMIM]BF4 80 ND¢
9 [IrCp*Cla]2 AgNTH AgOAc [BMIM]BF4 80 82
10 [IrCp*Cl2]2 AgNThH Ag0 [BMIM]BF4 80 15
11 [IrCp*Cl2]2 AgNTH AgCOs3 [BMIM]BF4 80 Trace
12 [IrCp*CLa]» AgNTH TFA [BMIM]BF4 80 ND*
13 [IrCp*Cl2]2 AgNThH AgOAc [BMIM]PFs 80 Trace
14 [RhCp*Clo]2 AgSbFs — [BMIM]PFs 80 ND¢
15 [RhCp*Cl2]2 AgSbFs NaOAc [BMIM]PFs 80 ND¢
16 [RhCp*CL]2 — Li2CO3 [BMIM]BF4 80 ND¢

9Reaction conditions: N-tertbutylbenzamide (0.40 mmol, 1.0 equiv.), DPPA (0.60 mmol, 1.5 equiv.), catalyst (5.0 mol%), silver salts (20 mol%), indicated amount of
additive, in ionic liquid (0.60 mL, 0.67 mol/L) as reaction medium at indicated temperature for 24 h in the open air;  Isolated yield;  ND=not detected.
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1k, PR EIL 82%((F 1, Entry 9); 52 MR, =R
(TFA). LixCOs S5W2 BB 07| I 2 30t iR 5 (4o o 4
F(E 1, Entries 8. 12); & AANENIRZ, 2% AgOAc #
PRI T Ag.O AgaCOs Fr ARV, SR 3 I
—SEHIAMEIEFH(E 1, Entries 10~11). 3T AgOAc 7£
[BMIMIBF, ' RGP IENE, M2 RE TE 7
R[BMIM]PFs H, 25 R[FEMEA NKE (¥ 1, Entry 13). #
Ji, P AR B 8 S i AL s R R R LT Rhe AR,
RS F A gl ER . IR INFR CA S SOBEAY i, SR 1T S
WA R BT H AR E (R 1, Entries 14~16).
BT DL ESEES, he TRRARSON B R RN SR A AR
SAAE, [IiCp*Clly (5 mol%) L7, AgNTE (20
mol%) NAREE, AgOAc (50 mol%) AN, 7£80 ‘CHI
[BMIMIBF, 1 [ b7 24 h 3 2 fi &40 7= 4.

s BRI B 2, I — R R BSR4,
RIZ AL I R B & p B S IR R, MY
SERAEAR R T 2 R R, B, XFRER
EAb A 2 11038 P VAN R R 52 1 (R BE 72 2 N 45
1.2 HBERPEFANRBMEHRR

AR R R 2 05, 8T RS > 7 N
JEF 1 BTGRP 5 A A R 28 0) s B R e, o il 5 %% T
FEMe). IEERHE(n-Pr). REEEG-Pr)LLEZIC3E(Cy)
AR 2K FR LI 4a~de 5 DPPA FRI &34k S5 14 BE.
2 ATH, X UMRIIR 2RI SN EAARCR. K
W, N-FR R F B (4a) BB B A R BLTE M, BT LATS
3| 66%[114) B 7 #(£ 2, Entry 1); 24 H B N JH T
¢ n-Pr 8 i-Pr BUXH, BArfLEY) Sba fl Sca HIF=RAE
FIT %, 53508 56%M1 50%(F 2, Entries 2~3); b5,
NHEE TR KR Cy BUR PR HEEIZRY) 4d, 133
48% & PE (£ 2, Entry 4); 1M 24X i-Pr FEHU LR
de JEATHEHEAN RIS, RIS R 2E K B BE B ] R A 4
WA R 2] B bR7r=%) Sea(3R 2, Entry 5), iXW]HE/EH
TR AR K 2 (AL B AT S, [RIEE, DL b SiRas 4 b
VL TRY N JJ T EFTE H JE AR b R B
KERAE .

1.3 RMNEYHRR

T EAE AR R IE G, H& T — R
FIHURE) N-BUT B 2K W e 5 B SV IR — 05 JL R AT
AW, FEX R PIETERATE S, SGRNEK 3K 4 UK
Bl 1. R, SR RN 2R R B R LS
HATZRERME, 2K A 72 ] sl i T
) BN JEE 350 AT A 3 5 DPPA (2a)i3E4T i 34k SR,
BRI H AR (R 3). 24 RS X6t o7 5% (R 4 %
f Me. OMe 25l FHURIEER, 5 1a L, HRME
PR BRI, A BL 55%~58% 7= K A5 B I J 1k 7= 4
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Table 2 Substrate scope of benzamides with different directing
groups

[IrCp*Cly], (5 mol%) o)
o} AgNTF, (20 mol%) 162
R QPR AgOAC (50 moi%) NR'R
N+ Ng—P=0————— >
I | [BMIM]BF, NH
R? OPh b
H 80 °C, t pho =0
4a ~ 4e 2a open air OPh
(1.0 equiv.) (1.5 equiv.) 5aa ~ 5ea
Entry R! R? Product th  Yield%/%
1 H Me Saa 24 66
2 H n-Pr 5ba 24 56
3 H i-Pr Sca 24 50
4 H Cy 5da 24 48
5 i-Pr i-Pr Sea 30 ND¢

9 Reaction conditions: N-substituted benzamide 4a~4e (0.40 mmol, 1.0
equiv.), DPPA (2a, 0.60 mmol, 1.5 equiv.), [IrCp*Cl;], (5.0 mol%), AgNTf,
(20 mol%), AgOAc (50 mol%) in [BMIM]BF, (0.60 mL, 0.67 mol/L) as reac-
tion medium at 80 ‘C for indicated reaction time in the open air; ” Isolated
yield; ¢ ND=not detected.

R3 RTBERIEHE «

Table 3  Substrate scope of benzamid substrates

[IrCp*Cly], (5 mol%) o)
8 o, o o e
YN +N3—P=0 ———————>
R ! [BMIM]BF,, NH
Z OPh I
H 80°C, t pho- =0
1a~1h 2a open air OPh
(1.0 equiv.) (1.5 equiv.) 3aa ~ 3ha
Entry R (1) Product t/h Yield %/%
1 H(1a) 3aa 24 82
2 3-Me(lb) 3ba 24 56
3 4-Me(lc) 3ca 24 55
4 4OMe(ld)  3da 36 58
5 4-F(le) 3ea 24 67
6  4-Cl(f) 3fa 30 65
7 4-Br(lg) 3ga 30 56
8  4-NO: (1h) 3ha 30 73

© 2021 Chinese Chemical Society & SIOC, CAS

4 Reaction conditions: N-substituted benzamide 1a~1h (0.40 mmol, 1.0
equiv.), DPPA (2a, 0.60 mmol, 1.5 equiv.), [IrCp*CL], (5.0 mol%), AgNTf,
(20 mol%), AgOAc (50 mol%) in [BMIM]BF, (0.60 mL, 0.67 mol/L) as reac-
tion medium at 80 ‘C for indicated reaction time in the open air; ? Isolated
yield.

3ba~3da(3 3, Entries 2~4), Hr, X HEIEREY
1d FIRPEEPESRA, R NE A EK 2 36 h [1E
MR, RS2 Z (R 3, Entry 4). SR, 242K HEE
JESALER G0 Fy Cly Br BLJ NO, S50 HL T IR A, i
Y15 DPPA (2a) RIS RL TG A XS S 4, P2 R i
AJiL 73%(% 3, Entries 5~8). 5 BAFHITE 12, 1%
227 N-(FUT 3)-2-Z5 W% (1i) 5 DPPA (2a) MBI [ v,
BL 71%M072 2 B 2,3- U™ 3ia, 1EAK Rk
ARE] 1AL, UEW T %R N BT F X
BOEPEIE(E 1),
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Table 4 Substrate scope of phosphoryl azides

[IFCp*Cl,], (5 mol%) o]
0 AgNTf, (20 mol%) ~t-Bu
_tBu QAT AgOAc (50 mol%) @fl\ﬁ
N +Ny=P=0 ——————»
Ejj\H 6Ar [BMIM]BF 4 NH
H 80°C, t ArO” P o}
open air OAr
1a 2a~2l m 3aa ~ 3al
(1.0 equiv.) (1.5 equiv.) | Ar= —:R
XN
Entry R (2) Product Yield%/%
1 H (2a) 3aa 82
2 4-OMe (2b) 3ab 69
3 4-Me (2¢) 3ac 67
4 4-Br (2d) 3ad Trace
5 3-Br (2e) 3ae Trace
6 3-Me (2f) 3af 72
7 3-OMe (2g) 3ag 47
8 3,5-Mez (2h) 3ah 80
9 2-Me (2i) 3ai 65
10 2-Et (2j) 3aj 74
11 2-i-Pr (2k) 3ak 76
12 2-C1 (21) 3al ND¢

4 Reaction conditions: N-tertbutylbenzamide 1a (0.40 mmol, 1.0 equiv.),
phosphoryl azide 2a~21 (0.60 mmol, 1.5 equiv.), [IrCp*Cl], (5.0 mol%),
AgNTH, (20 mol%), AgOAc (50 mol%) in [BMIM]BF, (0.60 mL, 0.67 mol/L)
as reaction medium at 80 C for 24 h in the open air; ?Isolated yield; *ND=
not detected.

[IrCp*Cly], (5 mol%)

e} OPh AgNTf, (20 mol%)
_t-Bu i AgOAc (50 mol%)
N + N3 P_O _—
H OPh [BMIM]BF,
H 80°C, t
1 2a open air
(1.0 equiv.) (1.5 equiv.)
o
N/l‘-Bu
H
NH
P o
PhO”
OPh
3ia

B N-(RUT 3)-2-2% G ) e R A S 7
Figure 1 Amidation reaction of N-(fert-butyl)-2-naphthocar-
boxamide

FETOR, 52T WS BTN 2a~ 21 FE AR AL
AT R SENE. ik 4 W5, A% T IEWES 5N
AR b, Ko B AR TR R B R AT (1 I B3
PE, SEISB0 C—H BERALTY. 1%, ABEREE R
FHIEIR X AL Me B OMe 254t 13 BBV, Y
A R IR MG, TLAF3] 67%~69%117 % (3K 4,
Entries 2~3). 52 #x, WHETHH] Br fl CI1EEH A,
TR IEFEAE RN FIZRAL(ER 4, Entry 12). [AIf7 (3K 4, Entry
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5)ILRNAL(FK 4, Entry 4) b, ¥JREHNE] HARE4L. 24 Me
Al OMe HILAEZEIRHIMRIALING, 3 SR 2 B i R B
HISE, HARr=4) 3af il 3ag (17~ 50 5N 72%F1 47%(3K
4, Entries 6~7). {[HfHERME, S0 S A T KA1 3
REFT 5 A7 [ Me HUIREE, 15308 208 T BURED
HIFEAL =) 3ah, SR THBRRAI =2 82%(K 4,
Entry 8 vs Entry 1). fji, #F—5# % 7 RIRAMAL 4 H
BRI B EATAEYN NG, 45 RER, ME
REES AN Me Bt i-Pr B, 2 LL 65%~76% %15
I H PR~ 3ai~3ak, #F—LUFH T & BT R
B B [ N iE (R 4, Entries 9~11). [k, FefEivf
Ak 2732 38 T8 e 38 A e SR A A ik F - 2R [ 1)
T S AW, T A 2 SR T SR 1 e AL
BN 52 PR 2.

1.4 REZHE

RHERE 2 Fs, E56, {6 AgNTEH FIER T,
EAFI[IrCp*CL], ¥ A N G EIBH T e(LIDPFH A,
AT LU S AR B &Y 1a IAAL C—H 4k
H, 5z EERB RSB R AR B; A5,
&% 2a 1) Ny JR 75 a4k B 3HTRELAL, BEEY
C;, BHeE, B AYEIL 7 T W TR R A2 W
=T No, IR EAL RS E TS E F ak D; HAAR
IVACREFEE ) BUBUR S P e A PN £ DA A 5%
SEME SRS LR P AR E; B )E, 7RI T

[IrCp*Clyl,
+
[BMIM]BF,
0 o AgNTf, 0
N/t-Bu OAc N/t-Bu
H AgCl H
NHIP] A
33a o0 (0AC)NTY,)] a
A
©BF,
NH'Bu NH'Bu

® ONTH
X0 ®NTf2 H X0 eor 2
@Ilr\ o or @/ BF,
N BF, Ir §

[*L]
E
[PIN3
2a
NHBu NHBu
\o ONTf,
Ir:éOBH /&ONTQ
[PI=N YIPI N OBF,
B2 TREMIEALHLER([PINs=DPPA)

Figure 2 Proposed catalytic mechanism ([P][N3=DPPA)
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AT H Fr W) 3aa KERE, BHET ARUBLEIFSS
T MR,

2 ZLig

g b, ULE AR s G N AR, I I
EALRIEREIE C—H BER REALINL, BRBISEIL T 2
i 55 T I 5 R EL AR AL AL, Jh R T B TR I
FIVEH. WHFERY, 2R R BA X m . R
YE RIVE " B RERIT 32 Vs . e v AR IRy 5
L, T LI T DA XA 2 Ak R AR 2 S
ERL IR, & — R AR B, RCELAR R S AT S AT Y
WL SR S & 7 T

3 SWES

3.1 UE5HF

'HNMR. '*C NMR 7 Bruker Avance III (400 MHz)
R ARA B, B TMS (6 0.00)8k CDCl; (5 7.26)
Y£5 "H NMR A bR, CDCls (0 77.16)7E 4 13C NMR )
Whr; ZLAMGIE(IR)A Bruker (VERTEX 70){X 287 ;
ST H Agilent 6460 FHECGRTF 1 a4 e i vl 24l I
MBI ZR T X-5 RS s G A AT
BB A R A B A= 1) 300~400 HEERR. FrA TR
MARFII B i 5 Blde T AR ERTIRE, BRERk
YL 2 Ah, AT B T RN
3.2 BTFiRiH Ir EURIRELRRN

) B WG T 1) 25 mL SR Y, RO 2R I i
4k E (0.4 mmol, 1.0 equiv.). WERES L E1(0.6
mmol, 1.5 equiv.). [IrCp*Cl,], (16 mg, 0.02 mmol, 5
mol%). AgNTf, (31 mg, 0.08 mmol, 20 mol%). AgOAc
(34 mg, 0.2 mmol, 50 mol%)LL Z[BMIM]BF, (0.6 mL),
7E 80 "C R — (], i R AR (TLO) MM, J
RE5ERUE, AN =& HBE(DCM) (2.0 mL)FRE. LA
AN EtOAc IR & WITE e, LAt Eraiibts 2]
Hrali i) H AR =4

(2-CBUT 55 202 W 2 ) % 2 ) a0 3 ol R — oK i
(3aa)l'%l: 139 mg VKRB K, 23 82%. m.p. 89~
91 °C; 'H NMR (400 MHz, CDCl3) J: 1.46 (s, 9H), 6.19
(br s, 1H), 6.95 (dd, J=7.6, 7.6 Hz, 1H), 7.20 (dd, J=17.0,
7.0 Hz, 2H), 7.26~7.36 (m, 8H), 7.42 (ddd, J=7.8, 7.8,
1.2 Hz, 2H), 7.72 (d, J=8.2 Hz, 1H), 10.09 (d, J=12.0
Hz, 1H); *C NMR (101 MHz, CDCl;) 6: 28.7, 52.0, 119.2,
120.4 (d, J=4.7 Hz), 120.7 (d, J=9.8 Hz), 121.2, 125.2,
127.1,129.7, 132.2, 141.1 (d, J=6.6 Hz), 150.5 (d, J=6.9
Hz), 168.7; IR (KBr) v: 2976, 1595, 1485, 1367, 1261,
1178, 1072, 923, 871, 800, 758, 690, 572, 497, 455, 405
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cm '; HRMS (APCI) caled for CpHyeN,O.P [M+H]'
425.1625, found 425.1633.

(4~ F AR ORI ) (2- (BT J5 s PP I ) 4 ) i
R IE(3ab) %) 133 mg HEAREHPIRY), 722 69%. 'H
NMR (400 MHz, CDCls) 6: 1.45 (s, 9H), 3.78 (s, 6H), 6.07
(br s, 1H), 6.82~6.86 (m, 4H), 6.96 (ddd, J=7.8, 7.8, 0.9
Hz, 1H), 7.17~7.21 (m, 4H), 7.39~ .44 (m, 2H), 7.68 (d,
J=8.0 Hz, 1H), 9.87 (d, J=11.9 Hz, 1H); 3C NMR (101
MHz, CDCls) 6: 28.7, 52.0, 55.6, 114.6, 119.3, 120.7 (d,
J=9.8 Hz), 121.1, 121.3 (d, J=4.4 Hz), 126.9, 132.3,
1412 (d, J=1.8 Hz), 144.0 (d, J=7.1 Hz), 156.8, 168.6;
IR (KBr) v: 2966, 2360, 1635, 1498, 1394, 1259, 1176,
1031, 939, 873, 752, 699, 569, 499, 441 cm '; HRMS
(APCI) caled for CosH30N,O6P [M+H]" 485.1836, found
485.1840.

TN R (2-CRUT AR R I ) A R R T IR
fiE(3ac): 121 mg iR Al 4A, F=267%. m.p. 87~89 C;
'H NMR (400 MHz, CDCls) d: 1.46 (s, 9H), 2.33 (s, 6H),
6.08 (br s, 1H), 6.95 (ddd, J=7.6, 7.6, 1.0 Hz, 1H), 7.12
(d, J=8.6 Hz, 4H), 7.18 (d, J=8.4 Hz, 4H), 7.41 (ddd, J=
7.6,7.6, 1.2 Hz, 2H), 7.71 (d, J=8.0 Hz, 1H), 9.91 (d, J=
11.9 Hz, 1H); *C NMR (101 MHz, CDCl;) &: 20.7, 28.7,
52.0, 119.3, 120.2 (d, J=4.6 Hz), 120.7 (d, J=9.8 Hz),
121.0, 126.9, 130.1, 132.2, 134.7, 141.2 (d, J=1.8 Hz),
148.4 (d, J=6.9 Hz), 168.6; IR (KBr) v: 2968, 1641, 1537,
1502, 1390, 1265, 1207, 1186, 1053, 995, 927, 817, 752,
636, 561, 487 cm'; HRMS (APCI) caled for CosH30N,O4P
[M+H]" 453.1938, found 453.1941.

) R (2-CRUT R R I ) R R R R TR
liE(3af): 130 mg ¥& 3 ([ 1A, 72 72%. m.p. 93~96 C;
'H NMR (400 MHz, CDCls) 6: 1.46 (s, 9H), 2.35 (s, 6H),
6.00 (br s, 1H), 6.96~7.01 (m, 3H), 7.08~7.12 (m, 4H),
721 (ddd, J=7.8, 7.8, 1.1 Hz, 2H), 7.38~7.45 (m, 2H),
7.71 (d, J=8.1 Hz, 1H), 9.93 (d, J=11.6 Hz, 1H); 1*C
NMR (101 MHz, CDCls) 6: 21.3, 28.7, 52.0, 117.3 (d, J=
4.7 Hz), 119.4, 120.7 (d, J=9.8 Hz), 121.0, 121.1, 125.9,
126.7, 129.3, 132.3, 139.9, 141.3, 150.5 (d, J=7.0 Hz),
168.6; IR (KBr) v: 2920, 2958, 1633, 1531, 1487, 1323,
1242, 1138, 1083, 993, 951, 873, 761, 682, 503, 441 cm !;
HRMS (APCI) caled for C,sH3N,O.P [M + H] ©
453.1938, found 453.1944.

(3~ AR L IR ) (2- (R T 2k 2 i P I ) 4 )
IR EE(3ag): 91 mg FAREIHCIRY), 7% 47%. '"H NMR
(400 MHz, CDCls) : 1.51 (s, 9H), 3.82 (s, 6H), 5.40 (br s,
2H), 5.96 (br s, 1H), 6.46~6.49 (m, 4H), 6.52~6.55 (m,
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2H), 6.71 (dd, J=7.4, 7.4 Hz, 1H), 7.14~7.19 (m, 2H);
3C NMR (101 MHz, CDCl3) 6: 28.9, 51.7, 55.2, 101.6,
106.4, 107.8, 117.0, 117.4, 118.4, 127.2, 130.1, 131.9,
147.9, 156.9, 161.0, 169.4; IR (KBr) v: 2972, 2369, 1633,
1489, 1392, 1263, 1211, 1160, 1001, 947, 871, 754, 603,
511, 474 cm™'; HRMS (APCI) calcd for CpsHzoN2OgP
[M+H]" 485.1836, found 485.1844.

W35~ F R R ) (2-(GRUT i 2 25 I 5 ) 2R 22 2
R EE(3ah): 154 mg R AFE L, 2% 80%. m.p.
126~129 °C; 'H NMR (400 MHz, CDCl;) d: 1.47 (s, 9H),
2.30 (s, 12H), 6.04 (br s, 1H), 6.82 (s, 4H), 6.92 (s, 2H),
6.97 (dd, J=8.0, 8.0 Hz, 1H), 7.40~7.45 (m, 2H), 7.72 (d,
J=8.2 Hz, 1H), 9.93 (d, J=11.4 Hz, 1H); 3C NMR (101
MHz, CDCly) 6: 21.2, 28.7, 52.0, 118.0 (d, J=4.7 Hz),
119.4 (d, J=1.7 Hz), 120.6 (d, J=9.9 Hz), 120.9, 126.7,
126.8, 132.2, 139.4, 141.5, 150.5 (d, J=6.9 Hz), 168.6; IR
(KBr) v: 3470, 2922, 1598, 1500, 1452, 1365, 1284, 1217,
1128, 1026, 964, 887, 759, 640, 567, 478 cm '; HRMS
(APCI) caled for C7H34N,04P [M—I—H]+ 481.2251, found
481.2252.

AR ORI (2T R A R It )) R k) S PR T
(3ai): 157 mg B AR, =2 65%. mp. 86~89 C;
'H NMR (400 MHz, CDCls) 6: 1.47 (s, 9H), 2.32 (s, 6H),
6.05 (br s, 1H), 6.96 (ddd, J=7.6, 7.6, 1.1 Hz, 1H), 7.09
(ddd, J=7.4, 7.4, 1.0 Hz, 2H), 7.18 (ddd, J=7.6, 7.6, 1.2
Hz, 2H), 7.20 (ddd, J=7.6, 7.6, 1.1 Hz, 2H), 7.37~7.42
(m, 4H), 7.77 (d, J=8.2 Hz, 1H), 9.99 (d, J=11.2 Hz,
1H); *C NMR (101 MHz, CDCl;) d: 16.5, 28.7, 52.0,
119.6, 120.2 (d, J=4.9 Hz), 120.7 (d, J=9.8 Hz), 121.1,
125.1, 126.8, 127.0, 129.6 (d, J=6.2 Hz), 131.4, 132.2,
1413 (d, J=2.0 Hz), 149.3 (d, J=7.3 Hz), 168.7; IR
(KBr) v: 2968, 1635, 1531, 1490, 1392, 1261, 1043, 989,
927, 808, 754, 663, 599, 520, 456 cm'; HRMS (APCI)
caled for CpsH3N,O.P [M + H] © 453.1938, found
453.1941.

(2= £ HE TR HE) (2-GRUT F 2 5 P gt ik ) R i ) 2 i
IRHE(3aj): 142 mg R AR, 3 74%. mp. 95~
97 ‘C; 'H NMR (400 MHz, CDCL3) 6: 1.20 (t, J=7.6 Hz,
6H), 1.48 (s, 9H), 2.73 (q, J=7.6 Hz, 4H), 6.05 (br s, 1H),
6.97 (ddd, J=7.6, 7.6, 0.8 Hz, 1H), 7.11~7.19 (m, 4H),
7.25 (d, J=7.0 Hz, 2H), 7.38~7.46 (m, 4H), 7.25 (d, J=
8.0 Hz, 1H), 10.02 (d, J=11.1 Hz, 1H); *C NMR (101
MHz, CDCl3) 6: 14.2, 23.2, 28.7, 52.0, 119.7,120.1 (d, J=
2.3 Hz), 120.9 (d, J=9.7 Hz), 121.1, 125.2, 126.7, 126.9,
129.6, 132.2, 135.3 (d, J=6.5 Hz), 141.3 (d, J=1.9 Hz),
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148.9 (d, J=7.2 Hz), 168.7; IR (KBr) v: 2972, 2360, 1633,
1583, 1489, 1392, 1263, 1165, 999, 947, 871, 754, 667,
565, 511,451 cm™'; HRMS (APCI) calcd for Co7H34N,O4P
[M+H]" 481.2551, found 481.2555.

(2~ A A IR ) (2-(RUCT J5 2 s P I e ) 4 o ) i
BRI (3ak): 154 mg IR B A A, 722 76%. m.p. 101~
103 ‘C; '"H NMR (400 MHz, CDCls) 6: 1.21~1.23 (m,
12H), 1.50 (s, 9H), 3.33~3.42 (m, 2H), 6.10 (br s, 1H),
6.96 (dd, J=17.6, 7.6 Hz, 1H), 7.13~7.19 (m, 4H), 7.30~
7.33 (m, 2H), 7.38~7.48 (m, 4H), 7.78 (d, J=8.2 Hz,
1H), 10.11 (d, J=11.1 Hz, 1H); '*C NMR (101 MHz,
CDCly) d: 22.9, 26.8, 28.7, 52.0, 119.6, 119.9 (d, J=2.3
Hz), 120.8 (d, J=9.7 Hz), 121.1, 1252, 126.7, 126.8,
126.8, 132.2, 139.6 (d, J=5.6 Hz), 141.4, 148.2 (d, J=2.2
Hz), 168.7; IR (KBr) v: 2966, 2358, 1635, 1487, 1369,
1325, 1211, 1168, 1080, 935, 889, 754, 669, 601, 526, 427
cm !; HRMS (APCI) caled for CaoH3sNoO4P [M—i—H]+
509.2564, found: 509.2566.

(2-GRUT 5 S Fk Y I )-4- PP 3R 2 0 ) S L i R — oK
fi5(3ba): 98 mg ¥R B (A, F=% 56%. mp. 117~
118 °C; 'H NMR (400 MHz, CDCl3) 6: 1.46 (s, 9H), 2.33
(s, 3H), 5.98 (br s, 1H), 7.16~7.20 (m, 3H), 7.24 (dd, J=
11.2, 2.4 Hz, 1H), 7.28~7.36 (m, 8H), 7.61 (d, J=8.4 Hz,
1H), 9.75 (d, J=11.7 Hz, 1H); *C NMR (101 MHz,
CDCLy) d: 20.5, 28.7, 52.0, 119.4, 120.4 (d, J=4.7 Hz),
120.9 (d, J=9.8 Hz),125.1, 127.1, 129.9, 130.6, 132.9,
138.5, 150.6 (d, J=6.8 Hz), 168.7; IR (KBr) v: 3344,
2964, 2358, 1633, 1539, 1490, 1394, 1276, 1193, 1008,
935, 825, 767, 692, 549, 486 cm '; HRMS (APCI) calcd
for Ca4HosNoO4P [M+H]™ 439.1781, found 439.1788.

(2-GRUT 2 2k H T i )-5- R R R O S Rl i — R
fig(3ca): 96 mg ¥k M E K, P23 55%. mp. 110~
111 ‘C; 'H NMR (400 MHz, CDCL3) 6: 1.46 (s, 9H), 2.39
(s, 3H), 5.93 (br s, 1H), 6.79 (d, J=8.0 Hz, 1H), 7.20 (dd,
J=17.0, 7.0 Hz, 2H), 7.36~7.37 (m, 9H), 7.53 (s, 1H),
10.10 (d, J=7.6 Hz, 1H); '*C NMR (101 MHz, CDCl;) §:
21.6,28.8,51.9, 117.9 (d, J=9.8 Hz), 119.9, 120.4 (d, J=
4.6 Hz), 122.0, 125.1, 126.5, 129.6, 141.3, 143.0, 150.6 (d,
J=6.9 Hz); IR (KBr) v: 3325, 2922, 1637, 1544, 1487,
1365, 1273, 1184, 1024, 927, 829, 769, 686, 586, 514, 484
cm '; HRMS (APCI) caled for CpqHpsN,O.P [M+H]'
439.1781, found 439.1785.

(2-RUT 2 0k T ) -5 PR B 0 DR 0 ) U L B TR —
K5 (3da)l'): 105 mg FAZEIHARY, 7% 58%; 'H
NMR (400 MHz, CDCls) 6: 1.46 (s, 9H), 3.83 (s, 3H), 5.91
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(br s, 1H), 6.50 (dd, J=8.8, 6.4 Hz, 1H), 7.20 (dd, J=7.0,
7.0 Hz, 2H), 7.26 (d, J=2.4 Hz, 1H), 7.30~7.37 (m, 9H),
10.50 (d, J=11.9 Hz, 1H); '*C NMR (101 MHz, CDCl;) ¢:
28.8, 51.8, 55.4, 103.8, 107.7, 112.9 (d, J=9.8 Hz), 120.5
(d, J=4.7 Hz), 125.2, 128.1, 129.7, 143.5, 150.5 (d, J=6.9
Hz), 162.6, 168.6; IR (KBr) v: 2968, 2352, 1647, 1523,
1487, 1348, 1207, 1105, 939, 867, 812, 767, 686, 582, 507,
478 cm ™ '; HRMS (APCI) caled for Co4sHasN,OsP [M+H]"
455.1730, found 455.1726.

(2-GRUT FE 25 F 1 26 )-5- A 2 ) R SR i IR — 2K I
(3ea): 118 mg IRF MOEIE, 7% 67%. m.p. 91~93 C,;
'H NMR (400 MHz, CDCl3) &: 1.46 (s, 9H), 6.03 (br s,
1H), 6.64 (ddd, J=8.0, 8.0, 2.4 Hz, 1H), 7.21 (dd, J=7.2,
7.2 Hz, 2H), 7.29~7.31 (m, 4H), 7.34~7.42 (m, 5H), 7.46
(dd, J=11.0, 1.9 Hz, 1H), 10.33 (d, J=11.5 Hz, 1H); '*C
NMR (101 MHz, CDCls) 6: 28.7, 52.2, 106.4 (d, J=26.1
Hz), 108.2 (d, J=22.1 Hz), 116.6~116.8 (m), 120.4 (d,
J=4.7 Hz), 125.3, 128.8 (d, J=10.3 Hz), 129.8, 143.8 (d,
J=12.1 Hz), 150.4 (d, J=6.8 Hz), 164.6 (d, J=249.4 Hz),
168.0; IR (KBr) v: 3321, 2922, 1643, 1548, 1487, 1389,
1273, 1182, 1016, 933, 852, 769, 684, 594, 514, 459 cm ™ !;
HRMS (APCI) caled for CpHasFN,OP [M + H] ©
443.1530, found 443.1525.

(2-CRUT FE 2 5 F 1 36 )-5- SR I ) R L i IR — 2K IR
(3fa): 119 mg ¥R (LA, 7% 65%. m.p. 140~142 C,
'H NMR (400 MHz, CDCl3) &: 1.48 (s, 9H), 6.05 (br s,
1H), 6.94 (dd, J=8.4, 1.1 Hz, 1H), 7.23 (dd, J=7.2, 7.2
Hz, 2H), 7.31~7.40 (m, 9H), 7.76 (s, 1H), 10.18 (d, J=
11.4 Hz, 1H); '3C NMR (101 MHz, CDCls, 298 K) J: 28.7,
52.2, 118.8 (d, J=9.7 Hz), 119.3, 120.3 (d, J=4.7 Hz),
121.2, 125.3, 127.9, 129.8, 138.2, 142.6, 150.4 (d, J=7.0
Hz), 167.9; IR (KBr) v: 3311, 2922, 1637, 1546, 1485,
1363, 1274, 1121, 1008, 923, 858, 765, 684, 584, 511, 478
cm '; HRMS (APCI) caled for Cy3HpsCIN,O4P [M+H]"
459.1235, found 459.1233.

(Q-(AUT HLE I F R )-5- 1R R B0 R L B R — 251
(3ga): 112 mg W O [H &, =% 56%. mp. 144~
146 “C; '"H NMR (400 MHz, CDCls) d: 1.45 (s, 9H), 5.98
(br s, 1H), 7.08 (dd, J=8.0, 1.6 Hz, 1H), 7.19~7.25 (m,
3H), 7.28~7.32 (m, 4H), 7.34~7.38 (m, 4H), 7.89 (s,
1H), 10.09 (d, J=11.4 Hz, 1H); ¥C NMR (101 MHz,
CDCls) o: 28.7, 52.2, 119.2 (d, J=9.6 Hz), 120.4 (d, J=
4.7 Hz), 122.3, 124.2, 125.3, 126.5, 127.9, 129.8, 142.6,
150.4 (d, J=6.9 Hz), 168.0; IR (KBr) v: 3323, 2922, 1637,
1544, 1487, 1321, 1259, 1180, 1112, 989, 935, 765, 684,
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582, 514, 472 cm™!; HRMS (APCI) calcd for Cap3HpsBr-
N,O4P [M+H]" 503.0730, found 503.0740.

(2-OBUT FHk 2 2k FH 15k 5 )- 5 i DR 8 ) S Rl iR — O
lE(3ha): 137 mg KRB AE K, 7% 73%. mp. 145~
148 °C; 'H NMR (400 MHz, CDCl;) 6: 1.47 (s, 9H), 6.44
(br s, 1H), 7.20 (dd, J=7.2, 7.2 Hz, 2H), 7.29 (d, J=8.4
Hz, 4H), 7.35 (dd, J=7.4, 7.4 Hz, 4H), 7.58 (dd, J=8.6,
1.5 Hz, 1H), 7.65 (dd, J=8.6, 2.1 Hz, 1H), 8.50 (d, J=2.1
Hz, 1H), 10.07 (d, J=11.4 Hz, 1H); '*C NMR (101 MHz,
CDCls) o: 28.6, 52.8, 113.8, 115.4, 120.3 (d, J=4.7 Hz),
125.4 (d, J=9.6 Hz), 125.6, 128.3, 129.9, 142.3, 149.8,
150.1 (d, J=7.0 Hz), 167.0; IR (KBr) v: 1647, 1525, 1487,
1348, 1265, 1207, 1124, 939, 867, 812, 767, 686, 582, 520,
476 cm ™ '; HRMS (APCI) caled for Co3HasN3;O6P [M+H]"
470.1475, found 470.1479.

TORFEG-GRUT HE e R T i ) 2% -2- R ) 2 L o R R
(3ia): 135 mg & (LE A, 7% 71%. m.p. 114~116 C;
'H NMR (400 MHz, CDCl3) 6: 1.50 (s, 9H), 6.38 (br s,
1H), 7.16~7.22 (m, 2H), 7.30~7.38 (m, 9H), 7.53 (ddd,
J=17.0, 7.0, 0.9 Hz, 1H), 7.77 (ddd, J=8.6, 8.6, 1.2 Hz,
2H), 7.96 (d, J=1.5 Hz, 1H), 8.04 (s, 1H), 9.59 (d, J=
11.6 Hz, 1H); *C NMR (101 MHz, CDCl;) d: 28.7, 52.3,
115.3, 120.5 (d, J=4.7 Hz), 123.0 (d, J=9.7 Hz), 125.0,
1252, 126.8, 127.8, 128.1, 1282, 128.3 129.8, 135.2,
136.7, 150.6 (d, J=6.8 Hz), 168.8; IR (KBr) v: 3292,
2358, 1649, 1544, 1489, 1354, 1263, 1182, 1085, 985, 943,
767, 686, 578, 474, 439 cm™'; HRMS (APCI) calcd for
Co7H2sN2O4P [M+H]" 475.1781, found 475.1785.

TR R (2-( R AR TR M R ) R Rk ) R o R I
(Saa)l'%l: 118 mg ¥R A, =% 66%. m.p. 93~
96 °C; 'H NMR (400 MHz, CDCl3) 0: 2.94 (d, J=4.8 Hz,
3H), 6.45 (br s, 1H), 6.96 (dd, J=7.6, 7.6 Hz, 1H), 7.20
(dd, J=17.7, 7.7 Hz, 2H), 7.27~7.36 (m, 8H), 7.44 (dd,
J=17.5,7.5 Hz, 2H), 7.74 (d, J=8.5 Hz, 1H), 10.14 (d, J=
11.5 Hz, 1H); 3C NMR (101 MHz, CDCl3) J: 26.6, 119.2
(d, J=9.9 Hz), 120.4 (d, J=4.7 Hz), 121.2, 125.2, 126.8,
129.7, 128.5, 132.5, 141.3, 150.5 (d, J=7.0 Hz), 169.4; IR
(KBr) v: 3344, 2920, 1637, 1539, 1489, 1361, 1263, 1161,
923, 837, 767, 686, 626, 569, 528, 480 cm™'; HRMS (AP-
CI) caled for CyHaN,OP [M+H]" 383.1155, found
383.1156.

TR B (2- (I TR A s B O ) TR L ) A 1k TR I
(Sba): 92 mg BEERIHPIRY, 773 56%. 'H NMR (400
MHz, CDCL3) 6: 0.97 (t, J=7.4 Hz, 3H), 1.56~1.65 (m,
2H), 3.31~3.36 (m, 2H), 6.55 (br s, 1H), 6.95 (dd, J=7.4,
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7.4 Hz, 1H), 7.18 (ddd, J=7.4, 7.4, 0.8 Hz, 2H), 7.26~
7.35 (m, 8H), 7.42 (ddd, J=7.2, 7.2, 1.2 Hz, 1H), 7.47
(ddd, J=7.6, 1.9, 1.8 Hz, 1H), 7.72 (d, J=8.1 Hz, 1H),
10.18 (d, J=11.2 Hz, 1H); '*C NMR (101 MHz, CDCl;) ¢:
11.4, 22.7, 41.6, 119.2, 119.4 (d, J=10.0 Hz), 120.4 (d,
J=4.7Hz), 121.2,125.2, 126.9, 129.7, 132,5, 141.3, 150.5
(d, J=6.9 Hz), 168.9; IR (KBr) v: 2964, 2362, 1635, 1591,
1489, 1327, 1209, 1161, 1068, 943, 833, 750, 688, 617,
526, 497 cm '; HRMS (APCI) calcd for CaHpsN,O4P
[M+H]" 411.1468, found 411.1472.

TR BE (2-( 5 TR 2 R I R ) R O ) S O 1 TR
(Sca): 82 mg IRFE A, 773 50%. m.p. 123~125 C;
'H NMR (400 MHz, CDCl3) d: 1.25 (d, J=6.6 Hz, 6H),
423 (dq, J=13.9, 7.2 Hz, 1H), 6.44 (d, J=7.6 Hz, 1H),
6.96 (ddd, J=7.6, 7.6, 1.1 Hz, 1H), 7.21 (ddd, J=7.4, 7.4,
0.9 Hz, 2H), 7.31 (dd, J=7.2, 7.2 Hz, 4H), 7.35 (dd, J=
7.2, 7.2 Hz, 4H), 7.44 (ddd, J=7.2, 7.2, 1.2 Hz, 1H), 7.50
(d, J=8.0 Hz, 1H), 7.75 (d, J=8.2 Hz, 1H), 10.25 (d, J=
12.0 Hz, 1H); '3C NMR (101 MHz, CDCl:) ¢: 22.5, 41.9,
119.1, 119.4 (d, J=9.9 Hz), 120.2 (d, J=4.7 Hz), 121.2,
125.3,127.1, 129.8, 132.5, 141.3 (d, J=1.8 Hz), 150.5 (d,
J=6.9 Hz), 168.1; IR (KBr) v: 3350, 2974, 1685, 1537,
1489, 1355, 1259, 1180, 1072, 927, 839, 765, 688, 567,
532, 486 cm '; HRMS (APCI) calcd for CpHpuN,O4P
[M-+H]" 411.1468, found 411.1475.

TR BR (2-(FA O 2 A I A ) R O ) R L 1 TR I
(5da): 86 mg BERUHLIRY, 7% 48%. 'H NMR (400
MHz, CDCls) d: 1.20~1.31 (m, 3H), 1.39~1.50 (m, 2H),
1.66~1.71 (m, 1H), 1.76~1.81 (m, 2H), 1.98~2.02 (m,
2H), 3.87~3.96 (m, 1H), 6.19 (d, J=7.6 Hz, 1H), 6.98
(dd, J=17.8, 7.8 Hz, 1H), 7.19 (dd, J=7.0, 7.0 Hz, 2H),
7.28~7.36 (m, 8H), 7.42~7.47 (m, 2H), 7.75 (d, J=8.1
Hz, 1H), 10.12 (d, J=11.6 Hz, 1H); '*C NMR (101 MHz,
CDCl3) 0: 24.9, 25.5, 32.9, 48.7, 119.3, 119.6 (d, J=9.9
Hz), 120.4 (d, J=4.8 Hz), 121.1, 125.2, 126.7, 129.7,
132.5, 141.4 (d, J=1.9 Hz), 150.6 (d, J=6.9 Hz), 168.0;
IR (KBr) v: 2927, 2358, 1625, 1489, 1388, 1209, 1068,
943, 860, 748, 688, 586, 507, 435 cm '; HRMS (APCI)
caled for CosHsN,OP [M + H] * 451.1781, found
451.1777.

4 B KL (Supporting Information) 1k &%) 3aa~3ia.
3ab~3ac.3af~3ak J Saa~5da [f] '"H NMR Al °C NMR
WL X LEPRL AT R G 2 AR T 9 3k (http://sioc-journal.
cn/) bR EK.
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