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Synthesis of Polycyclic Phosphacycles via 1-Phosphafulvene
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Abstract 1-Phosphafulvenes are unique in their cycloaddition reactions, which act as 2z, 4w, and 6z systems and provide
versatile and powerful approaches to various polycyclic systems. The reaction of 1-phosphafulvene with 1,4-benzoquinone and
N-phenylmaleimide upon heating provided phosphapolycyclic rings in moderate to good yields. The possible mechanism
included an oxidative addition of 1-phosphafulvene with 1,4-benzoquinone and successive Diels-Alder reactions with N-
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phenylmaleimide. The exocyclic C=C bond of 1-phosphafulvene is cruial to this reaction.
Keywords phosphafulvene; 1,4-benzoquinone; oxidative addition; cycloaddition
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Ea
Scheme 2 Reaction of 1-phosphanorbornenes 3 with 1,4-ben-
zoquinone and N-phenylmaleimide

B1 A 4a 1)KL

Figure 1 X-ray crystal structure of 4a
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Table 1 Substrate scope of1,4-benzoquinone

toluene
48 h

Yield/%
10 11

Cl(9a) 170 28 (10da) 27 (11da)
Me (9b) 200 39 (10db) 13 (11db)
OMe (9¢) 200 35(10de) O (11dc)
Cl(9a) 140 34 (10ba) 32 (11ba)
Me (9b) 200 45 (10bb) 15 (11bb)
Me (9b) 200 34 (10ab) 12 (11ab)

Entry Ar R' 7/°C

1 Ph(3d)
2 Ph(3d)

3 Ph(3d)

4 2-CIC4H, (3b)
5 2-CICeH, (3b)
6 4-CH;C4H, (3a)

2 i
2 TR, 1-BEZRBRUK IR ATAE Y 3 N 1B s

I 2 WA, RIS FRIRE ARER . N-2K 58 T Rt
i DAL vy 1) 77 26 S AR RO R A 5 il 2 M & 9. W5
FHIE 1L4- K0 1-B 2 & WA IR B, P4
T —A 5 K4 Diels-Alder 2 37 44 38 30 FR R4, 1%
] I 5 4 T N-2K 2 R I i 48 3k R Ik
Diels-Alder KMAYH T #2482 EW. 1-05 2% & I 1

http://sioc-journal.cn/ 2279



BIHE

R

B2 16L& 10bb g IRLE 1
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toluene
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ZK(30 mL), MM#RF| 170 ‘CIBi44 h, B = 2218 7K
SR, ARG VRGN N 5E . A P e 25 R AR
PV TR, N TR A i R 43 B [
VTR CHR) - VR MEE )=1: 101453 A G4 1-5%
AeBEVK R Im AT 3.

- A B UK 0 3e: 3.41 g, 772 67%, endo : exo=
50 : 7. "H NMR (300 MHz, CDCl;) &: 1.92 (s, 3H, CH3),
2.02 (s, 3H, CHj), 3.19 (d, J=8.1 Hz, 1H, CH), 3.80~
3.87 (m, 1H, CH), 6.41 (d, J=19.2 Hz, 1H, =CH),
6.91~6.94 (m, 2H, Ph), 7.16~7.49 (m, 10H, Ph), 7.48 (d,
J=2.0 Hz, 1H, Ph), 7.67 (s, 1H, Ph); °*C NMR (75 MHz,
CDCly) 6: 15.35 (s, CH3), 16.10 (s, CH3), 45.17 (d, Jop=
24.6 Hz, CH), 50.59 (s, CH), 65.09 (d, Jop=6.0 Hz, C),
121.71 (d, Jop=16.4 Hz, =CH), 122.60 (s, C), 126.66 (s,
PhCH), 127.31 (s, PhCH), 127.59 (d, Jop =104 Hz,
PhCH), 128.52 (s, PhCH), 128.60 (s, PhCH), 128.70 (s,
PhCH), 129.20 (s, PhCH), 130.03 (s, PhCH), 130.97 (s,
PhCH), 131.71 (s, C), 131.85 (d, Jop=8.7 Hz, PhCH),
136.76 (d, Jop=21.3 Hz, =C), 138.08 (s, C), 140.90 (d,
Jep=20.8 Hz, =C), 153.25 (d, Jop=1.7 Hz, C), 157.51
(d, Jop=11.5 Hz, =C), 174.92 (s, CO), 175.04 (s, CO);
3'P NMR (CDCls, 121 MHz) 6: —27.7. HRMS caled for
CaoHoyBrNO,P (M+H") 528.0726, found528.0726.

- 24 BR UK IR AT AN endo-3e: 2.03 g, 723 47%.
'H NMR (300 MHz, CDCl3) 6: 1.90 (s, 3H, CH3), 2.00 (s,
3H, CHj), 3.19 (d, J=8.1 Hz, 1H, CH), 3.73~3.85 (m,
1H, CH), 6.58 (d, J=20.1 Hz, 1H, =CH), 6.91~6.94 (m,
3H, Ar), 7.11 (s, 1H, Ar), 7.24~7.32 (m, 9H, Ar); °C
NMR (75 MHz, CDCl;) d: 15.42 (s, CH3), 16.12 (s, CH3),
45.46 (d, Jop=24.7 Hz, CH), 50.93 (s, CH), 64.92 (d,
Jop=6.0 Hz, C), 116.39 (d, Jop=19.1 Hz, =CH), 126.61
(s, ArCH), 127.29 (s, ArCH), 128.54 (s, ArCH), 128.69 (s,
ArCH), 128.79 (s, ArCH), 129.22(s, ArCH), 129.39 (s,
ArCH), 131.81 (s, ArC), 136.92 (d, Jop=22.4 Hz, =C),
140.04 (s, ArC), 140.61 (d, Jop=21.3 Hz, =C), 153.56 (s,
ArC), 153.96 (d, Jop=11.0 Hz, =C), 175.01 (s, CO),
175.13 (s, CO); *'P NMR (CDCl;, 121 MHz) §: —27.8.
HRMS calcd forC,;H,3NO,PS (M+H+) 456.1182, found
456.1185.

1-B 44 B UK IR AT AE A exo-3e: 0.71g, 723 15%. 'H
NMR (300 MHz, CDCl5) d: 1.90 (s, 3H, CH3), 2.00 (s, 3H,
CH,), 3.18 (d, J=7.8 Hz, 1H, CH), 3.82 (t, J=8.7 Hz, 1H,
CH), 6.59 (d, J=20.1 Hz, 1H, =CH), 6.93 (s, 3H, Ar),
7.12 (s, 1H, Ar), 7.24~7.30 (m, 9H, Ar); *C NMR (75
MHz, CDCl;) 6: 15.35 (s, CHs), 16.08 (s, CHj), 45.46 (d,
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Jep=24.6 Hz, CH), 50.91 (s, CH), 64.90 (d, Jop=6.1 Hz,
C), 116.34 (d, Jop=19.7 Hz, =CH), 126.53 (s, ArCH),
127.13 (s, ArCH), 127.20 (s, Ar, CH), 128.46 (s, ArCH),
128.64 (s, ArCH), 128.74 (s, ArCH), 129.17 (s, ArCH),
131.69 (s, ArC), 136.84 (d, Jop=21.3 Hz, =C), 139.94 (s,
ArC), 140.61 (d, Jop=20.8 Hz, =C), 153.48 (s, ArC),
153.89 (d, Jop=11.5 Hz, =C), 174.96 (s, CO), 175.10 (s,
CO); *'"PNMR (CDCls, 121 MHz) §: —27.7. HRMS calcd
for Co7H,3NO,PS (M+H") 456.1182, found 456.1185.
322 b4 4a—4de 895K

E 35 mL TR0 JELRERY A, =R MR 1-
W2 PR UK F AT A 3a~3e (0.5 mmol). X #HE(0.6
mmol, 65 mg)FH N-ZFE 5 K 19 W7 4(0.65 mmol, 113 mg)~
5 mL 2R, BEHEY5) Ja Kt e B BN s o
100 “CI /% 48 h J&, HUH RS ZERE 2 =R, @il
K2 LT VI RS I 52 . 58 . A P et 28 R AN B RO, 81
TR AP IE A S B PR A1 B B (R 4[%6H
TR B N-IR IR TSRV e, PR R R
F V(CEFRR) VPR =300 : 1. (LAY 4a [EE
i AR OB D V=1 )RS S8 IE K
CER

Wi Z b 59 4a: 255 mg, 72F 67%. m.p. 195~
196 “C; 'H NMR (300 MHz, CDCl;) 6: 1.68 (s, 3H, CH;),
2.53 (d, J=12.0 Hz, 1H, CH), 3.31 (d, J=14.1 Hz, 1H,
CH), 3.47 (s, 2H, CH,), 3.76 (s, 3H, CH;) 4.36 (d, J=7.5
Hz, 1H, CH), 4.46 (d, J=22.8 Hz, 1H, CH), 5.35 (s, 1H,
OH), 6.21 (d, J=7.5 Hz, 2H Ph), 6.36 (s, 2H Ph), 6.80 (d,
J=17.8 Hz, 2H Ph), 7.08 (d, J=6.6 Hz, 2H Ph), 7.25~7.43
(m, 11H Ph), 7.63 (t, J=7.8 Hz, 4H Ph); *C NMR (75
MHz, CDCLy) 8: 13.35 (s, CH3), 23.55 (s, CH,), 40.98 (s,
CH), 42.59 (s, CH), 44.08 (s, CH), 47.36 (s, CH), 50.51 (s,
CH), 55.33 (s, OCH;), 59.10 (d, Jop=24.1 Hz, C), 67.64
(d, Jop=13.7 Hz, C), 113.31 (s, PhCH), 115.87 (s, PhCH),
119.40 (s, PhCH), 126.65(s, PhCH), 127.23 (s, PhCH),
128.07 (s, C), 128.55 (s, PhCH), 128.90 (s, Ph, CH),
128.90 (s, Ph, CH), 129.28 (s, Ph, CH), 129.49 (s, Ph, CH),
130.84 (d, Jop=20.8 Hz, C), 131.74 (s, C), 132.15 (s, C),
133.21 (s, PhCH), 135.30 (s, C), 135.58 (s, C), 148.50 (s,
C), 151.79 (s, C), 159.19 (s, C), 175.70 (s, CO), 175.93 (s,
C0), 177.57 (s, CO), 178.34 (s, CO); *'P NMR (CDCl,,
121 MHz) ¢: 118.0. HRMS calcd for CyH;3sN,O,P (M+
H") 761.2417, found 761.2406.

WA Z 1L &9 4b: 367 mg, 773K 96%. m.p. 210~
211 °C; 'H NMR (300 MHz, (CD5),SO) &: 1.62 (s, 3H,
CH3), 3.22 (d, J=14.7 Hz, 1H, CH), 3.67 (s, 2H, CH,),
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3.91 (d, J=4.8 Hz, 1H, CH), 4.56 (d, J=3.0 Hz, 1H, CH),
4.95 (d, J=20.1 Hz, 1H, CH), 6.42 (d, J=39.9 Hz, 4H,
Ph), 7.09~7.57 (m, 18H, Ph), 7.83 (s, 1H, Ph), 9.19 (s,
1H, OH); °C NMR (75 MHz, (CD;),SO) J: 13.43 (s,
CH3), 23.73 (s, CH,), 42.56 (s, CH), 47.39 (s, CH), 50.80
(s, CH), 58.02 (d, Jop=31.7 Hz, C), 66.24 (d, Jop=11.0
Hz, C), 116.22 (s, PhCH), 119.75 (s, PhCH), 119.85 (s, Ph,
CH), 126.43 (s, PhCH), 127.09 (s, Ph, CH), 127.14 (s, Ph,
CH), 127.35 (s, PhCH), 127.51 (s, PhCH), 128.79 (s,
PhCH), 129.19 (s, PhCH), 129.30 (s, PhCH), 129.65 (s,
PhCH), 129.74 (s, PhCH), 129.87 (s, PhCH), 130.14 (s,
PhCH), 131.79 (d, Jop=19.0 Hz, C), 132.51 (s, C), 132.75
(s, PhACH), 132.98 (s, C), 134.47 (s, C), 134.94 (d, Jop=
25.1 Hz, C), 135.23 (s, C), 136.11 (d, Jop=6.5 Hz, C),
147.63 (d, Jop=6.1 Hz, C), 153.66 (s, C), 175.15 (s, CO),
175.70 (d, Jep=1.6 Hz, CO), 177.41 (s, CO), 178.35 (s,
CO) (2.5 /A —NE, 40 LB C I T(CD;),SO 7
#%); 3P NMR ((CD;),SO, 121 MHz) J: 114.9. HRMS
caled for CusHssCIN;OGP (M +H') 809.1416, found
809.1409.

B2 Z L 59 4e: 323 mg, 753K 84%. m.p. 206~
207 ‘C; '"H NMR (300 MHz, (CD5),SO) d: 1.58 (s, 3H,
CHs), 3.17 (d, J=14.7 Hz, 1H, CH), 3.59~3.70 (m, 2H,
CH,), 3.80 (d, J=7.8 Hz, 1H, CH), 4.42~4.49 (m, 2H,
CH), 6.19 (d, J=8.4 Hz, 2H, Ph), 6.43 (d, J=8.1 Hz, 2H,
Ph), 7.11 (d, J=7.5 Hz, 2H, Ph), 7.24~7.31 (m, 4H, Ph),
7.39~7.57 (m, 11H, Ph), 7.76 (d, J=7.5 Hz, 1H, Ph), 8.11
(s, 1H, Ph), 9.14 (s, 1H, OH). *C NMR (75 MHz,
(CD5),S0) 8: 18.02 (s, CH3), 28.64 (d, Jop=3.8 Hz, CH,),
45.91 (s, CH), 47.31 (s, CH), 49.06 (s, CH), 52.25 (s, CH),
55.50 (s, CH), 63.15 (d, Jop=26.3 Hz, C), 71.47 (d, Jop=
14.3 Hz, C), 120.74 (s, PhCH), 124.62(s, PhCH), 124.70
(s, Ph, CH), 126.31 (s, C), 132.01 (s, PhCH), 132.05 (s, Ph,
CH), 13231 (s, PhCH), 133.51 (s, PhCH), 133.65 (s,
PhCH), 133.92 (s, PhCH), 134.12 (s, PhCH), 134.41 (s,
PhCH), 134.51 (s, PhCH), 134.79 (s, PhCH), 135.31 (s,
PhCH), 135.77 (s, PhCH), 136.57 (d, Jop=22.5 Hz, C),
137.27 (s, C), 137.82 (s, C), 138.86 (s, Jop=25.2 Hz,
C),139.13 (s, Ph, CH), 141.03 (d, Jop=6.5 Hz, C), 145.55
(s, C), 152.28 (d, Jop=6.0 Hz, C), 158.22 (s, C), 180.37 (s,
CO), 180.57 (s, CO), 182.84 (s, CO), 183.28 (s, CO) (2.5
A —ANEME(CD;),S0 A #%); *'P NMR ((CD5),S0, 121
MHz) 6: 116.9. HRMS calcd for C4sH3sBrN,OP (M+H")
809.1416, found 809.1409.

B Z A 4d: 250 mg, F5F 70%. m.p.

http://sioc-journal.cn/ 2281



BIHE

R

195.5~196.3 ‘C; 'H NMR (300 MHz, CDCl;) d: 1.69 (s,
CH3), 2.54 (d, J=9.9 Hz, 1H, CH), 3.31 (d, J=14.7 Hz,
1H, CH), 3.49 (s, 2H, CH,), 3.90 (d, J=7.5 Hz, 1H, CH),
436 (d, J=7.2 Hz, 1H, CH), 4.50 (d, J=21.3 Hz, 1H,
CH), 6.20 (d, J=7.5 Hz, 2H, Ph), 6.36 (d, J=7.5 Hz, 2H,
Ph) 7.08 (d, J=6.0 Hz, 2H, Ph), 7.30~7.55 (m, 14H, Ph),
7.62 (d, J=5.7 Hz, 2H, Ph), 7.70 (d, J=13.5 Hz, 2H, CH);
C NMR (75 MHz, CDCl;) &: 13.23 (s, CHj), 23.58 (s,
CH,), 40.92 (s, CH), 43.40 (d, Jop=4.4 Hz, CH), 43.86 (s,
CH), 47.28 (s, CH), 50.45 (s, CH), 58.83 (d, Jop=25.57
Hz, C), 67.59 (d, Jop=13.1 Hz, C), 115.82 (s, PhCH),
119.37 (s, PhACH), 119.47 (s, Ph, CH), 126.51 (s, PhCH),
127.12 (s, PhCH), 127. 86 (s, PhCH), 127.96 (s, PhCH),
128.44 (s, PhCH), 128.78 (s, Ph, CH), 128.96 (s, PhCH),
129.19 (s, PhCH), 129.34 (s, PhCH), 129.48 (s, PhCH),
129.61 (s, PhCH),130.63 (d, Jop=22.4 Hz, C), 131.65 (s,
C), 131.92 (s, PhCH), 132.08 (s, C), 135.43 (d, Jop=5.0
Hz, C), 135.64 (d, Jop=13.7 Hz, C), 135.96 (s, C), 148.61
(s, C), 151.52 (s, C), 175.41 (s, CO), 175.74 (s, CO),
177.18 (s, CO), 177.96 (s, CO); *'P NMR (CDCl;, 121
MHz) d: 119.3. HRMS calcd for C4sH3eN,OsP (M+H")
731.2311, found 731.2307.

WA Z IR AW 4e: 202 mg, 775 55%. m.p. 194~
195 “C; 'H NMR (300 MHz, (CD5),SO) d: 1.56 (s, CH;),
3.14 (d, J=14.7 Hz, 1H, CH), 3.61~3.78 (m, 2H, CH,),
4.06 (d, J=8.1 Hz, 1H, CH), 4.51 (d, J=7.8 Hz, 1H, CH),
4.75 (dd, 'J=21.0 Hz, 2J=4.2 Hz, 1H, CH), 6.16 (d, J=
8.7 Hz, 2H, Ar), 6.42 (d, J=8.7 Hz, 2H, Ar), 7.01 (t, J=
3.9 Hz, 1H, Ar), 7.13 (d, J=7.2 Hz, 2H, Ar), 7.28 (d, J=
8.1 Hz, 3H, Ar), 7.32~7.57 (m, 12H, Ar), 9.14 (s, 1H,
OH); *C NMR (75 MHz, (CD5),SO) §: 13.18 (s, CH;),
23.91 (s, CH,), 37.17 (d, Jop=4.5 Hz, CH), 40.87 (s, CH),
4432 (s, CH), 47.63 (s, CH), 50.74 (s, CH), 59.20 (d,
Jep=24.6 Hz, C), 66.75 (d, Jop=14.3 Hz, C), 115.90 (s,
ArCH), 120.10 (s, ArCH), 120.19 (s, Ar, CH), 125.89 (s,
ArCH), 126.91 (s, ArCH), 127.26 (s, ArCH), 127.30 (s, Ar,
CH), 127.57 (s, ArCH), 128.71 (s, ArCH), 128.90 (s,
ArCH), 129.14 (s, ArCH), 129.36 (s, ArCH), 129.65 (s,
ArCH), 130.09 (s, ArCH), 131.58 (d, Jop=22.4 Hz, C),
132.57 (s, C), 133.08 (s, C), 133.84 (d, Jop=24.6 Hz, C),
136.40 (d, Jop=6.0 Hz, C), 139.72 (s, C), 147.81 (d, Jep=
6.1 Hz, C), 153.43 (s, C), 175.82 (s, CO), 175.92 (s, CO),
177.69 (s, CO), 178.60 (s, CO) (2.5 &b —4&, 40 &bF5—
ANHAE(CD5),S0  #%); *'P NMR ((CD5),SO, 121 MHz)
0: 124.4. HRMS calcd for C4;H3N,O6PS (M+H+)
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737.1875, found 737.1867.
323 b4 100 11, 12 494 m%

E 35 mL TR0 B REMY A h, SR N AR 1-
T 4= B UK F G 17 424 3a, 3b B8 3d (0.5 mmol). HUAUHE
Fi (0.6 mmol)Al N-Z Ik 5 K B WV % (0.65 mmol, 113
mg). 5 mL FHIR, BR85S K i R A TN JH s A
B MR EE, ARG PRI RN 48 h, BUH iR R 212
P 22 2 iR, I A e A WU S . e . A P e 28
RAXSR BT, TR RIR A 08 A (i 4y S e 4l
538 F A 10 F0 11 8% 12056 =& P45 N-2F
B REE %, FIREERE Ve E (& ) © (F
f)=300 : 1]. &% 10bb [ AL HITE LR LBRIE R
AR 1.

W Z b5 10da: JRBEFE: 170 C, 107 mg,
77 % 28%. '"H NMR (300 MHz, CDCly) d: 1.70 (s, 3H,
CH3), 2.54 (d, J=11.1 Hz, 1H, CH), 3.32 (d, J=14.1 Hz,
1H, CH), 3.49 (s, 2H, CH,), 3.87 (d, J=7.5 Hz, 1H, CH),
432 (d, J=7.5 Hz, 1H, CH), 4.50 (d, J=22.8 Hz, 1H, CH)
6.20 (d, J=8.1 Hz, 1H, Ph), 6.27 (s, 1H, OH), 6.62 (d, J=
8.4 Hz, 1H, Ph), 7.09 (d, J=5.7 Hz, 2H, Ph), 7.24~7.44
(m, 15H, Ph), 7.62 (d, J=6.0 Hz, 2H, Ph), 6.74 (d, J=4.5
Hz, 2H, Ph); *'P NMR (CDCl;, 121 MHz) d: 117.6; "*C
NMR (75 MHz, CDCl;) d: 13.23 (s, CH3), 23.59 (s, CH,),
40.89 (s, CH), 43.27 (d, Jep=3.8 Hz, CH), 43.69 (d, Jop=
2.3 Hz, CH), 47.18 (s, CH), 50.39 (s, CH), 58.92 (d, Jop=
25.2 Hz, C), 67.51 (d, Jop=12.6 Hz, C), 116.37 (s, PhCH),
118.52 (s, PhCH), 118.62 (s, Ph, CH), 119.46 (s, Ph, CH),
119.56 (s, PhCH), 119.63 (s, C), 126.40 (s, PhCH), 126.44
(s, Ph, CH), 126.44 (s, Ph, CH), 126.50 (s, Ph, CH), 127.36
(s, PhCH), 127.39 (s, Ph, CH), 127.99 (s, PhCH), 128.60
(s, PhCH), 128.77 (s, PhCH), 128.98 (s, PhCH), 129.20 (s,
PhCH), 129.35 (s, PhCH), 129.42 (s, PhCH), 129.56 (s,
PhCH), 130.71 (d, Jop=23.0 Hz, C), 131.64 (s, C), 131.95
(s, PhCH), 132.10 (s, C), 135.30 (d, Jop=6.6 Hz, C),
135.60 (d, Jop=24.0 Hz, C), 135.88 (s, C), 147.40 (s, C),
148.54 (d, Jop=6.1 Hz, C), 175.19 (d, Jop=2.2 Hz, CO),
175.55 (s, CO), 176.96 (s, CO), 177.81 (s, CO). HRMS
caled forCysH;sCIN,OgP (M + H ") 765.1921, found
765.1920.

R Z MG 11da: MVIRFE: 170 °C, 96 mg,
P2 % 27%. '"H NMR (300 MHz, CDCly) d: 1.65 (s, 3H,
CH3), 2.54 (d, J=8.4 Hz, 1H, CH), 3.27 (d, J=14.7 Hz,
1H, CH), 3.36~3.55 (m, 2H, CH,), 4.00 (d, J=7.8 Hz,
1H, CH), 4.45 (dd, J=21.3 Hz, J=4.5 Hz, 1H, CH), 4.60
(d, J=8.1 Hz, 1H, CH), 6.18 (dd, 'J=8.7 Hz, 2J=2.4 Hz,
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1H, Ph), 6.27 (s, 1H, OH), 6.47 (d, J=2.4 Hz, 1H, Ph),
6.70 (d, J=8.7 Hz, 1H, Ph), 7.06~7.43 (m, 17H, Ph), 7.62
(d, J=7.2 Hz, 3H, Ph); C NMR (75 MHz, CDCl;) ¢:
13.29 (s, CH3), 23.70 (s, CH,), 40.76 (s, CH), 43.21 (d,
Jep=>5.5 Hz, CH), 43.91 (d, Jop=2.3 Hz, CH), 48.02 (s,
CH), 50.60 (s, CH), 59.28 (d, Jop=25.1 Hz, C), 67.25 (d,
Jep=11.0 Hz, C), 114.36 (s, PhCH), 116.95 (s, PhCH),
118.01 (s, Ph, CH), 118.22 (s, PhCH), 123.90 (s, C),
126.55 (s, PhCH), 126.59 (s, Ph, CH), 127.12 (s, PhCH),
127.15 (s, Ph, CH), 127.76 (s, PhCH), 128.01 (s, PhCH),
128.25 (s, PhCH), 129.01 (s, PhCH), 129.31 (s, Ph, CH),
129.39 (s, Ph, CH), 129.53 (s, Ph, CH), 129.68 (s, Ph, CH),
130.30 (d, Jep=23.0 Hz, C), 131.19 (s, PhACH), 131.62 (s,
C), 132.08 (s, C), 134.90 (d, Jop=6.0 Hz, C), 135.93 (s,
C), 136.17 (d, Jep=24.6 Hz, C), 144.67 (d, Jop=>5.0 Hz,
C), 151.11 (s, C), 175.45 (s, CO), 175.78 (s, CO), 177.52
(s, CO), 178.06 (s, CO); *'P NMR (CDCls, 121 MHz) o:
111.5. HRMS caled for C4sH3sCIN,OP (M + H ')
765.1921, found 765.1920.

W2 Z 310 &4 10db F1 11db: IR E: 200 °C,
193 mg, 7% 52% (10db : 11db=3 : 1, =Kt
BIMRIEZ A6 €). '"H NMR (300 MHz, CDCly) o:
1.75 (s, CH3), 1.94 (s, CH3), 2.65 (s, J=15.9 Hz, 1H, CH),
3.38 (d, J=14.7 Hz, 1H, CH), 3.54~3.72 (m, 2H, CH,),
4.06 (d, J=8.4 Hz, 1H, CH), 4.52 (d, J=8.1 Hz, 1H, CH),
522 (dd, J=20.4, 4.8 Hz, 1H, CH), 6.18 (d, J=2.4 Hz,
1H, Ph), 6.27~6.31 (m, 1H, Ph), 6.37~6.40 (m, 1H, Ph),
7.06~7.49 (m, 16H, Ph), 7.66 (d, J=7.5 Hz, Ph), 7.90 (d,
J=7.8 Hz, Ph); °C NMR (75 MHz, CDCl;) d: 13.41 (s,
CH3), 15.75 (s, CH3), 23.51 (s, CH,), 39.63 (d, Jop=2.3
Hz, CH), 40.47 (s, CH), 42.19 (s, CH), 47.03 (s, CH),
50.46 (s, CH), 58.05 (d, Jop=31.2 Hz, C), 67.17 (d, Jop=
12 Hz, C), 115.39 (s, PhCH), 116.83 (s, PhCH), 116.91 (s,
Ph, CH), 121.38 (s, PhCH), 121.48 (s, Ph, CH), 125.05 (s,
C), 126.06 (s, PhCH), 126.33 (s, PhCH), 126.39 (s, Ph,
CH), 126.55 (s, PhCH), 127.15 (s, PhCH), 128.41 (s,
PhCH), 128.58 (s, PhCH), 128.91 (s, PhCH), 128.97 (s,
PhCH), 129.33 (s, PhCH), 129.66 (s, PhCH), 129.80 (s,
PhCH), 130.03 (s, PhCH), 131.59 (s, C), 132.00 (s, C),
132.67 (s, PhCH), 133.91 (s, C), 134.78 (s, C), 135.41 (d,
Jep=6.0 Hz, C), 136.21 (d, Jop=24.6 Hz, C),148.28 (d,
Jep=>5.4 Hz, C), 149.84 (s, C), 175.01 (s, CO), 175.32 (d,
Jep=2.2 Hz, CO), 176.84 (s, CO), 177.85 (s, CO); *'P
NMR (CDCl;, 121 MHz) §: 114.6. HRMS caled for
CuHasNoOgP (M+H'") 745.2462, found 745.2467.
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A Z IS 10de: 133 mg, RMNIEFE 200 °C,
P2 % 35%. '"H NMR (300 MHz, CDCls) d: 1.70 (s, CH3),
2.54~2.59 (m, 1H, CH), 3.33 (d, J=14.7 Hz, 1H, CH),
3.46 (s, 3H, CH;), 3.46~3.57 (m, 2H, CH,), 3.93 (d, J=
8.1 Hz, 1H, CH), 4.38 (d, J=8.1 Hz, 1H, CH), 5.53 (dd,
J=21.9, 4.2 Hz, 1H, CH), 5.96~5.98 (m, 2H, Ph), 6.58
(d, J=9.0 Hz, 1H, Ph), 7.09 (m, 1H, Ph), 7.09 (d, Jop=7.2
Hz, 2H, Ph), 7.28~7.47 (m, 14H, Ph), 7.65 (d, J=7.5 Hz,
2H, Ph), 7.76~7.78 (m, 2H, Ph).””C NMR (75 MHz,
CDCly) 6: 13.23 (s, CHs), 23.48 (s, CH,), 40.87 (s, CH),
40.60 (d, Jop=4.9 Hz, CH), 44.05 (s, CH), 47.73 (s, CH),
50.75 (s, CH), 54.95 (s, “CHs) 58.79 (d, Jop=25.7 Hz, C),
67.88 (d, Jop=15.8Hz, C), 105.87 (s, PhCH), 120.18 (s,
Ph, CH),126.50 (s, PhCH), 126.56 (s, Ph, CH), 126.61 (s,
Ph, CH), 126.66 (s, Ph, CH), 127.56 (s, PhCH), 127.86 (s,
PhCH), 126.55 (s, PhCH), 128.72 (s, PhCH), 128.91 (s,
PhCH), 129.14 (s, PhCH), 129.64 (s, PhCH), 129.78 (s,
PhCH), 130.29 (d, Jop=23.0 Hz, C), 131.71 (s, PhCH),
131.74 (s, C), 132.25 (s, C), 135.68 (s, C), 135.80 (d, Jop=
30.1 Hz, C), 136.21 (s, C), 137.43 (d, Jop=3.3 Hz, C),
150.60 (d, Jop=1.1 Hz, C), 152.10 (s, C), 175.01 (d, Jop=
1.7 Hz, CO), 175.94 (d, CO), 177.09 (s, CO), 178.03 (s,
CO); *'P NMR (CDCls, 121 MHz) ¢6: 118.1. HRMS calcd
for C4sH3sN,O-P (M+H") 761.2417, found 761.2413.

W2 IR LEY) 10ba: PR E: 140 C, 139.6
mg, 7% 34%. '"H NMR (300 MHz, CDCl;) 6: 1.72 (s,
3H, CH3), 2.65 (d, J=9.9 Hz, 1H, CH), 3.37 (d, J=14.4
Hz, 1H, CH), 3.55~3.74 (m, 2H, CH,), 4.15 (d, J=7.8
Hz, 1H, CH), 4.72 (d, J=7.5 Hz, 1H, CH), 5.19 (dd, J=
20.4, 3.0 Hz, 1H, CH), 5.76 (s, 1H, OH), 6.20 (d, J=7.2
Hz, 1H, CH), 6.57 (s, 1H, CH), 6.76 (d, J=8.4 Hz, 1H,
Ph), 6.85 (t, J=7.2 Hz, 1H Ph), 7.05~7.43 (m, 15H, Ph),
7.59 (d, J=7.5 Hz, 1H, Ph), 7.66 (d, J=6.9 Hz, 2H, Ph);
C NMR (75 MHz, CDCls) 6: 13.45 (s, CH;), 23.71 (s,
CH,), 39.58 (d, Jop=23.75 Hz, CH), 40.45 (s, CH), 42.33
(s, CH), 47.62 (s, CH), 50.45 (s, CH), 58.10 (d, Jop=30.6
Hz, C), 67.15 (d, Jop=10.4 Hz, C), 114.50 (s, PhCH),
117.06 (s, PhCH), 118.44 (s,PhCH), 118.64 (s, Ph, CH),
123.95 (s, C), 126.28 (s, PhCH), 126.42 (s, Ph, CH),126.48
(s, Ph, CH), 126.54(s, Ph, CH), 127.21 (s, PhCH), 128.26
(s, PhCH), 128.79 (s, PhCH), 128.86 (s PhCH), 129.00 (s,
PhCH), 129.18 (s, PhCH), 129.38 (s, PhCH), 129.66 (s,
PhCH), 129.81 (s, PhCH), 130.03 (s, PhCH), 130.53 (d,
Jep=23.5 Hz, C), 131.54 (s, C), 131.97 (s, C), 132.0 (s,
PhCH), 133.61 (s, C), 134.54 (s, C), 134.73 (d, Jop=06.0
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Hz, C), 136.93 (d, Jop=24.6 Hz, C), 144.29 (d, Jop=5.0
Hz, C), 151.47 (s, C), 175.00 (s, CO), 175.36 (d, Jop=1.7
Hz, CO), 177.50 (s, CO), 177.98 (s, CO); *'P NMR
(CDCls, 121 MHz) 6: 112.1. HRMS caled for C4sH;5Cl,-
N>OgP (M+H") 799.1532, found 799.1531
WA Z WG 1lba: KMIRE 140 °C, 127.68
mg, “& 32%. '"H NMR (300 MHz, CDCl;) ¢: 1.76 (s,
3H, CHs), 2.65 (d, J=9.3 Hz, 1H, CH), 3.38 (d, J=14.4
Hz, 1H, CH), 3.54~3.71 (m, 2H, CH,), 4.04 (d, J=7.8
Hz, 1H, CH), 4.50 (d, J=8.1 Hz, 1H, CH), 5.23 (dd, 'J=
20.7 Hz, 2J=4.2 Hz, 1H, CH), 6.40~6.44 (m, 2H, Ph),
6.68 (d, J=8.4 Hz, 1H, Ph), 7.06~7.15 (m, 3H, Ph),
7.23~7.50 (m, 13H, Ph), 7.66 (d, J=7.5 Hz, 2H, Ph), 7.79
(d, J=7.8 Hz, 1H, Ph); *C NMR (75 MHz, CDCl;) ¢:
13.39 (s, CH3), 23.54 (s, CH>), 39.49 (d, Jop=2.7 Hz, CH),
40.39 (s, CH), 42.10 (d, Jep=1.5 Hz, CH), 47.02 (d, Jop=
2.3 Hz, CH), 50.40 (s, CH), 58.11 (d, Jop=31.1 Hz, C),
67.03 (d, Jop=11.5 Hz, C), 116.51 (s, PhCH), 118.64 (s,
Ph, CH), 118.81 (s, Ph, CH), 118.90 (s, PhCH), 119.56 (s,
PhCH), 119.66 (s, Ph, CH), 119.75 (s, C), 125.99 (s,
PhCH), 126.20 (s, PhCH), 126.25 (s, Ph, CH), 126.50 (s,
PhCH), 127.44 (s, PhCH), 128.56 (s, PhCH), 128.63 (s,
PhCH), 128.94 (s, Ph, CH), 129.00 (s, Ph, CH), 129.04 (s,
Ph, CH), 129.22 (s, PhCH), 129.33 (s, PhCH), 129.44 (s,
PhCH), 129.50 (s, PhCH), 129.64 (s, PhCH), 130.11 (s,
PhCH), 130.84 (d, Jop=24.1 Hz, C), 131.56 (s, C), 131.97
(s, C), 132.40 (s, PhCH), 133.79 (s, C), 134.87 (s, C),
135.05 (d, Jop=3.0 Hz, C), 136.43 (d, Jop=24.6 Hz, C),
147.55 (s, C), 148.40 (d, Jop=5.5 Hz, C), 174.76 (s, CO),
175.02 (d, Jop=2.3 Hz, CO), 176.74 (s, CO), 177.68 (s,
CO); *'P NMR (CDCls, 121 MHz) 6: 108.6. HRMS calcd
for C4sH3sCLN,O6P (M+H") 799.1532, found 799.1531.
W2 Z M54 10bb: JIREE 170 'C, 175 mg,
P 45%. "H NMR (300 MHz, (CD;),SO) J: 1.66 (s, 3H,
CH3), 1.87 (s, 3H, CH3), 3.24 (d, J=13.8 Hz, 1H, CH),
3.69 (s, 2H, CH,), 3.93 (d, J=6.3 Hz, 1H, CH), 4.57 (d,
J=6.9 Hz, 1H, CH), 4.98 (d, J=20.4 Hz, 1H, CH), 6.14
(s, 1H, Ph), 6.30 (s, 1H, Ph), 6.54 (d, J=7.2 Hz, 1H, Ph),
7.10~7.60 (m, 18H, Ph), 7.88 (d, J=6.3 Hz, 1H, Ph), 9.09
(s, 1H, OH); *C NMR (75 MHz, (CD5),SO) : 13.45 (s,
CH3), 16.41 (s, CHj), 23.69 (s, CH,), 42.54 (s, CH), 47.33
(s, CH), 50.82 (s, CH), 57.95 (d, Jop=31.7 Hz, C), 66.26
(d, Jop=12.1 Hz, C), 115.39 (s, PhCH), 116.68 (s, PhCH),
116.76 (s, Ph, CH), 121.20 (s, PhACH), 116.76 (s, Ph, CH),
125.29 (s, C), 126.42 (s, PhCH), 127.08 (s, PhCH), 127.13
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(s, Ph, CH), 127.31 (s, PhCH), 127.51 (s, PhCH), 128.77
(s, PhCH), 129.14 (s, PhCH), 129.31 (s, PhCH), 129.65 (s,
PhCH), 129.80 (s, PhCH), 129.93 (s, PhCH), 130.12 (s,
PhCH), 131.85 (d, Jop=23.6 Hz, C), 132.50 (s, C), 132.83
(s, PhCH), 132.97 (s, C), 134.48 (s, C), 134.88 (d, Jop=
24.6 Hz, C), 135.24 (s, C), 136.21 (d, Jop=6.0 Hz, C),
147.37 (d, Jop=6.0 Hz, C), 151.65 (s, C), 175.18 (s, C=
0), 175.71 (s, C=0), 177.32 (s, C=0), 178.34 (s, C=
0)(2.5 b —A, 40 LA H AP (CD5),S0 7 i5); °'P
NMR ((CD;),SO, 121 MHz) §: 114.7. HRMS calcd for
C47H4CIN,O,P (M+H") 775.2568, found 775.2573.

B Z G Y) 11bb: PR 170 C, 58 mg,
F2# 15%. '"H NMR (300 MHz, CDCl3) §: 1.57 (s, 3H,
CHs), 1.72 (s, 3H, CH3), 3.22 (d, J=14.7 Hz, 1H, CH),
3.70 (s, 2H, CH,), 3.96 (d, J=7.5 Hz, 1H, CH), 4.60 (d,
J=17.8 Hz, 1H, CH), 4.93 (d, J=20.1 Hz, 1H, CH), 6.25
(d, J=8.1 Hz, 1H, Ph), 6.44 (s, 1H, Ph), 6.72~6.83 (m,
2H, Ph), 7.08 (d, J=6.9 Hz, 1H, Ph), 7.25~7.63 (m, 16H,
Ph), 9.00 (s, 1H, OH); >C NMR (75 MHz, CDCl;) ¢:
13.44 (s, CH;), 16.40 (s, CH3), 23.69 (s, CH,), 42.52 (s,
CH), 47.32 (s, CH), 50.81 (s, CH), 57.94 (d, Jop=31.1 Hz,
C), 66.26 (d, Jop=12.1 Hz, C), 115.36 (s, PhCH), 116.72
(d, Jop=6.5 Hz, PhCH), 121.24 (d, Jop=8.2 Hz, PhCH),
125.27 (s, C), 126.41 (s, PhCH), 127.12 (s, PhCH), 127.31
(s, PhCH), 127.50 (s, PhCH), 128.76 (s, PhCH), 129.13 (s,
PhCH), 129.30 (s, PhCH), 129.64 (s, PhCH), 129.79 (s,
PhCH), 129.93 (s, PhCH), 130.11 (s, PhCH), 131.85 (d,
Jep=23.0 Hz, C), 132.49 (s, C), 132.82 (s, PhCH), 132.96
(s, C), 134.47 (s, C), 134.86 (d, Jop=24.6 Hz, C), 135.24
(s, C), 136.21 (d, Jop=6.0 Hz, C), 147.36 (d, Jop=6.0 Hz,
C), 151.65 (s, C), 175.15 (s, CO), 175.71 (s, CO), 177.32
(s, CO), 178.33 (s, CO) (2.5 b —AE, 40 AbA FAH%
#(CD3),SO 7 ); *'P NMR (CDCl;, 121 MHz) 6: 111.0.
HRMS caled for C47HyCIN,O.P (M+H ') 775.2568,
found 775.2573

W Z LAY 10ab: KSR 200 °C, 131.58
mg, 7% 34%. '"H NMR (300 MHz, CDCl;) o: 1.67 (s,
3H, CH3), 1.88 (s, 3H, CH;), 2.46 (d, J=9.6 Hz, 1H, CH),
3.25(d, J=14.4 Hz, 1H, CH), 3.32~3.43 (m, 2H, CH,),
3.73 (s, 3H, ‘CH;), 3.87 (d, J=7.8 Hz, 1H, CH), 4.32 (d,
J=8.1 Hz, 1H, CH), 4.41 (dd, 'J=22.2 Hz, 2J=3.9 Hz,
1H, Ph), 5.99 (s, 1H, OH), 6.08 (d, J=8.7 Hz, 1H, Ph),
6.20 (d, J=8.7 Hz, 1H, Ph), 6.82 (d, J=8.4 Hz, 2H, Ph),
7.06 (d, J=7.2 Hz, 2H, Ph), 7.20~7.40 (m, 12H, Ph), 7.63
(t, J=9.0 Hz, 4H, Ph); ®C NMR (75 MHz, CDCl;) o:
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13.25 (s, CH3), 15.86 (s, CHs), 23.47 (s, CH,), 40.97 (s,
CH), 42.63 (s, CH), 44.00 (s, CH), 47.24 (s, CH), 50.52 (s,
CH), 55.27 (s, CH), 59.00 (d, Jop=25.1 Hz, C), 67.71 (d,
Jep=13.7 Hz, C), 113.24 (s, PhCH), 115.24 (s, PhCH),
116.46 (s, PhCH), 116.55 (s, Ph, CH), 121.19 (s, PhCH),
121.29 (s, Ph, CH), 125.03 (s, C), 126.61 (s, PhCH),
127.13 (s, PhCH)128.05 (s, C), 128.47 (s, PhCH), 128.77
(s, PhACH), 129.03 (s, PhCH), 129.15 (s, PhCH), 129.39 (s,
PhCH), 129.60 (s, PhCH), 129.74 (s, PhCH), 130.88 (d,
Jep=23.0 Hz, C), 131.70 (s, C), 132.16 (s, C), 133.27 (s,
PhCH), 135.31 (d, Jop=24.6 Hz, C), 135.75 (d, Jep=6.0
Hz, C), 148.30 (d, Jop=5.6 Hz, C), 149.87 (s, C), 159.17
(s, C), 175.60 (s, CO), 175.90 (s, CO), 177.37 (s, CO),
178.22 (s, CO); *'P NMR (CDCls, 121 MHz) d: 118.9.
HRMS caled forCy;HyCIN,O,P (M+H") 775.2568, found
775.2573.

BEA Z LB 11ab: [N E 200 °C, 36 mg, 7
% 12%. '"H NMR (300 MHz, CDCl3) 6: 1.59 (s, 3H, CH3),
1.66 (s, 3H, CH3), 2.56 (d, J=13.5 Hz, 1H, CH), 3.33 (d,
J=14.4 Hz, 1H, CH), 3.46~3.57 (m, 2H, CH,), 3.69 (s,
3H, ‘CHj), 3.92 (d, J=7.8 Hz, 1H, CH), 4.38~4.50 (m,
2H, CH), 6.32 (d, J=8.4 Hz, 1H, Ph), 6.40 (s, 1H, OH),
6.61 (d, J=8.4 Hz, 2H, Ph), 6.73 (d, J=8.1 Hz, 1H, Ph),
7.10 (d, J=8.4 Hz, 2H, Ph), 7.20~7.32 (m, 4H, Ph),
7.43~7.51 (m, 8H, Ph), 7.57 (d, J=8.4 Hz, 2H, Ph), 7.65
(d, J=7.5 Hz, 2H, Ph); °C NMR (75 MHz, CDCl;) ¢
13.25 (s, CH3), 15.86 (s, CHs), 23.47 (s, CH,), 40.97 (s,
CH), 42.63 (s, CH), 44.00 (s, CH), 47.24 (s, CH), 50.52 (s,
CH), 55.27 (s, CH), 59.00 (d, Jop=25.1 Hz, C), 67.71 (d,
Jep=13.7 Hz, C), 113.24 (s, PhCH), 115.24 (s, PhCH),
116.46 (s, PhCH), 116.55 (s, Ph, CH), 121.19 (s, PhCH),
121.29 (s, Ph, CH), 125.03 (s, C), 126.61 (s, PhCH),
127.13 (s, PhCH)128.05 (s, C), 128.47 (s, PhCH), 128.77
(s, PhACH), 129.03 (s, PhCH), 129.15 (s, PhCH), 129.39 (s,
PhCH), 129.60 (s, PhCH), 129.74 (s, PhCH), 130.88 (d,
Jep=23.0 Hz, C), 131.70 (s, C), 132.16 (s, C), 133.27 (s,
PhCH), 135.31 (d, Jop=24.6 Hz, C), 135.75 (d, Jop=6.0
Hz, C), 148.30 (d, Jop=5.6 Hz, C), 149.87 (s, C), 159.17
(s, C), 175.60 (s, CO), 175.90 (s, CO), 177.37 (s, CO),
178.22 (s, CO); *'P NMR (CDCl;, 121 MHz) 6: 111.1.
HRMS caled for CyHyCIN,O.P (M+H') 775.2568,
found 775.2573.

W Z MG 12: MNVIRFE 200 C, 194.8 mg,
2% 45%. '"H NMR (300 MHz, CDCL3) J: 1.74 (s, 3H,
CHs), 2.73~2.75 (m, 1H, CH), 3.34 (d, J=15.9 Hz, 1H,
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CH), 3.42~3.85 (m, 2H, CH,), 4.32 (d, J=8.1 Hz, 1H,
CH), 4.51 (dd, J=15.9 Hz, J=5.7 Hz, 1H, CH), 4.66 (d,
J=17.8 Hz, 1H, CH), 7.01~7.50 (m, 18H, Ph), 7.64 (d, J=
7.8 Hz, 1H, Ph). C NMR (75 MHz, CDCly) 8: 13.47 (s,
CHs), 22.97 (s, CH,), 39.53 (s, CH),39.27 (t, Jop=20.25
Hz, CH), 42.98 (s, CH), 48.55 (s, CH), 51.34 (s, CH),
61.56 (d, Jop=32.3 Hz, C), 66.70 (d, Jop=12.5 Hz, C),
119.85 (s, C), 119.99 (s, C), 123.92 (s, C), 126.51 (s,
PhCH), 127.25 (s, PhCH), 128.02 (s, PhCH), 128.18 (s,
PhCH), 128.74 (s, PhCH), 128.97 (s, PhCH), 129.09 (s,
PhCH), 129.34 (s, PhCH), 129.53 (s, C), 129.78 (s, PhCH),
129.85 (s, Ph, CH), 129.91 (s, Ph, CH), 130.77 (s, PhCH),
131.70 (s, C), 131.97 (s, C), 134.49 (d, Jop=5.5 Hz, C),
136.04 (d, Jep=26.3 Hz, C), 136.93 (s, C), 142.19 (s, C),
143.79 (s, C), 145.99 (s, C), 175.18 (s, C=0), 175.88 (s,
C=0), 176.77 (s, C=0), 178.01 (s, C=0); *'P NMR
(CDCls, 121 MHz) &: 112.75. HRMS caled for CasHirCly-
N,OP (M-+H") 867.0752, found 867.0744.

$#H B#1 KL (Supporting Information) L&) 3, 4, 10,
11, 12 ZRERE I, &%) 4a (CCDC 1865443) 41 10bb
(CCDC 1865440) [ H &y 5 M £ 4. 1 26 b4 Rk m] DL 40 2%
MAST] X 3k (http://s1°C -journal.cn/) b T %K.
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