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Palladium-Catalyzed Asymmetric 1,4-Addition of Diarylphosphines to
Quinone Monoketals
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(® College of Chemistry & Chemical Engineering, Yangzhou University, Yangzhou 225002)

Abstract An asymmetric 1,4-addition reaction of diarylphosphines with quinone monoketals was studied. Pincer Pd complex
was used as catalyst to generate a series of chiral phosphorus compounds with moderate to good enantioselectivities in high

yields.

Keywords palladium catalysis; diarylphosphine; asymmetric addition

TV L A D AE A R A s S Hh gl )92 g P
B DAE N BCAR 5 2 sk U 4 C A Sk R 4 R Ak I B
TG PR RIS AR B, RIS, e AR G ] AR A — R
I FHEAGTITE SRR N S . B &1
B BT VR B R BRSO A 6 LA
FAXIREAEE. & ETE, Bl A RS
T IR R R T L A AR R B,
IR It U 4 fRE AR N o AR, JEaT 1,4 IR
WA T LAY, & B A AR AEY. 2000
4E, Glueck URAHZL oy kS BL T A 5 AV AE IR
XIFR 1,4-INE B, AtRAT 145 FH (R,R)-Me-Duphos At 45
Pt 2SR 1L S BB A 5 A B A I
A FRIN AR N, 193] T E sl M0 r Bk
G, (EXFHUEFEMEER, R 27% ee H. HESFIH
MU/ 43 T HE Ak 7 12 4ot i G Jag i Ak 7] (4 o0~ itk
fptatan] - gRlal U Bl R T — R, B RS
R IR S
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ATREBLALITF 2010 4ESZHL T Pincer 4AEIL I
=I5 HEBE AT o B- ANV MR TR P A B B S NE,
Je 36— A 7 A T At TR ) e Rl 0 R O U4
SBEHR, BT NS 45 SO BT R I RS ) AT A2 i
RIGIE, T IR S 1081 5 55 S5 e S 1) R S o e e 2>
WeARiE, L, EE ROSE TR R B A L —
75 ik [l SN I 2% SR B UK R 0 (R S o R BB A S
B T A0S BN AR IR . 2006 4E, Hayashi 1547
I FE I/ A Y, SEPL T 2508 S ER R 5 55 5L
R 1 A-RXE BRI, 2E B2 420 F i ol 28 M v
99%. 4ha 2 HIIBEFE TAE, AW T Pincer fE4% &
WAL 55 S A S 2R R AR I AR R 14D s
N7, BT S BT ST AR R

2 HRSHE

2.1 IR/ B &Rt
PLZERE A (1a) (1.2 equiv.). - ARKEEBEE(2a) (1.0
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equiv.)fE AR & FEBHMEL G Y)(3a BL 3a"), K 2.5
mol% ] Pincer £ 4 1F AL, X s B2 AFREATHI PR
FER). B R E RIS AT T g, AR 1T LAE H,
BN T IRNE ] 6 h, 7ES AR RS T
B BCR B2 W) (Entries 1~4), 31 B RIUE DL 2K E R
WIS, BUR T 58%I1 ee {H(Entry 4). Ffif5, P&
BREERI, EFFYIH) ee A2 —E iR, —30 CH,
ee {E 4 76% (Entries 7, 8), {24 EA—40 CHf, Hixr
FEVIRI PR 2R ee (AN FE, HA 50%H17= 28 60% ee fH
(Entry 9). BT =M BE~=20 5 Ak, I Mg wE,
N 30% 847K BB e — AR E SR £R 37 (Entries 7, 8),
RINF 2 Z (03R4 AR P2 220 ee (HEA—EL.
AT E OV SR R AR 2.5 mol%El"J 4, JRW%E
R 5 R IE R Lo 10 1.2, FERIER
W, RNREEN—30 C, Jir“ﬂj‘laﬂjjzlh PABI e —
PR Tk SR 0T — 00 I = Mg AT (R B AL 2.

F 1 RBKIHTAL

Table 1 Optimization of the reaction conditions

o e}
(1) 2.5 mol% 4, solvent
+ HPPh, L X
2a (2) HyO, or BH3" SMe, P

0”0 Ph
o o Y O Phy
3a:X=0
. a. =
1a 1.2 equiv.
al.cequy 3a" X = BH,
PhoP—Pd—PPh,
OAc
4

Entry Product Time/h Temp./’C Solvent Yield/% ee’/%

1 3a 6 25 THF 87 36
2 3a 6 25  Toluene 87 58
3 3a 6 25 DCM 80 22
4 3a 6 25  t+-AmylOH 87 58
5 3a 21 0  Toluene 96 61
6 3a 21 —20  Toluene 98 67
7 3a 21 —30  Toluene 95 76
8 3a’ 21 —30  Toluene 96 76
9 3a 21 —40  Toluene 50 60

“Isolated yields. ® The ee value was determined with chiral HPLC using
hexane /i-propanol.

22 RYEZEMER

1E R T, SO N R 76 Bl AT T 0 R,
SIGEER WK 1. HARY, ERDIIZER L2 E,
AT DAZS 28 P A o R 1R A, g PR AR L R
SHEAEL LA R TR WOE B
93% ee (3¢). 4 fd FH A A WL TR A1 = (4- 505 25 ) I
SONERZARF S, 7= 0] ke B 1 0% A T £ (64% ee,
31). PR R RLE R Xoray FLSATH AT HERT A S
(B 1, B4 3k', CCDC 1978655).
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#1 R0y R
Table 1 Substrate scope

o O
R
R Ar (1) Cat. 4 (2.5 mol%) _
/\/ | e toluene, -30 °C /\ | BH
+ H— _ ,
X Mr (2) BHz-SMe, X pr
Ar
o) 0) O O Arz
\J/ 2
1 .
1.0 equiv. 1.2 equiv. 3
o; ;o th o; ;o th o th
3a' 90% yield; 76% ee 3b 92% yield; 68% ee 3c 56% yield; 93% ee
CF3 O CH; O
"/P/BH3
0" O Phy O (¢} Ph
\_J cHy P th

3d 80% vyield; 64% ee 3e 50% yleld 80% ee 3f 95% yield; 83% ee

o) th o; ;o Ph

O O Ph2
\ / Clh 7
39 94% yield; 63% ee 3h 96% yield; 80% ee 3i 70 yield; 81% ee

% i ji ~4-CICgHq4

OPh O OPh
\ / \ /4C|C5H4

3j 92% yield; 68% ee 3k 95 yleld, 89% ee 3193 yield; 64% ee

© 2020 Chinese Chemical Society & SIOC, CAS

“Isolated yields. * The ee value was determined with chiral HPLC using
hexane/i-propanol.

Bl 1 7= 3K AT A
Figure 1 X-ray structure of the phosphine oxide 3k'

23 REHE
FESE NTTF FC A B3R 105, 3R T R0 T e

AL FE. B4, T Pincer-Pd {EALF 4 5 — 2R LA
SN, AR R FE B R R (AR 5 R HOAC, BEJA
[B)4A 5 FEMZEEEAEHN p A7, BRIFEE 6. FFlEfA 6
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5Bk 2 B % HOAc 1R B 1 f3 2 F 174 3, [
i 75 4= F 14 Pincer-Pd f#4k55 4 (Scheme 1).

HOAc
(0]
transphosphination &'Pld PPh,
)
o O
-/
addition

C Pd OAc

? ) o ©0 Bh
2 P
>< —
6
PPh, protonolysis HOAc
o ©°

3

B 1 ATREMI AR

Scheme 1 Proposed catalytic cycle
3 it

R LRTIR, RE T/EFE Pincer-Pd {4k T, il
L4 AXFRINER N A RS BT &, whe T =
B 0T ZE I B R A I s R, DA A B R G
RN MOEFR SR TFHEE LAY, E—PhE T
Pincer-Pd #4477 1R B Y8 .

4 SLIGERSY

4.1 XF5RH

'H NMR #1 °C NMR {# /] Agilent 400-MR DD2 Al
Bruker AV-600 AZHIEARAOCGINIE; 7= 9t weik £ 45
Waters =1 B0 A GO 8 ;&2 P i UHR-
TOF maXis # & 43#F RATH A] RS0 g ; 8 X-ray
TE I K 2298 VA TR DX A PR it s 23 B Lo
42 LW
42.1 Frafedimn a6 A R

ERRART, B EmMA 0 C 1 PhI(OAc),
(2.2 equiv., 33.0 mmol)i] Z -F¥(110 mL)A1 Z. (34 mL)
REVE. RNAEERBEFE 3 h, BEJE IR A
BRI K, AT bE A B A LA A K
B, KRR T, MRS N s, = R
FE R alifh 19 2 J5UR} 119,

4H-WEIR[25-1,2'[1,3] — A H ki ]-4- B (12) 7 7= %
30%. "H NMR (400 MHz, CDCl3) J: 8.04 (d, J=7.8 Hz,
1H), 7.67~7.57 (m, 2H), 7.49 (ddd, J=8.4, 5.8, 2.6 Hz,
1H), 6.83 (d, J/=10.4 Hz, 1H), 6.35 (d, J/=10.4 Hz, 1H),
4.41~4.32 (m, 2H), 4.32~4.22 (m, 2H).
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6'- F A -AH- B PR [ 25 -1,2'[1,3] — & 3K Joe ]-4- T
(1b)": 773 75%. "H NMR (400 MHz, CDCL3) 0: 7.56~
7.47 (m, 2H), 7.15 (dd, J=8.7, 2.8 Hz, 1H), 6.82 (dd, J=
10.3, 1.1 Hz, 1H), 6.33 (dd, J=10.3, 1.1 Hz, 1H), 4.37~
4.32 (m, 2H), 4.28~4.22 (m, 2H), 3.86 (s, 3H).

8'- 4 2 -4 H- BB 3R [ 28 -1,2'-[1,3] — 4 3K %t 1-4- i
(1e)™: 722 66%. "H NMR (400 MHz, CDCl;) d: 7.71 (d,
J=17.8 Hz, 1H), 7.44 (t, J=8.0 Hz, 1H), 7.16 (d, J=8.3
Hz, 1H), 6.72 (d, J=10.3 Hz, 1H), 6.29 (d, J=10.3 Hz,
1H), 4.43~4.37 (m, 2H), 4.28~4.22 (m, 2H), 3.91 (s,
3H).

5 =9 A A H- IR IR [ 25-1,2'[1,3]) A e -4- TR
(1d): %% 50%. '"H NMR (400 MHz, CDCly) d: 7.87 (dd,
J=14.2,7.9 Hz, 1H), 7.70 (t, J=7.9 Hz, 1H), 6.79 (d, J=
10.5 Hz, 1H), 6.36 (d, J=10.3 Hz, 1H), 4.40~4.34 (m,
1H), 4.31~4.25 (m, 1H); *C NMR (151 MHz, CDCl;) ¢:
182.1, 143.6, 140.3, 132.4 (d, J=31.5 Hz), 131.0, 129.9,
129.5, 128.8 (d, J=7.2 Hz), 128.6 (d, J=2.4 Hz), 123.3
(d, J=273 Hz), 99.9, 66.0. HRMS (ESI) calcd for C,3H,-
F3O3Na (M+Na)+ 293.0401, found 293.0403.

F L AH-BZ IR 25-1,2'-[1,3] AR KE-4- T (1e):
F% 35%. '"H NMR (400 MHz, CDCl3) d: 7.53~7.44 (m,
2H), 7.27 (d, J=6.5 Hz, 1H), 6.75 (d, J=10.3Hz, 1H),
6.27 (d, J=10.3 Hz, 1H), 4.38~4.31 (m, 2H), 4.29~4.22
(m, 2H), 2.70 (s, 3H); *C NMR (151 MHz, CDCl;) o:
184.4, 141.8, 138.6, 137.0, 135.5, 132.1, 129.4, 126.8,
124.9, 101.7, 65.0, 20.2. HRMS (ESI) calcd for C3H;,0s-
Na (M+Na)" 239.0683, found 239.0682.

5" F 4B IR [ 25-1,2'-[1,3] — A b 1-4- i (16):
P2 % 39%. "H NMR (400 MHz, CDCL3) d: 7.98 (d, J=7.4
Hz, 1H), 7.44~7.35 (m, 2H), 6.85 (d, J=10.3 Hz, 1H),
6.32 (d, J=10.3 Hz, 1H), 4.39 (m, 2H), 4.34 (m, 2H), 2.48
(s, 3H); >C NMR (151 MHz, CDCl;) J: 186.2, 142.2,
141.0, 140.2, 133.3, 132.4, 130.4, 128.7, 124.9, 100.5,
65.8, 23.2. HRMS (ESI) caled for C;3H;,05Na (M+Na)"
239.0683, found 239.0683.

- O 4H R IR 25 -1,2'[1,3] A R e -4 T
(1g): 7% 37%. '"H NMR (400 MHz, CDCl5) ¢: 8.16 (d,
J=8.3 Hz, 1H), 7.85 (s, 1H), 7.74 (d, J=8.2 Hz, 1H), 6.89
(d, J=10.3 Hz, 1H), 6.40 (d, J=10.2 Hz, 1H), 4.44~4.38
(m, 2H), 4.34~4.26 (m, 2H); “C NMR (151 MHz,
CDCLy) o: 182.9, 143.1, 141.4, 134.7 (q, Jer=32.9 Hz),
133.1, 128.5, 127.0, 126.2 (q, Jop=4.5 Hz), 124.1 (q,
Jer=3.0 Hz) 123.4 (q, Jor=271 Hz), 99.4, 66.0. HRMS
(ESI) caled for Cj3HoF;0;Na (M+Na)™ 293.0401, found
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293.0389.

8-S -4H-12IN[25-1,2"-[1,3] ~ A ke ]-4-BH (1h): 7=
# 49%. 'H NMR (400 MHz, CDCly) §: 7.62~7.45 (m,
3H), 6.75 (d, J=10.4 Hz, 1H), 6.32 (d, J=10.5 Hz, 1H),
4.38~4.30 (m, 2H), 4.30~4.22 (m, 2H); °C NMR (151
MHz, CDCls) 0: 182.6, 143.7, 140.3, 134.0, 133.2, 132.9,
130.2, 127.3, 125.8, 99.9, 65.9. HRMS (ESI) calcd for
C1,HoCl0sNa (M+Na)* 259.0137, found 259.0137.

S-S -4H-1EIR[25-1,2'-[1,3] A bi]-4-F (1i): 77
% 46%. 'H NMR (400 MHz, CDCl3) 0: 7.60~7.44 (m,
3H), 6.80~6.70 (m, 1H), 6.38~6.28 (m, 1H), 4.34 (t, J=
3.5 Hz, 2H), 4.30~4.21 (m, 2H); *C NMR (151 MHz,
CDCly) d: 182.6, 143.7, 140.3, 134.0, 133.2, 132.9, 130.2,
127.3, 125.8, 99.9, 65.9. HRMS (ESI) calcd for C;,H,Cl-
03;Na (M+Na)" 259.0137, found 259.0131.

S-IR-AH-MEIR[ZE-1,2-[1,3] I K -4-BAQj): 77
* 64%. 'H NMR (400 MHz, CDCl;) 6: 7.75 (d, J=8.0
Hz, 1H), 7.61 (d, J=7.8 Hz, 1H), 7.40 (d, J=7.9 Hz, 1H),
6.75 (d, J=10.3 Hz, 1H), 6.35 (d, J=10.4 Hz, 1H), 4.40~
430 (m, 2H), 4.26 (m, 2H); *C NMR (151 MHz, CDCl5)
J9: 182.6, 143.9, 140.3, 136.8, 133.0, 129.9, 128.3, 126.5,
121.4, 99.9, 65.9. HRMS (ESI) calcd for C,;H;BrOsNa
(M+Na)" 302.9632, found 302.9635.

5 -AH-BEIN[25-1,2-[1,3] Z A bt -4-BH(1K): 7~
# 53%. "H NMR (400 MHz, CDCl;) d: 7.58 (m, 1H), 7.42
(d, J=8.1 Hz, 1H), 7.17 (t, J=9.4 Hz, 1H), 6.76 (d, J=
10.4 Hz, 1H), 6.28 (d, J=10.3 Hz, 1H), 4.40~4.31 (m,
2H), 4.30~4.21 (m, 2H); *CNMR (101 MHz, CDCl;) ¢:
182.18, 161.2 (d, Jor=264.8 Hz), 143.1, 141.1, 134.5 (d,
Jer=10.1 Hz), 129.7, 122.7 (d, Jor=4.0 Hz), 118.0 (d,
Jor=21.6 Hz), 99.6, 65.9, 53.4. HRMS (ESI) calcd for
C1,HoFO3Na (M+Na)" 243.0433, found 243.0431.
422 AefEACH) =35 KB AT R e Ae BB R 69 R
St AR SR HL AR B R

P EUCZERE 548 1 (0.10 mmol)Al Pincer-PdOAc fi
1671(1.8 mg, 2.5 pmol) & T R, ZARY FIA
2mL 2%, BT %E IR ERIRRER . SREmA
TORFERA(23.0 mg, 0.12 mmol), T—30 C M 21
h, IO BH;*SMe, (2 moleL™' in THF, 0.1 mL)¥# K, 4k
SpiiRE 6 h, RIS UE, SR H 2 mL &
Wi, BRI S & RZ T B VA B © (LR O
fig)=2 : 114574 3.

(S)-2- AR -2.3- A -AH-IB IR [ 25-1,2-[1,3] =
AT -4-FH, ks EP3al): AEEAE, 725 90%,
ee 76%. HPLC: Daicel Chiralpak IC3, V(hexane)/V(2-
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propanol) =70/30, flow rate 1.0 mL/min. r=20.6 min
[(S)-enantiomer], 31.6 min [(R)-enantiomer]. [a]h +113
(c 0.10, DCM). 'H NMR (400 MHz, CDCL;) J: 7.93 (dd,
J=10.5, 7.8 Hz, 2H), 7.76 (dd, J=10.2, 7.6 Hz, 2H),
7.51~7.34 (m, 8H), 7.32~7.27 (m, 2H), 4.77 (t, J=7.2
Hz, 1H), 3.89 (q, J=6.1 Hz, 1H), 3.82~3.74 (m, 2H),
3.57~3.45 (m, 1H), 2.30~2.15 (m, 2H), 0.87 (br, 3H);
BC NMR (150 MHz, CDCly) d: 194.7 (d, Jop=9.8 Hz),
143.2 (d, Jep=5.3 Hz), 133.8, 133.3, 132.9 (d, Jcp=9.3
Hz), 132.6 (d, Jop=28.7 Hz), 131.2 (d, Jcp=2.1 Hz), 131.1
(d, Jep=2.3 Hz), 129.4 (d, Jop=15.2 Hz), 128.9 (d, Jep=
9.8 Hz), 128.7 (d, Jep=5.7 Hz), 128.3 (d, Jcp=10.2 Hz),
127.3, 126.5 (d, Jop=56.1 Hz), 124.0, 106.9, 66.3, 64.1,
40.1 (d, Jop=31.7 Hz), 37.5 (d, Jop=2.0 Hz); *'P NMR
(400 MHz, CDCls) ¢: 17.2. HRMS (ESI) caled for Cy;H,:-
O;PBNa (M+Na)" 425.1453, found 425.1455.

()-2- IR P -6- T A Bk -2,3- A -4H- IR I [ 55 -
1,2-[1,3] 5830 ]-4-H, Bkess&73b): A A, 7
. 92%, ee 68%. HPLC: Daicel Chiralpak AD-H, V(he-
xane)/V(2-propanol) =90/10, flow rate 1.0 mL/min. t=
34.8 min [(S)-enantiomer], 71.2 min [(R)-enantiomer].
[a]5 +95 (¢ 0.11, DCM). 'H NMR (400 MHz, CDCl;)
7.91~7.82 (m, 2H), 7.78~7.67 (m, 2H), 7.50~7.34 (m,
7H), 7.30 (d, J=8.6 Hz, 1H), 7.07 (dd, J=38.6, 2.7 Hz,
1H), 4.04~3.92 (m, 2H), 3.82 (s, 3H), 3.80~3.77 (m,
1H), 3.77~3.71 (m, 2H), 3.28 (ddd, /=17.7, 9.5, 7.9 Hz,
1H), 2.73 (ddd, J=18.1, 13.1, 5.1 Hz, 1H), 0.84 (br, 3H);
BC NMR (150 MHz, CDCly) d: 194.6 (d, Jop=9.6 Hz),
160.3, 135.9 (d, Jp=4.8 Hz), 132.9 (d, Jp=9.2 Hz),
132.8, 132.6 (d, Jcp=28.6 Hz), 131.2 (d, Jop=2.3 Hz),
131.1 (d, Jcp=2.4 Hz), 128.8 (d, Jcp=9.8 Hz), 128.64 (d,
Jop=4.5 Hz), 128.58 (d, Jop=2.7 Hz), 128.2 (d, Jcp=10.0
Hz), 125.9, 121.4, 109.5, 107.0, 66.0, 64.1, 55.6, 41.0 (d,
Jep=31.5 Hz), 37.6 (d, Jop=2.3 Hz); *'P NMR (263 MHz,
CDCl) ¢: 16.1. HRMS (ESI) calcd for CyHpBO,PBNa
(M-+Na)" 455.1559, found 455.1563.

(8)-2- IR i 5L -8- W AR JE -2,3- A AH- IR IR [ 25 -
1,2-[1,3] 50 -4-10, Tk &9(3e): BEFEAE, 7
# 56%, ee 93%. HPLC: Daicel Chiralpak AD-H, V(he-
xane)/V(2-propanol) =90/10, flow rate 1.0 mL/min. t=
13.5 min [(R)-enantiomer], 23.8 min [(S)-enantiomer].
[a]5 +97 (¢ 0.11, DCM). 'H NMR (400 MHz, CDCl;)
7.92~7.82 (m, 2H), 7.78~7.68 (m, 2H), 7.48~7.34 (m,
7H), 7.30 (d, J=8.5 Hz, 1H), 7.07 (dd, J=38.6, 2.8 Hz,
1H), 4.04~3.91 (m, 2H), 3.81 (s, 3H), 3.79~3.70 (m,
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3H), 3.27 (ddd, J=17.7, 9.5, 7.8 Hz, 1H), 2.73 (ddd, J=
18.2, 13.2, 5.1 Hz, 1H), 1.01 (br, 3H); *C NMR (150
MHz, CDCl;) o: 194.6 (d, Jop=9.5 Hz), 160.3, 136.0 (d,
Jop=5.0 Hz), 133.0 (d, Jop=9.3 Hz), 132.8, 132.6 (d,
Jep=8.6 Hz), 131.2 (d, Jep=2.3 Hz), 131.1 (d, Jep=2.4
Hz), 129.0, 128.8 (d, Jop=9.8Hz), 128.6 (d, Jcp=28.4 Hz),
128.2 (d, Jop=10.2 Hz), 125.9, 121.4, 109.5, 107.0, 66.0,
64.1, 55.6, 41.0 (d, Jcp=31.5 Hz), 37.6 (d, Jcp=2.3 Hz);
*'P NMR (263 MHz, CDCl3) d: 15.9. HRMS (ESI) calcd
for CysHsBOsPBNa (M + Na) ©  455.1559, found
455.1555.

(8)-2- IR IE-5- AR 3E-2,3- A AH-MEIA-[25-1,2-
[1,3] 5 A0 4-lF, Mikess&903d): A B A, =%
80%, ee 64%. HPLC: Daicel Chiralpak AD-H, FV(he-
xane)/V(2-propanol) =90/10, flow rate 1.0 mL/min. =
29.1 min [(R)-enantiomer], 32.2 min [(S)-enantiomer].
[a]s +85 (¢ 0.11, DCM). '"H NMR (600 MHz, CDCl;) §:
7.80~7.75 (m, 2H), 7.73 (d, J=7.6 Hz, 1H), 7.68~7.62
(m, 2H), 7.59~7.52 (m, 2H), 7.43~7.30 (m, 6H), 3.95~
3.89 (m, 2H), 3.88~3.82 (m, 1H), 3.69 (ddd, /=13.1, 9.3,
7.2 Hz, 1H), 3.65~3.60 (m, 1H), 3.12 (ddd, J/=18.2, 12.0,
9.3 Hz, 1H), 2.55 (dt, J/=18.2, 7.5 Hz, 1H), 1.00 (br, 3H)
BC NMR (150 MHz, CDCly) 6: 193.0 (d, Jop=7.7 Hz),
145.2 (d, Jcp=28.0 Hz), 132.84, 132.77 (d, Jcp=2.3 Hz),
132.70, 132.3, 131.5 (q, Jcp=2.3 Hz), 131.3 (d, Jep=2.3
Hz), 129.1, 129.0, 128.9 (d, Jcp=>55.1 Hz), 128.5 (d, Jep=
9.2 Hz), 128.4 (d, Jcp=55.1 Hz), 128.3 (q, Jcr=5.7 Hz),
127.3, 123.2 (q, Jcg=274.3 Hz), 106.5, 66.6, 64.5, 39.1 (d,
Jep=32.0 Hz), 37.8 (d, Jop=2.2 Hz); *'P NMR (263 MHz,
CDCl;) d: 16.2; "F NMR (565 MHz, CDCl;) §: —59.1.
HRMS (ESI) caled for C,sH,F;O0;PBNa (M + Na)
493.1327, found 493.1343.

(S)-2- IR FE-5-F HE -2 3- T -AH-MEIN-[ 2512
[1,3] =24 ]-4-, e &P 3e): G, 722
50%, ee 80%. HPLC: Daicel Chiralpak AD-H, V(hexane)/
V(2-propanol)=90/10, flow rate 1.0 mL/min. t=24.3 min
[(R)-enantiomer], 29.8 min [(S)-enantiomer]. [a]5 + 112
(c 0.10, DCM). 'H NMR (400 MHz, CDCl;) : 7.85~7.76
(m, 2H), 7.74~7.61 (m, 3H), 7.46~7.34 (m, 5H), 7.32~
7.26 (m, 3H), 4.13 (tt, J=6.8, 3.2 Hz, 1H), 4.04 (q, /=38.0
Hz, 1H), 3.79 (q, J=7.6 Hz, 1H), 3.63 (tt, J/=11.9, 6.6 Hz,
1H), 3.53 (td, J/=7.8, 4.3 Hz, 1H), 3.22 (ddd, J=17.6, 8.9,
5.1 Hz, 1H), 2.97 (ddd, J=24.2, 17.7, 6.4 Hz, 1H), 2.38 (d,
J=7.0 Hz, 3H), 0.82 (br, 3H); *C NMR (150 MHz,
CDCl3) 0: 196.2 (d, Jop=9.9 Hz), 144.3 (d, Jop=5.6 Hz),
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133.0 (d, Jop=45.0 Hz) 132.74 (d, Jop=4.1 Hz), 132.67(d,
Jop=3.3 Hz), 132.3, 131.5, 131.14 (d, Jop=2.3 Hz),
130.97 (d, Jop=2.4 Hz), 130.90 (d, Jop=2.3 Hz), 130.8 (d,
Jep=2.4 Hz), 128.79 (d, Jop=9.8 Hz), 128.62 (d, Jop=
10.4 Hz), 128.2 (d, Jop=10.2 Hz), 127.5(d, Jop=99.1 Hz),
121.3, 107.1, 66.3, 63.7, 39.4 (d, Jop=32.0 Hz), 38.2 (d,
Jep=1.7 Hz); *'P NMR (263 MHz, CDCl;) J: 18.36.
HRMS (ESI) caled for C,sH»;0sPBNa (M + Na) ©
439.1610, found 439.1609.

(S)-2- K i FE 8- FH KL -2, 3- A 4H-IRIN[25-1,2-
[1,3) =S A -4-, #kess &30 Ak, r=2%
95%, ee 83%. HPLC: Daicel Chiralpak AD-H, V(hexane)/
V(2-propanol)=90/10, flow rate 1.0 mL/min. t=25.2 min
[(S)-enantiomer], 44.4 min [(R)-enantiomer]. [a]h +113
(c 0.10, DCM). "H NMR (400 MHz, CDCls) 6: 7.95~7.82
(m, 3H), 7.80~7.68 (m, 3H), 7.41~7.32 (m, 8H), 7.30~
721 (m, 2H), 4.06~3.92 (m, 2H), 3.87~3.73 (m, 1H),
3.72~3.61 (m, 2H), 3.39 (dt, J=14.1, 8.7 Hz, 1H), 3.31~
3.16 (m, 2H), 2.60~2.48 (m, 3H), 0.84 (br, 3H); *C NMR
(150 MHz, CDCl;) 0: 196.2 (d, Jop=10.1 Hz), 144.3 (d,
Jep=>5.7 Hz), 132.9 (d, Jp=235.1 Hz) 132.74 (d, Jop=3.6
Hz), 132.67 (d, Jop=3.3 Hz), 132.3, 131.5, 131.14 (d,
Jep=2.4 Hz), 130.97 (d, Jop=2.4 Hz), 130.90 (d, Jop=2.1
Hz), 130.77 (d, Jop=2.4 Hz), 128.8 (d, Jop=9.8 Hz),
128.6 (d, Jop=9.6 Hz), 128.2 (d, Jop=10.4 Hz), 127.5(d,
Jop=99.1 Hz), 121.4, 107.1(d, Jop=2.0 Hz), 66.3, 63.7,
39.6 (d, Jop=32.0 Hz), 38.2 (d, Jop=1.8 Hz); *'P NMR
(263 MHz, CDCl;) ¢: 15.5. HRMS (ESI) caled for
C,sH,305PBNa (M+Na) ™ 439.1610, found 439.1606.

(8)-2- Z A W dk-6- —a W 5-2,3- & -4H-IRH-[Z5-
12-[1,3] AR ]-4-, Wik &4 (3g): E Al 4,
P2 # 94%, ee 63%. HPLC: Daicel Chiralpak AD-H,
V(hexane)/ V(2-propanol)=90/10, flow rate 1.0 mL/min.
t=22.9 min [(R)-enantiomer], 30.7 min [(S)-enantiomer].
[a]5 +99 (c 0.10, DCM). 'H NMR (600 MHz, CDCl;) :
7.80~7.75 (m, 2H), 7.73 (d, J=7.6 Hz, 1H), 7.68~7.62
(m, 2H), 7.59~7.52 (m, 2H), 7.43~7.30 (m, 6H), 3.95~
3.89 (m, 2H), 3.88~3.82 (m, 1H), 3.69 (ddd, J=13.1, 9.3,
7.2 Hz, 1H), 3.65~3.60 (m, 1H), 3.12 (ddd, J=18.2, 12.0,
9.3 Hz, 1H), 2.55 (dt, J=18.2, 7.5 Hz, 1H), 1.00 (br, 3H);
C NMR (150 MHz, CDCly) J: 193.6 (d, Jop=8.0 Hz),
143.6 (d, Jop=4.5 Hz), 1349 (q, Jor=3.0 Hz), 134.1,
133.0 (d, Jop=9.2 Hz), 132.5 (d, Jop=28.0 Hz), 131.38 (d,
Jep=3.5 Hz), 131.36 (d, Jop=2.2 Hz), 129.0 (d, Jop=9.2
Hz), 128.5 (d, Jop=56.3 Hz), 128.4 (d, Jop=10.4 Hz),
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127.9, 127.8 (d, Jop=55.1 Hz), 126.1 (q, Jcr=4.7 Hz),
123.4 (q, Jcp=271.6 Hz), 121.5 (q, Jcr=3.5 Hz), 106.4,
66.1, 64.8, 40.6 (d, Jcp=32.1 Hz), 37.5 (d, Jcp=2.2 Hz);
3'P NMR (263 MHz, CDCly) d: 18.05; F NMR (565
MHz, CDCl;) 6: —63.1. HRMS (ESI) calcd for CygHpo-
F;0;PBNa (M+ Na)" 493.1327, found 493.1329.

(S)-2- — ZK Js B -8- 5 -2,3- A -4H- MBI [ ZE-1,2'-
[1,3] SRR -4-F0, Wibess &9(3h): A RE A, /=%
96%, ee 80%. HPLC: Daicel Chiralpak AD-H, V(hexane)/
V(2-propanol)=90/10, flow rate 1.0 mL/min. t=35.7 min
[(S)-enantiomer], 52.2 min [(R)-enantiomer]. [a]d + 142
(c 0.10, DCM). 'H NMR (400 MHz, CDCl;) 6: 7.88~7.81
(m, 2H), 7.75~7.68 (m, 2H), 7.54~7.31 (m, 9H), 4.08~
3.96 (m, 2H), 3.89 (dt, J=9.4, 6.5 Hz, 1H), 3.77~3.63 (m,
2H), 3.24 (dt, J/=18.4, 10.5 Hz, 1H), 2.54 (ddd, J=18.5,
7.2, 6.4 Hz, 1H), 0.87 (br, 3H); *C NMR (150 MHz,
CDCl) 0: 192.8 (d, Jop=10.3 Hz), 145.9 (d, Jcp=5.7 Hz),
134.3, 133.0, 132.9, 132.8 (d, Jop=28.0 Hz), 132.7 (d,
Jop=9.1 Hz), 131.5 (d, Jop=2.4 Hz), 131.2 (d, Jp=2.4
Hz), 129.3 (d, Jep=12.5 Hz), 129.0 (d, Jcp=9.2 Hz),
128.62 (d, Jep=68.8 Hz), 128.55 (d, Jep=066.5 Hz),
128.48 (d, Jcp=10.4 Hz), 122.2, 106.6, 66.7, 64.1, 39.3 (d,
Jep=232.1 Hz), 38.1 (d, Jop=2.3 Hz); *'P NMR (263 MHz,
CDCly) ¢: 15.5. HRMS (ESI) calcd for Cy;H»ClOsPBNa
(M+Na)" 459.1063, found 459.1063.

(S)-2- Rk -5-5-2,3- ~ A -4H-MRIN[25-1.2
[13] SR ]-4-H, Bbesk & 30): Aok, 7%
70%, ee 81%. HPLC: Daicel Chiralpak AD-H, V(hexane)/
V(2-propanol)=90/10, flow rate 1.0 mL/min. t=36.7 min
[(S)-enantiomer], 53.7 min [(R)-enantiomer]. [a]h + 108
(c 0.10, DCM). '"H NMR (600 MHz, CDCl;) 6: 7.80~7.75
(m, 2H), 7.73 (d, J=7.6 Hz, 1H), 7.68~7.62 (m, 2H),
7.59~7.52 (m, 2H), 7.43~7.30 (m, 6H), 3.95~3.89 (m,
2H), 3.88~3.82 (m, 1H), 3.69 (ddd, J=13.1, 9.3, 7.2 Hz,
1H), 3.65~3.60 (m, 1H), 3.12 (ddd, /=18.2, 12.0, 9.3 Hz,
1H), 2.55 (dt, J=18.2, 7.5 Hz, 1H), 1.00 (br, 3H); "°C
NMR (150 MHz, CDCl;) 6: 192.6 (d, Jcp=10.1 Hz), 145.7
(d, Jop=5.6 Hz), 134.1, 132.8, 132.7 (d, Jcp=28.6 Hz),
132.6 (d, Jep=2.0 Hz), 132.5, 131.3 (d, Jop=2.3 Hz),
131.4 (d, Jop=2.4 Hz), 129.1 (d, Jop=12.1 Hz), 128.9 (d,
Jcp=9.6 Hz), 128.54 (d, Jcp=47.9 Hz), 128.47 (d, Jep=
47.4 Hz), 128.2 (d, Jop=10.2 Hz), 122.1, 106.5, 66.6,
64.0, 39.2 (d, Jop=31.8 Hz), 37.9 (d, Jop=2.0 Hz); *'P
NMR (263 MHz, CDCl;) ¢: 15.5. HRMS (ESI) caled for
C,7H,4ClO;PBNa (M+Na)" 459.1063, found 459.1073.
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(S)-2- — IR [ HE -5- 1R -2,3- A -4H-ME IR [ ZE-1,2-
[1,3] “5URFR]-4-, Blesk 5 9(3)): HEREE, 5%
92%, ee 68%. HPLC: Daicel Chiralpak AD-H, V(hexane)/
V(2-propanol)=90/10, flow rate 1.0 mL/min. t=43.5 min
[(S)-enantiomer], 60.3 min [(R)-enantiomer]. [a]f +150
(c 0.10, DCM). "H NMR (600 MHz, CDCl;) 6: 7.80~7.75
(m, 2H), 7.73 (d, J=7.6 Hz, 1H), 7.68~7.62 (m, 2H),
7.59~7.52 (m, 2H), 7.43~7.30 (m, 6H), 3.95~3.89 (m,
2H), 3.88~3.82 (m, 1H), 3.69 (ddd, J/=13.1, 9.3, 7.2 Hz,
1H), 3.65~3.60 (m, 1H), 3.12 (ddd, /=18.2, 12.0, 9.3 Hz,
1H), 2.55 (dt, J=18.2, 7.5 Hz, 1H), 1.00 (br, 3H); "*C
NMR (150 MHz, CDCl;) d: 192.9 (d, Jop=10.4 Hz), 145.9
(d, Jop=5.6 Hz), 136.1, 132.9, 132.7 (d, Jcp=28.6 Hz),
132.6 (d, Jcp=9.3 Hz), 131.3 (d, Jep=2.1 Hz), 131.1 (d,
Jep=2.3 Hz), 130.5 (d, Jop=12.2 Hz), 128.9 (d, Jcp=9.8
Hz), 128.54 (d, Jcp=46.7 Hz), 128.46 (d, Jcp=44.4 Hz),
122.7, 121.9, 106.4, 66.6, 63.9, 39.1 (d, Jop=31.8 Hz),
37.7 (d, Jop=2.0 Hz); *'P NMR (263 MHz, CDCl;) ¢:
15.6. HRMS (ESI) calcd for Cy;H,BrOsPBNa (M+Na)"
503.0558, found 503.0557.

(S)-2- = 7K i FE -5- 9 -2,3- A -4H-ME IR [ ZE-1,2-
[1,3] AR )-4-B, Mkess &9(3k): H Rk, 23
95%, ee 89%. HPLC: Daicel Chiralpak AD-H, V(hexane)/
V(2-propanol)=90/10, flow rate 1.0 mL/min. t=33.8 min
[(S)-enantiomer], 54.3 min [(R)-enantiomer]. [a]f; +70 (¢
0.10, DCM). 'H NMR (600 MHz, CDCl;) d: 7.80~7.75
(m, 2H), 7.73 (d, J=7.6 Hz, 1H), 7.68~7.62 (m, 2H),
7.59~7.52 (m, 2H), 7.43~7.30 (m, 6H), 3.95~3.89 (m,
2H), 3.88~3.82 (m, 1H), 3.69 (ddd, J/=13.1, 9.3, 7.2 Hz,
1H), 3.65~3.60 (m, 1H), 3.12 (ddd, J/=18.2, 12.0, 9.3 Hz,
1H), 2.55 (dt, J=18.2, 7.5 Hz, 1H), 1.00 (br, 3H); "*C
NMR (150 MHz, CDCl;) d: 192.3 (d, Jop=10.3 Hz), 161.5
(d, Jop=267.4 Hz), 145.4 (d, Jcp=5.7 Hz), 134.9 (d, Jep=
10.3 Hz), 132.81, 132.75, 131.5 (d, Jcp=2.3 Hz), 131.3 (d,
Jor=2.4 Hz), 129.0 (d, Jop=9.2 Hz), 128.8 (d, Jop=55.1
Hz), 128.6 (d, Jop=>56.1 Hz), 128.5 (d, Jop=10.3 Hz),
120.3 (d, Jcp=5.3 Hz), 119.6 (d, Jop=2.3 Hz), 118.1 (d,
Jcr=20.4 Hz), 106.6, 66.6, 64.2, 39.9 (d, Jop=32.1 Hz),
38.2 (d, Jop=2.3 Hz); *'P NMR (263 MHz, CDCl;) o:
15.5; F NMR (565 MHz, CDCl;) §: —112.1. HRMS
(ESI) caled for C,;H,FOsPBNa (M+Na) ™ 443.1359,
found 443.1353.

(8)-2-[ = (0 SR ) B L 1-2,3- = S -4H-MB PR [ Z5-
12-[1,3] 5 -4-B, W24 & 3D: HEfE ik, 7
% 93%, ee 64%. HPLC: Daicel Chiralpak AD-H, V(he-
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xane)/V(2-propanol) =90/10, flow rate 1.0 mL/min. =
33.8 min [(S)-enantiomer], 48.0 min [(R)-enantiomer].
[a]s +75 (¢ 0.10, DCM). 'H NMR (600 MHz, CDCl;) §:
7.92 (d, J=7.8 Hz, 1H), 7.78~7.75 (m, 2H), 7.65~7.62
(m, 2H), 7.58~7.55 (m, 1H), 7.47~7.45 (m, 1H), 7.41~
7.34 (m, 5H), 4.08~4,04 (m, 2H), 3.82~3.78 (m, 2H),
3.76~3.72 (m, 1H), 3.34~3.28 (m, 1H), 2.70~2.64 (m,
1H), 1.00 (br, 3H); *C NMR (150 MHz, CDCl5) 0: 194.3
(d, Jcp=9.9 Hz), 143.0 (d, Jcp=5.4 Hz), 138.3 (d, Jep=
25.8 Hz), 134.3 (d, Jcp=10.2 Hz), 134.0 (d, Jcp=4.8 Hz),
133.9, 131.6, 129.7, 129.5 (d, Jcp=10.2 Hz), 128.8 (d,
Jop=10.7 Hz), 127.6, 127.2 (d, Jop=55.8 Hz), 126.7 (d,
Jep=54.8 Hz), 124.0, 106.9, 66.5, 64.2, 41.0 (d, Jcp=31.8
Hz), 37.5 (d, Jop=2.7 Hz); *'P NMR (263 MHz, CDCl;) ¢:
16.0. HRMS (ESI) calcd for C,4H,,C1,0;PBNa (M+Na)"
493.0674, found 493.0672.

4 Bh#1 B} (Supporting Information) Fr & i HArfb &
Yoy NMR B 5. X 264 k) ] DL A 2% AR 11 I il
(http://sioc-journal.cn/) I N %K.
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