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Asymmetric Boration of Chalcones Catalyzed by Bifunctional
[2.2]Paracyclophane-Based N-Heterocyclic Carbene

Ye, Meng ™ Shen, Panpan" Duan, Wenzeng” Song, Chun™** Ma, Yudao™*
(“ School of Chemistry and Chemical Engineering, Shandong University, Jinan 250100)
(4 School of Chemistry and Chemical Engineering, Liaocheng University, Liaocheng 252000)

Abstract A robust chiral N-heterocyclic carbene precursor based on [2.2]paracyclophane was designed and synthesized for a
highly enantioselective metal-free catalytic boration. Enantioselective 1,4-addition of a commercially available bis(pinacolato)-
diboron (B,(pin),) to chalcones was achieved by using the new bifunctional chiral carbene as catalyst, affording the corre-
sponding products in up to 99% yield and 97% enantiomeric excess. Moreover, it was found that water used as the additive
plays a key role in the carbene-catalyzed enantioselective boration.
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W5l TR EED THEREERES
o BOLAE . ZERREAEE T E[2. 206 I3 AT A P i) S
W ST AT T VR 22 I G A 7T TN ok,
AR UIRAE Tt 2200 B AT A 0 TR 3
R ENHC AN o, f-AULFIERIEAL A I ASSTFR T
IR S S, 8 B B I 548 25 110 XU T R [2.2] 06 34 36 5 — 2wk
T AL (R A L R A 9 A o AR B A i s 2
AR T AR H 4 1 U R (99%) Al X Ik 3k 5 1 (97% ~
99%)1®) i i, ATV A B R (1 [2.2] %) B 3 =
G T2 AR AT DR A 2 2K £ AN o AR I s Bz, AH
5, AVEUE T A R AU e B . % TR 4
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8 4 2 2K T 288 Ak A5 0 1 AN S R B ol S5 7 ) AT 236 R R
WG PR & H AT AR AR e ) — SR 25 il

Hoveyda I8 21175 0 4508 1 1 B F7 1 ok e b
T AE TR 4% AR S T A R AN R R o e Sz 8 1) T 48
BUEL. BHLERRF TR, B R A FRBI I a2
JS7 DA 2B A IR R T 5 TS Ak R ) B S TR T
AV, AV I 223 Bpin REAEANBRE S0
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Scheme 1  Mechanism reported by Hoveyda’s group for
NHC-catalyzed asymmetric boration ofa,f-unsaturated carbonyl
compound
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Figure 1 Stuctures of (R,R,)-1 and (R,S})-2
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MR FEHTIRAAR(R,R,)-1 FI(R,S,)-2 (Scheme 2). LIot4d
(1) 4-Y8-12-(N- P ot 5 — 2R s 28 [2. 20 IR 3 [(R,)-31M
SRS ALY Suzuki TRIE S RS H] 4-Q-F2FEHE
F)-12-(N-H B 2K RS ) [2. 26 IR [(R,)-4]. (R,)-4
E VU SR P R i 5L BE IS 15 BB S A0 4-2-FR R R
H)-12-(N-F Bt k) [2. 210 IR 35 Eh IR 2R [(Ry)-5). 73— T
THI, 27 A0 (R)- 24 52 1ol R R — P 368 4 843 U TR 2R 7
ToK R NTE R 24T T IRSOER, F R S
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HORTR] DAAS 30 ek R-61"%). Ak 22 ik i R RS JBE 2
(R,)-5 Y5 W Bk 7E F R 50 "C /B 1 h £33 ] 7=
Y, FAIE R = ZE8/E 110 "C /N 30 min, A5
H AR —& W e 3 0 F v =AM R 2 (R.Ry)-1. R
HY5R.R,)-1 MG BOEER, DGR 4-15-12-(N-
PP I B — R ) [2. 20 B 35 [(S,)-31 8 SRk, TR RE T
LA (R R,)-1 HIEXS WS A 1A (R,S,)-2.

5.0 mol % Pd-dppf

6.0 equiv. KF
Dioxane

(1) R-6, MeOH, 50 °C

S SOG4 AT A7, L 30 mol% 1,8- %4 ¥+
—Bk-7-1 (DBUE A, BPAE TG A B 1k, MU RE2.2]
X PR = SR AT AR AT DL Z R BL(3R 1, Entries
1~6). /KB K (FE 1, Entries 1~3, 8)8/K i LI
I/NEE 1, Entries 6~ 7)EBAF] T %A FRIIAL SR 4
V(H,0) : THF)=1: 6 I, WTLMSE] 50% Y2l ik
4% R (R 1, Entry 5). 2R, £ AREHZ
SRS AN TRy, A 38 i EEC R R AR B s 1) FH o, AN
e B4 5 SO FSC% (3R 1, Entries 1, 5).

R KORH Y &k AEg Eb A8 ) i ik @

Table 1 Optimization of the ratio between water and tetrahy-
drofuran

o (RR,)-1 (5 mol%)
DBU ( 30 mol%), HyO/THF

X .
+ By(pin);
25°C

(2) HC(OEt)3, 110 °C

N
= D
(RRp) thj
_CsHoOBFy _NaHCO;

El El

BR 2 22035 = SR S AT IR (R R)-1 ) B
Scheme 2 Synthesis of [2.2]paracyclophane-based NHC pre-
cursor (R,Rp)-1
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Xt R BLAAF AT IRARGE 1) B4R Hoveyda WA NTE
R o8- A ANEREAL S W0 B ASKEFRBI N RS B
Hh R A S T sk, (E AT AR Tl BE[2.2] %
H%ﬁ#ﬁ%%ET%Lﬁ%ﬂﬁﬁ%%mmﬂé%
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CH,Cl,
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7a

Bpin O

8a
Entry V(H,0) : (THF)  Yield/% ee“1%
1 1:3 55 88
2 1:3 45 86
3 3:1 60 76
4 1:6 62 91
5° 1:6 50 94
6 1:20 67 86
7 1:50 Trace nd
8’ 500 :0 Trace nd

© 2017 Chinese Chemical Society & SIOC, CAS

“Reaction conditions: (R,Rp)-1 (5.0 mol%), DBU (30.0 mol%), By(Pin), (0.11
mmol), and 11a (0.1 mmol) at 25 C for 24 h. ® By(Pin), (0.20 mmol). ¢ Iso-
lated yield. ¢ Determined by chiral HPLC (CHIRALPAK IA) analysis.

N T IR ERPLICR, 27 Hoveyda 26 S N 4
i, BATEAEAR R PN 60 15 2 1 FEE, )54 %2
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(3 2, Entry 4). ¥4IN/K 2GR 2, Entry 5808 /D /K2 GE 2,
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F#AE% (3 2, Entry 8).
£ 2 Bo(pin), A &K A 2%

Table 2 Optimization of the amounts of B,(pin), and water

O
\ .
+ Ba(pin),
7a

(R,Rp)-1 (5 mol%)
DBU (30 mol%)
MeOH ( 60 equiv.)

THF, 25°C
Bpin o
Entry H,0/equiv. Yield’/% ee’/%
1° 1 58 94
2 1 68 93
3° 2 48 93
4 2 98 92
5 3 45 93
6 0.5 40 92
7 0 Trace nd
8¢ 2 58 88

“ Reaction conditions: (R,Rp)-1 (5.0 mol%), DBU (30.0 mol%), B,(Pin), (0.20
mmol), 7a (0.1 mmol), and MeOH (6.0 mmol) at 25 °C for 24 h. * By(Pin),
(0.11mmol). ¢ Without THF. ¢ Isolated yield. ¢ Determined by chiral HPLC
(CHIRALPAK IA) analysis.

BRI IR R 7R, AR R SLAS O ARG B
TIABEA N =, Rk, FRATHE %2 T B0 25 7K B A X Bk
WIS SIS, 1 Se Xt L T DBU &% SN A,
R IR 0k B Bk B AR B T R SR, R TE
e I e S BB PE R BT IN(EE 3, Entries 2~3).
ool 8 P A 1 6T s 7 AT 2R (1) [ K 5 T El R e 1 H 1)
VEF Ve (1), 38 B AR mT DA — Ze0me 3k A= ok RS2 4R 1k
TR SCAT DAASE B g 16 350 43 7K A A i P v T4, AT A2
BESON AT, A R RO, SN GEFERE TT2
Bl i 2, 23 BB R e 1 i R KR, AR T
SSLTIEAT. Bl S, AR B ) T s D e 49, 3
1T TR FT. S AR T B J5 7 AL 33 AR ok i 43¢
PRSI R ko (3% 3, Entry 4), 9881 AL ET BRI
TR WOE R PRAS TR (R 3, Entry 5). RILRIFT
Bl B IR, SN LR (99%) Al ee 1E(96%)#A FTR
. L, AR R AE A FRATEE T R AR AL s DL
FCUHB(E 3, Entry 6).

TEfE T SR BLZAE G, BATEA T AN AT
AR TN B R A A S S A RO (B 2). A
g AT LA Y, [2. 2008 B3 B 0] e A5 P44 £ 1
JIR B R R R, G2, 20 H 3 B IR (1) = M- R i O
& R-9 IR T B 2 HIMEAIETE(R 4, Entry 3). 0T
T T PEAH VT AC ) = 20 R AT IRAA(R,R,)-1+ (R,R,)-10
EEAS UG IC f) = S0 SE AT IR AR (R,S,)-2+ (R,S,)-11 T fiE1L

2922 http://sioc-journal.cn/

K3 WK

Table 3 Influence of bases

(0]
\ .
+ Ba(pin),
7a

(R,Rp)-1 (5 mol%)
H,0 (2 equiv.)

MeOH ( 60 equiv.)

THF, 25 °C
Bpin o
8a
Entry Base Yield”/% ee/%
1 30 mol% DBU 98 92
2 20 mol% DBU <20 nd
3 60 mol% DBU 37 95
4 30 mol% ¢-BuOK 76 89
5 30 mol% KF 82 94
6 30 mol% Cs,COs; 99 96

© 2017 Chinese Chemical Society & SIOC, CAS

“ Reaction conditions: (R,Rp)-1 (5.0 mol%), DBU (30.0 mol%), B,(Pin), (0.20
mmol), 7a (0.1 mmol), and MeOH (6.0 mmol) at 25 “C for 24 h. * Isolated
yield. ¢ Determined by chiral HPLC (CHIRALPAK IA) analysis.

) 2 I8 56 a4 % 4 B 1 (38 4, Entries 1, 2, 4, 5). [2.2]%F 36
FH IR L AR XS M A R 0 AV A AR K, B
A R IR EE B = MR AT IRAR (RR)-12 LB [2.2]
XRG4 FICHUREE I (R,R,)-10 R H 547 (1) fE4L
TEVE(R 4, Entries 4, 6), 102 A M2 R0 Dl e = 00
REFTIRAER TR SR (R 4, Entry 1), J8id
X = AR T T IR AA o Ll s, FRATT R BT BETT
RO RE = MR = AT IR (RR,)-1 2 AR AL,
IR T N — ST,

C o,

~#N~pn

(RS, )-11

(RRp)-12

B2 FHE=%0 R AT AR S
Figure 2 Structures of chiral NHC precursors
FEARAGIR SOSE 6T, FRAT TS e = 2 R T I BK
(R,Ry)-1 BN E LT TOEFC. BEFRREL, B
IR &P XU _EEA R T U AR, A
T IR AE 2RI 1) A4 A7 BT BE % 22 IR LR AR v A UL %
FIXF B FEE(SR 5, Entries 2~5). 2Rif, 24X L&A
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Table 4 Examination of different chiral NHC precursors

Triazolium (5 mol%)

RS RGP

Table 5 Investigating the substrate scope of the reaction

o (R,Rp)-1 (5 mol%), Cs,CO3

o . .
Cs,CO3 (30 mom% , (30 mol%), HoO (2 equiv.)
X SI%I 03(2( eqTi\c/)T ) R1/\)J\R2 +  By(pin), :
O O + Bypin), 2 : MeOH ( 60 equiv.)
MeOH ( 60 equiv.) 7 . THF, 25 °C
7a Bpin O
Boin THF, 25 °C -
:p " R1 R2
;
8a 1 2 - 14 d
Entry R R 8 Yield/% ee“/%
Entry Precatalyst Yield”/% ee!% 1 Ph Ph 8a 99 96
1 (R,R,)-1 99 9 2 2-MeOC¢Hy;  Ph 8b 98 90
»p
) (R,S,)-2 90 82 3 3-MeOC¢H; Ph 8c 99 93
»9p.
3 R-9 25 74 4 4-MeOC¢H,; Ph 8d 95 95
4 (R,R,)-10 42 84 5 4-MeCeHs Ph 8e 80 91
»p
5 (R,S,)-11 43 79 6 3-CIC¢H,4 Ph 8f 80 67
»9p.
6 (R,R))-12 89 38 7  1-Naphthyl Ph 8g 90 91
p
“ Reaction conditions: chiral NHC precursors (5.0 mol%), DBU (30.0 mol%), 8  2-Naphthyl Ph 8h 92 79
B,(Pin), (0.20 mmol), 7a (0.1 mmol), and MeOH (6.0 mmol) at 25 °C for 24 9  2-Thienyl Ph 8i 99 95
h.? Isolated yield. ° Determined by chiral HPLC (CHIRALPAK IA) analysis. 10 Me Ph 8j 85 73
. . \ 11 Ph 4-MeOC¢H,4 8k 98 97
" R IR A e 1| %1
o PAURIERIFIT, LB R ) R G
FEAR(EE 5, Entry 6). BT A1 M4 2 0 A - 004 i 13 Ph 4-FCH, $m 97 90
RS R JEYI (R 5, Entries 7~8), (AR BARAE 14 Ph 4-CIC4H, 8n 92 85
B, TR RN Bk A R L AR KA, 1-2% 15 Ph 3-CICqH, 8 9 76
16 Ph t-Bu 8p 98 90

BRI S N e 4 IR R AN KT FRIE (R S, Entry
7). 75 AR B R AR IE 2 AR R, p-Ar BEwy B
R o, f- ANV ANER 7% T A I A S0 3 R 56 Aok 34 456 12
(3 5, Entry 9). BbAk, A0 1A RiE AT LAHAL p-F EHL
RIS o0, B-ANTLRIER (1) ASKEARBR I Bl B2, RS = v et
W BEVEA = (3 5, Entry 10). % —J7TH, 2 /REAZE R
YT LA B B A AR T RO BB (2R 3R,
B Bt T IR R TR A R SR R T HA AR s PR AL 23 R
Wik B (SR 5, Entries 11~12), JtH & 67 FAR SR EUR
HIR BB TR T 98% RN 97%5 ki 14 (F 5, Entry
11). {H2, 33 A WA T IR IR, B
PP I B A BT B R(SR S, Entries 13~15). 7
Ab, DU AR R 08 B T e R BURTE B A
FER, B4 =R WOE BV RS IR ] 90%, R ik
98% (# 5, Entry 16).

2 g

PATHE SCIRARTE I AHLER, eihy Bk T [2.2]
X P43 B ) e = A MR AT IR (R,R,)-1 FI(R,S,)-2,
I R8Tl b H R A T R I 4 R R b B R BR AT A )
FRJAN X R B T s S S . AE 8 R B, o TP R T
A VT FC P 25 Py 2 256 119 [2. 2000 A 38 ik = UMk R = AR A /K
P A 0 0 A o BRI A s B AR S s T AR B R A AR,
FFEFRATR AL R 25 i AR, FRATTA AL i & A
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“ Reaction conditions: (R,Rp)-1 (5.0 mol%), DBU (30.0 mol%), B,(Pin), (0.20
mmol), 7a (0.1 mmol), and MeOH (6.0 mmol) at 25 “C for 24 h. * Isolated
yield.  Determined by chiral HPLC (CHIRALPAK IA) analysis. ¢ All products
were characterized by 'H NMR and '>C NMR.

EAEIAE] 99% IR . 97% I ik FEE, IS NIk
Ao 5 4 A A 2 R IR AT A 0 1 AN o AR A R
WIS R, R, AT TR T KA RIS IIAE 1%
AT R0 B sz B2 Hh e HE S A .

3 LIRS
31 X5

1S AR B AR R UL B, 75 W3 Rk — P 4l
fb. FEERERA 200~400 H RGBT KA
BR 2 7], Wi 7R R 28R £ T8 A0 A i Bk TR 5 1A 7).
L e H WZZ-2 Jig YA e, WL A7 72 g/100 mL. J4
R XT5-100X 45 S A0 & Gl TR AR OE). ARG
SO A FH Bruker /A ] ] AVANCE-400 B A% AL 4%
1%(400 MHz/100 MHz)E AVANCE-300 ¥ 3L 4RI
(300 MHz/75 MHz) W €, 4k % A # DL DY Y2 ik Joe
(MeySi) N Fx.

B HER R R Agilent A F K 6510 Q-Tof
LC/MS ZYJ5 3k SO 45 . 0 e ik 8 H e v 0 A i
14 ] CHIRALPAK TIA F-EAEII7E.
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3.2 ZLWAHE
32,1  R4-(2-# A R H)-12-(N- F Bt & = R B IR
A)[2.212F FREH[(R,)-4]49 & A&,

HEEAAN) R,-4-1R-12-(N-F B Jk — 2R i 8 [2.2 )0
HF[(R,)-31"(0.34 g, 0.66 mmol). 2-FIEZE I H(0.37 ¢,
2.64 mmol). TC/KEALEF(0.46 g, 7.92 mmol). PACL(dppf)
(27.03 mg, 0.033 mmol). % /N¥(3.5 mL)F17K(0.35
mL), 90 ‘CJei. 2 @ik (TLO) IR, M YA
W, A1k, AR, BURR,)-3 0.15 ¢ FFFEH|
(Ry)-4 HH7W), HEEGERB7YI(R,)4 0.17 g, P&
92%. m.p. 184~186 C; [a]3 —330.3 (¢ 0.2, CH,CL,);
'H NMR (300 MHz, CDCly) d: 7.91~7.77 (m, 1H),
7.90~7.79 (m, 1H), 7.63~7.53 (m, 1H), 7.58 (t, J=7.4
Hz, 1H), 7.46 (t, J=7.5 Hz, 1H), 7.37 (d, J=11.6 Hz, 2H),
7.26 (s, 1H), 7.03~6.90 (m, 1H), 6.86~6.72 (m, 2H),
6.64 (d, J=7.8 Hz, 1H), 5.70 (t, J=7.3 Hz, 1H), 3.91~
3.20 (m, 1H), 3.22~2.72 (m, 1H), 2.70~2.06 (m, 1H),
1.22~1.06 (m, 1H); *C NMR (75 MHz, CDCl;) J: 151.8,
135.9, 134.1, 131.6, 130.1, 128.4, 120.3, 114.8, 77.4, 77.0,
76.6, 35.4, 34.6, 34.1; HRMS (ESI) calcd for Cs¢H; N0,
(M~+H)": 523.2386, found 523.2386.

[FIREI 77243 B A1) S,-4-(2-FR T IR L) -12-(V-
F I 3 2 56 )[2.21 R 3 [(S,)-41") 0.17 g, =
90%. m.p. 185~186 C; [a]h +315 (¢ 0.2, CH,CL).
322 4-Q-FAFH)-12-(N-F B ) [2.2]3F 3R FE
B2 2k [(R,)-5]89 %1 &

i) 10 mL B HE SR E A 020 g (R)-4 (0.38
mmol). WEEE 0.6 mL (6.00 mmol)F1 1.0 ml PU 5 Bk,
RIGHEANERZNE] 25 CHIB BN, TLC BRER R
NHERE, 293 h R TEAR. Jiedk 25 KR T kiR, B3
TCIEF). BRI 2 W /R, ARSI 5.0 mL
TR CTEEFE B, WA KEEANTH, Bk g, 5
PRI T B IR ER(R,)-5 0.13 g, 75N 87%. HIT
PRI, AR, BT R B R
323 =R AEH(RR)-1 F2(R,S,)-2 & mk b9 —AL T %

TE ] £ 1) 2 R R ™ :(0.23 g, 1.2 mmol)f¥]
SN, IINTEK (3.0 mL), FEHFE 2 min, &
AT INAORZESEN(R,)-5 (0.39 g, 1.0 mmol), 50 C
SN, TLC BREFRNHEFE, 4 N AR RAN TR A R0,
fFab R B Z&F HEE, N JE R = 488 (3.0 mL),
110 ‘CHRIF S, TLC BRERSIBERE, F=YIASFE g 0T,
fF I R R4, 153, EES RS R
i = Z MR (RR,)-1, 045 g, IF 83%. m.p. 294~
295 C; [a]d —330.3 (¢ 0.2, CH,CL); '"H NMR (300
MHz, CDCl;) d: 9.13 (s, 1H), 7.50~7.48 (m, 2H), 7.39~
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737 (m, 2H), 7.10~7.09 (m, 1H), 7.07~7.05 (m, 1H),
6.98 (s, 1H), 6.88 (d, J=1.4 Hz, 1H), 6.86 (d, 1H), 6.80~
6.78 (m, 1H), 6.77~6.75 (m, 2H), 6.70 (s, 1H), 6.55 (d,
J=1.4 Hz, 1H), 6.52 (s, 1H), 5.40~5.35 (m, 2H), 4.82 (d,
J=11.8 Hz, 2H), 4.45~4.32 (m, 2H), 3.71~3.58 (m, 2H),
3.53~3.39 (m, 2H), 3.37~3.26 (m, 2H), 3.06~2.90 (m,
2H); *C NMR (75 MHz, CDCl3) 0: 153.2, 149.2, 143.0,
138.3, 136.7, 135.6, 135.2, 134.0, 133.7, 133.5, 132.0,
130.0, 129.6, 128.2, 127.5, 125.6, 119.6, 117.2, 68.9, 61.9,
58.2, 34.5, 33.9, 33.6, 33.3; HRMS (ESI) caled for
C33H30N;0, (M—CI)*: 500.2338, found 500.2296.

) 5 1 77 3 ) 49 = L 2R (R,S,)-2 0.40 g, Y Z
75%. m.p. 293~295 C; [a]y +320 (c 0.2, CH,CL); 'H
NMR (300 MHz, CDCl3) d: 11.16 (s, 1H), 7.84~7.76 (m,
1H), 7.78~7.74 (m, 1H), 7.49~7.41 (m, 2H), 7.32 (d, J=
5.3 Hz, 2H), 7.20~7.16 (m, 1H), 7.10~7.05 (m, 2H), 6.94
(d, J=8.7 Hz, 1H), 6.81~6.73 (m, 2H), 6.73~6.66 (m,
1H), 6.47~6.40 (m, 2H), 6.07~6.04 (m, 1H), 5.41~5.36
(m, 1H), 5.33 (s, 1H), 5.10~5.04 (m, 1H), 5.04~4.98 (m,
1H), 4.51 (s, 1H), 3.35~3.20 (m, 2H), 3.13~2.96 (m,
2H), 2.88~2.77 (m, 2H), 2.74~2.62 (m, 2H); *C NMR
(75 MHz, CDCly) o: 143.0, 139.3, 138.3, 136.7, 135.6,
135.2, 134.0, 133.7, 133.5, 132.0, 130.0, 129.6, 128.8,
128.2, 127.5, 127.3, 125.6, 119.6, 117.2, 68.9, 61.9, 58.2,
34.5, 33.9, 33.6, 33.3; HRMS (ESI) calcd for C33H3oN;0,
(M—CI)": 500.2338, found 500.2290.

3.2.4 FTEABAWE REALT A 4 T AR B 69
— A% b %

) AT A T /N I N A R B AT AE 40,1
mmol). 20.8 mg By(pin), (0.11 mmol). 5 mmol% = %Mk
££(0.005 mmol), ZERHFE AN 240 ul(60 £5&)JEK
FE, 200 pL PUAMEIE . 3.6 pL 7K(0.2 mmol). =R HE
5 min J& IIABRFER4 9.78 mg (0.03mmol), 2R 51k M Ak
FRAIE25 Cimit B 24 h. TLC BREF SRS, B4k
e, PedkEENT RS =Y 8, Vel VOR )
V(ZBR LER)=10 : 1.

(R)-1,3- K HE-3-(4,4,5,5-DY F 3E-1,3,2- 4 4438
e -2-3) P e-1- B (8a) ' o 3% B IMIRY, 33.3 mg,
99%IICE, 96%(Heelt; [aly —16.8 (¢ 0.20, CH,CL,);
eeft & H = RORAH i A 52 . Chirapak IAFE, 14254
nm, JEAH: VIEQK) @ VCRAEED)=50 1, iEN
0.5 mL/min; %~13.3 min (S, minor), & 418.3 min (R,
major); 'H NMR (400 MHz, CDCly) J: 7.98~7.97 (m,
2H), 7.57~7.50 (m, 2H), 7.47~7.44 (m, 1H), 7.44~7.40
(m, 1H), 7.30 (s, 1H), 7.31~7.28 (m, 1H), 7.28 (s, 1H),
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7.28~7.25 (m, 1H), 3.62~3.48 (m, 1H), 3.48~3.38 (m,
1H), 2.84~2.76 (m, 1H), 1.25 (s, 6H), 1.17 (s, 6H); °C
NMR (101 MHz, CDCLy) d: 199.7, 141.9, 136.8, 132.9,
128.5, 128.5, 128.4, 128.0), 125.6, 83.4, 43.2, 29.7, 24.5.

(R)-3-(2- H 4 2% 3 )-1- 4 FE -3-(4,4,5,5- Y F 3 -
1,3,2- 500 24 B0 15 e -2- 35 ) 7 Joe - 1 (8b)!' O 6 135
BIRY) 35.8 mg, 98%IIIER, 90%IH ee H; [alp —
82.2 (c 0.10, CH,Cly); ee 1 A& FH i A € i S 5 -
Chirapak IA f, 1 4254 nm, sl V(IECkT) @ M(FA
f#)=50 : 1, JiHE N 0.5 mL/min; tz A 15.5 min (S, mi-
nor), fx N 16.3 min (R, major); 'H NMR (400 MHz,
CDCl;) d: 8.00~7.93 (m, 2H), 7.57~7.50 (m, 2H),
7.47~7.40 (m, 2H), 7.30 (s, 1H), 7.28 (s, 1H), 7.28 (s,
1H), 7.28 (s, 1H), 7.26 (s, 1H), 3.62~3.48 (m, 3H), 3.47~
3.43 (m, 1H), 3.48~3.38 (m, 1H), 2.84~2.76 (m, 1H),
1.25 (s, 6H), 1.17 (s, 6H); *C NMR (101 MHz, CDCl;) ¢:
200.0, 157.1, 157.1, 137.2, 132.6, 130.4, 128.3, 128.0,
126.8, 126.8, 120.6, 110.1, 83.5, 83.2, 55.0, 41.4, 25.0,
24.7,24.6.

(R)-3-(3- F 4 22 K 2 )-1- 2K 2L -3-(4,4,5,5- DY FHY 2 -
1,3,2- AR 4 30 B0 -2- 35 ) 7 - 1P (8 e)! ') T3 B
HERYD 36.2 mg, 99%MIIR, 92%01) ee fH; [aly  —
22.1 (¢ 0.20, CH,CL,); ee H 2 H i R BH (i A & -
Chirapak IA £, A 5254 nm, 20AH: V(IECKE) © V(F A
FE)=50 : 1, Ji# A~ 0.5 mL/min: fx A 18.3 min (S, mi-
nor), tx N 24.9 min (R, major); 'H NMR (400 MHz,
CDCl;) 0: 8.00~7.93 (m, 2H), 7.57~7.50 (m, 2H), 7.46
(s, 1H), 7.44 (s, 1H), 7.30 (s, 1H), 7.28 (s, 1H), 7.26 (s,
1H), 3.62~3.48 (m, 3H), 3.48~3.38 (m, 1H), 3.42~3.38
(m, 1H), 2.84~2.76 (m, 1H), 1.25 (s, 6H), 1.17 (s, 6H);
C NMR (101 MHz, CDCl;) d: 200.0, 157.1, 157.1, 137.2,
132.6, 130.9, 130.4, 128.3, 128.0, 126.8, 120.6, 110.1,
83.5, 83.2, 55.0,41.4,25.0, 24.7, 24.6.

(R)-3-(4- F 4 22 K 2 )-1- 2R 2L -3-(4,4,5,5- DY FHY 2 -
1,3,2- 5 24 3R e -2- 955 ) T e - 1T (8d) 'O T (3B
BHCIRY 34.7 mg, 95%MIULER, 91% ee {H; [ald
—22.3 (¢ 0.20, CH,Cly); ee fH & H =y SCGRAH T A3 & -
Chirapak IA £, A 5254 nm, B0AH: V(IECKR) @ V(7 A
fi¥)=50 : 1, iy 0.5 mL/min; tx 4 20.3 min (S, mi-
nor), tx AN 27.9 min (R, major); 'H NMR (400 MHz,
CDCly) 0: 8.00~7.94 (m, 2H), 7.57~7.50 (m, 2H),
7.46~7.45 (m, 1H), 7.43~7.41 (m, 1H), 7.30~7.29 (m,
1H), 7.29~7.28 (m, 1H), 7.27~7.25 (m, 1H), 3.62~3.48
(m, 3H), 3.48~3.38 (m, 1H), 3.42~3.38 (m, 1H), 2.84~
2.76 (m, 1H), 1.25 (s, 6H), 1.17 (s, 6H); *C NMR (101
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MHz, CDCl;) d: 200.0, 157.1, 157.1, 137.2, 132.6, 130.9,
130.4, 128.3, 128.0, 126.8, 120.6 , 110.1, 83.5, 83.2, 55.0,
41.4,25.0,24.7,24.6.

(R)-3-(4- W HE R HE)-1- K Fk-3-(4,4,5,5- DU HT Jk-1,3,2-
TR AR R e - 2- F ) R - 1 (8e)! O TE €3 B VIR
) 28.3 mg, 80%IMKIULE, 75%M) ee 1H; [alh —12.3 (¢
0.20, CH,Cly); ee B A& H iy R AH ta 154 %€ : Chirapak
IA £, 1 24 254 nm, JshH: VOECK) @ V(A=
50 : 1, Yt~ 0.5 mL/min; fg N 13.9 min (S, minor), #
4 18.0 min (R, major); 'H NMR (400 MHz, CDCl;) o:
8.00~7.94 (m, 2H), 7.57~7.50 (m, 2H), 7.47~7.40 (m,
2H), 7.31~7.29 (m, 1H), 7.29~7.25 (m, 2H), 3.53 (d, J=
10.9 Hz, 1H), 3.48~3.38 (m, 1H), 3.40 (d, J=5.1 Hz,
1H), 2.84~2.76 (m, 3H), 1.25 (s, 6H), 1.17 (s, 6H); °C
NMR (101 MHz, CDCly) 6: 200.0, 157.1, 137.2, 132.6,
130.9, 130.4, 128.3, 128.0, 126.8, 120.6, 110.1, 83.5, 83.2,
55.0, 41.4,25.0,24.7, 24.6.

(R)-3-(3- SRR HL)-1- 4 Hk-3-(4,4,5,5- DU FE 56-1,3,2-
TR 2R -2 3 ) P - 1- R (8D O TE 35 W IR
) 29.6 mg, 80%IKIUE, 63%MH ee fH; [alh —50.2 (¢
0.20, CH,Cly); ee {E A& H s R AH ta 154 %€ : Chirapak
IA ¥, 18 254 nm, FEIAE: VOECQK)/V(RHE )=
50 : 1, YN 0.5 mL/min; fg N 14.3 min (S, minor), #
N 17.9 min (R, major); '"H NMR (400 MHz, CDCl;) o:
8.24~8.19 (m, 2H), 7.98~7.92 (m, 1H), 7.86~7.82 (m,
2H), 7.72~7.66 (m, 1H), 7.54~7.51 (m, 1H), 7.51~7.49
(m, 1H), 7.49~7.45 (m, 1H), 3.69 (d, J=6.3 Hz, 1H),
3.65~3.58 (m, 1H), 3.50 (d, 1H), 1.26~1.25 (m, 6H),
1.17 (s, 6H); C NMR (101 MHz, CDCl3) 6: 200.0, 157.1,
157.1, 137.2, 132.6, 130.9, 130.4, 128.3, 128.0, 126.8,
120.6, 110.1, 83.5, 83.2, 55.0, 41.4, 24.8, 24.7, 24.6.

(R)-3-(Z5-1-F5)-1-7K35-3-(4,4,5,5- D F FE-1,3 2- 24
T 2% 2R 32 J5e-2- 38 ) D9 - 1- T (8g)! 'O T €238 WA S IR 4
34.7 mg, 90%IILE, 91%H] ee {H; [a]h) —95.6 (c 0.20,
CH,Cl,); ee {i /& F = BOH AR L 3% I 2 : Chirapak 1A
A N254 nm, FiahH: VOESEE) @ V(FABE)=50 : 1, i
TN 0.5 mL/min; # ¥ 15.4 min (S, minor), t 4 16.5 min
(R, major); "H NMR (400 MHz, CDCl;) J: 8.25~8.22 (m,
1H), 8.21~8.19 (m, 1H), 7.9~7.95 (m, 2H), 7.95~7.93
(m, 1H), 7.86~7.82 (m, 1H), 7.81~7.79 (m, 1H), 7.72~
7.66 (m, 1H), 7.50 (d, J=0.9 Hz, 1H), 7.49~7.45 (m,
1H), 7.45~7.41 (m, 1H), 7.42~7.38 (m, 1H), 3.71~3.67
(m, 1H), 3.65~3.58 (m, 1H), 3.52~3.48 (m, 1H), 1.26~
1.24 (m, 6H), 1.17 (s, 6H); *C NMR (101 MHz, CDCL5) §:
200.0, 157.1, 137.2, 132.6, 130.9, 130.4, 128.3, 128.0,

http://sioc-journal.cn/ 2925



BIHE

R

126.8, 120.6, 110.1, 83.5, 83.2, 55.0, 41.4, 26.2, 24.7, 24.6.
(R)-3-(Z5-2-35)-1-75FE-3-(4,4,5,5- W0 FH F£-1,3,2- 44
W23 e -2- 28 ) I J-1-F (8h): o Eds BHHIR Y 35.5
mg, N2%HIUE, 81%K) ee 1H; [alhy —85.7 (¢ 0.15,
CH,Cl,); ee {H /2 FH = OB (L 3% S 32 - Chirapak 1A £,
2N254 nm, FiEIAH: VOECKT) @ VCRIAEE)=50 : 1, ¥
TN 0.5 mL/min; g N 19.3 min (S, minor), g A 27.4 min
(R, major); "H NMR (400 MHz, CDCl;) J: 8.25~8.22 (m,
1H), 8.21~8.20 (m, 1H), 7.98~7.92 (m, 2H), 7.86~7.83
(m, 1H), 7.83~7.78 (m, 1H), 7.72~7.66 (m, 1H), 7.54~
7.51 (m, 1H), 7.51~7.49 (m, 1H), 7.49~7.45 (m, 1H),
7.45~7.41 (m, 1H), 7.42~7.38 (m, 1H), 3.69 (d, J=6.3
Hz, 1H), 3.65~3.58 (m, 1H), 3.50 (d, 1H), 3.29~3.29 (m,
1H), 1.25 (s, 6H), 1.17 (s, 6H); *C NMR (101 MHz,
CDCl) d: 200.0, 157.1, 137.2, 132.6, 130.9, 130.4, 128.3,
128.0, 126.8, 120.6, 110.1, 83., 83.2, 55.0, 41.4, 25.0, 24.7,
24.6. HRMS (ESI) caled for C,sHysBO; (M + H) ™
387.2132, found 387.2126.
(R)-3-(WEWy-2-3%)-1- 7K 3 -3-(4,4,5,5- DU F 3E-1,3,2-
S PR TR e-2- 2 ) P e - 1- B (8O T (i W PR 4
34.2 mg, 9%, 95%1] ee {H; [a]d —30.7 (¢ 0.20,
CH,Cly); ee {H /2 HH =1 RGBUAR L35 G 52 - Chirapak 1A #,
AN 254 nm, WEhH: VOECHK) @ MRFERE)=50: 1,
FIEN 0.5 mL/min; tx A 14.4 min (S, minor), & A 18.0
min (R, major); '"H NMR (400 MHz, CDCl;) ¢: 8.24~8.19
(m, 2H), 7.98~7.92 (m, 1H), 7.86~7.82 (m, 2H), 7.72~
7.66 (m, 1H), 7.52 (s, 1H), 7.45~7.41 (m, 2H), 3.71~
3.67 (m, 1H), 3.65~3.58 (m, 1H), 3.52~3.48 (m, 1H),
1.25 (s, 6H), 1.17 (s, 6H); *C NMR (101 MHz, CDCl;) ¢:
200.0, 157.1, 1137.2, 132.6, 130.9, 130.4, 128.3, 128.0,
126.8, 120.6, 110.1, 83.5, 83.2, 55.0, 41.4, 24.9, 24.7, 24.6.
(R)-1- % -3-(4.,4,5,5- DY H JE-1,3,2- — 580 B 2% 34 K,
fi-2-3) T Be-1-BH () LB AR 34.1 mg,
85% IR, 73%MH) ee fH; [a]h) —20.3 (c 0.15, CH,CL);
ee {H 72 H = B00UF LA 7€ : Chirapak 1A A, A 4 254
nm, A VOECK) @ MRHNEE)=50 1, JiiEN 0.5
mL/min; ¢z 4 9.9 min (S, minor), #z 4 11.8 min (R, major);
'H NMR (400 MHz, CDCly) 0: 8.24~8.19 (m, 2H),
7.98~7.92 (m, 2H), 7.72~7.66 (m, 1H), 3.70~3.69 (m,
1H), 3.64~3.62 (m, 1H), 3.52~3.48 (m, 1H), 1.25 (s,
6H), 1.17 (s, 6H), 1.10 (s, 3H); “C NMR (101 MHz,
CDCls) 6: 200.0, 157.1, 137.2, 132.6, 130.9, 130.4, 128.3,
128.0, 126.8, 120.6, 110.1, 83.5, 83.2, 55.0, 41.4, 24.8,
24.7,24.6.
(R)-1-(4- H 41 3 2 ik )-3- 4 FL -3-(4,4,5,5- DY HH 3 -
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1,3,2- U 2% B0 1 Je -2- 38 ) 7 e - 1- Tl (8K O TE 135
BHCIRY) 35.8 mg, 98% UL, 95%[ ee fH; [ald
—58.1 (c 0.20, CH,Cly); ee fE A& H =y SR AH 0 i A3 5 -
Chirapak IA #%, 14 254 nm, JiziAH: VIECHKR) @ MFA
F)=50: 1, ¥ A~ 0.5 mL/min; fx A 28.3 min (S, mi-
nor), tx A 41.3 min (R, major); 'H NMR (400 MHz,
CDCLy) o: 8.01~7.92 (m, 2H), 7.57~7.50 (m, 2H),
7.47~7.40 (m, 2H), 7.31~7.25 (m, 2H), 7.28~7.25 (m,
1H), 3.62~3.48 (m, 3H), 3.48~3.38 (m, 1H), 3.40 (d, J=
5.1 Hz, 1H), 2.84~2.76 (m, 1H), 1.25 (s, 6H), 1.17 (s,
6H); °*C NMR (101 MHz, CDCl;) 8: 200.0, 157.1, 157.1,
137.2, 132.6, 130.9, 130.4, 128.3, 128.0, 126.8, 120.6,
110.1, 83.5, 83.2, 55.0, 41.4, 25.0, 24.7, 24.6.

(R)-3- A2 -1-(4- H 2 2K 5L )-3-(4,4,5,5- DU FH JE-1,3,2-
TR IR L e -2- 3 ) P - 1R (8O TG €3 WA IR
) 33.4 mg, 96%MINTE, 94%H) ee {H; [alh —16 (c
0.20, CH,Cly); ee {E A& H s R AH ta 154l %€ : Chirapak
IA £, 1 24 254 nm, JishH: VOECKR) @ V(A=
50 : 1, Jit# N 0.5 mL/min; tg 4 16.0min (S, minor), tx N
26.6 min (R, major); 'H NMR (400 MHz, CDCl;) o:
8.00~7.92 (m, 2H), 7.57~7.50 (m, 2H), 7.47~7.40 (m,
2H), 7.31~7.25 (m, 1H), 7.29~7.24 (m, 2H), 3.62~3.48
(m, 1H), 3.48~3.38 (m, 1H), 3.42~3.38 (m, 1H), 2.84~
2.76 (m, 3H), 1.25 (s, 6H), 1.17 (s, 6H); *C NMR (101
MHz, CDCl;) d: 200.0, 157.1, 157.1, 137.2, 132.6, 130.9,
130.4, 128.3, 128.0, 126.8, 120.6, 110.1, 83.5, 83.2, 55.0,
41.4,25.0,24.7,24.6.

(R)-1-(4- 50 AR PR B )-3- 4 Fk-3-(4,4,5,5- DU F 5-1,3,2-
A 2 R R -2- 55 ) R - 1- i (8m)! O TG £ 3 B i
RV 343 mg, 97% IR, 89% ) eefti; [aly  —12.8
(c 0.20, CH,CLy); ee {H /2 H = G AR LB A 2 . Chi-
rapak 1A ¥, A 4254 nm, Jiahf: VOES4E) @ VR NEE)
=50 : 1, JE N 0.5 mL/min; t A 14.6 min (S, minor), fx
4 20.3 min (R, major); '"H NMR (400 MHz, CDCl;) o:
8.03~7.85 (m, 2H), 7.57~7.50 (m, 2H), 7.47~7.40 (m,
2H), 7.31~7.29 (m, 2H), 7.26 (s, 1H), 3.53 (d, J=10.9
Hz, 1H), 3.48~3.38 (m, 1H), 2.84~2.76 (m, 1H), 1.25 (s,
6H), 1.17 (s, 6H); *C NMR (101 MHz, CDCl5) d: 200.0,
157.1, 157.1, 137.2, 132.6, 130.9, 130.4, 128.3, 128.0,
126.8, 120.6, 110.1, 83.5, 83.2, 55.0, 41.4, 25.0, 24.7, 24.6.

(R)-1-(4-F AR IR IE)-3- 2K HE-3-(4,4,5,5- U FH 2-1,3,2-
U AR R e -2- 255 ) P - 1- B (8m): - TE €433 W R 4
34.1 mg, 92%HIICR, 85%IH ee {H; [ald —75.7 (¢ 0.20,
CH,CLy); ee {E /2 H =1 RGHAR 154 72 - Chirapak 1A 4,
AN 254 nm, JEHAH: VOECK)/ VR ARE)=50 1, i
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TN 0.5 mL/min; g 4 15.1 min (S, minor), g A 20.7 min
(R, major); "H NMR (400 MHz, CDCl;) J: 8.24~8.19 (m,
2H), 7.98~7.92 (m, 2H), 7.86~7.82 (m, 2H), 7.72~7.66
(m, 2H), 7.54~7.51 (m, 1H), 3.71~3.67 (m, 1H), 3.65~
3.58 (m, 1H), 3.52~3.48 (m, 1H), 1.25 (s, 6H), 1.17 (s,
6H); °C NMR (101 MHz, CDCly) 8: 200.0, 157.1, 137.2,
132.6, 130.9, 130.4, 128.3, 128.0, 126.8, 120.6, 110.1,
83.5, 83.2, 55.0, 41.4, 25.0, 24.7, 24.6. HRMS (ESI) calcd
for C5HpsBCIO5 (M+H) " : 371.1585, found 371.1587.

(R)-1-(3-FARIEIE)-3- 4 FE-3-(4,4,5,5- D0 FH 3E-1,3,2-
T A IR R e -2- 55 ) I - 1- T (80): TG £ 3EE B IHIR Y
35.2 mg, 95%HIILE, 77%H] ee 18; [a]h) —80.3 (¢ 0.20,
CH,Cl,); ee {H /& FH = BOBAR L 3% 3 52 - Chirapak 1A £,
AN 254 nm, AN VOESR)/ VR EEE)=50 1 1, it
#A 0.5 mL/min; fz N 11.8 min (S, minor), fz A 15.0 min
(R, major); "H NMR (400 MHz, CDCl;) J: 8.25~8.22 (m,
1H), 8.21~8.20 (m, 1H), 7.97~7.95 (m, 1H), 7.95~7.93
(m, 1H), 7.85~7.77 (m, 2H), 7.72~7.66 (m, 2H), 7.53~
7.49 (m, 1H), 3.71~3.67 (m, 1H), 3.65~3.58 (m, 1H),
3.52~3.48 (m, 1H), 1.25 (s, 6H), 1.17 (s, 6H); °C NMR
(101 MHz, CDCl3) J: 198.4, 141.6, 138.3, 134.8, 132.8,
129.8, 128.5, 128.3, 128.1, 126.1, 125.7, 83.5, 43.3,
24.5.HRMS (ESI) caled for C,H,sBCIO; (M + H) " :
371.1585, found 371.1586.

(R)-4,4- W JE-1-Z£3E-1-(4,4,5,5-DY H 3E-1,3,2- %R
T 2% 3 I e -2- 3 ) 1 o -3- T (8p)! O TE €435 B S IR )
30.9 mg, 98%IINCE, 90%I1] ee fH; [a]d —40 (c 0.20,
CH,Cly); ee {H /2 HH =1 RCUAR L35 G 52 - Chirapak 1A #,
224254 nm, FENH: VOECKT) @ VCRAEE)=50 : 1, it
#4 0.5 mL/min; g 24 9.2 min (S, minor), x & 10.0 min
(R, major); 'H NMR (400 MHz, CDCl;) d: 8.01~7.94 (m,
2H), 7.57~7.50 (m, 1H), 7.31~7.25 (m, 2H), 3.53 (d, J=
10.9 Hz, 1H), 3.48~3.38 (m, 1H), 2.84~2.76 (m, 1H),
1.58 (s, 9H), 1.25 (s, 6H), 1.17 (s, 6H); *C NMR (101
MHz, CDCls) 6: 200.0, 157.1, 157.1, 137.2, 132.6, 130.9,
130.4, 128.3, 128.0, 126.8, 120.6, 110.1, 83.5, 83.2, 55.0,
41.4,25.0,24.7,24.6.

B A %l (Supporting Information) L5 8a~8p. 1L
EVR)-4+ (RR)-1 FH(R,S,)-2 AL ARG A i,
tb&4) 8a~8p 1 HPLC (il R%. X Lebf Rl a] L4 3%
MASTFI) 353 (http://sioc-journal.cn/)_F %K.
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