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Abstract Asymmetric synthesis of chiral organosilanes with a potential application was realized by N-heterocyclic carbene-
catalyzed [4+2] annulation of acetates and S-silyl enones. This strategy exhibits easy to obtain raw materials, mild reaction
conditions, good substrate tolerance, simple operation and so on. Notably, excellent yield and enantioselectivity were also
observed with expanding the reaction scale by 10 times. The target product showed excellent results in hydrogenation
reduction. Moreover, the hypolipidemic drug ezetimibe was obtained through the synthetic transformation of the resulting
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products.
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Figure 1 Representative bioactive natural products and phar-
maceuticals based on a tetrahydro-2H-pyran-2-one

BAARENHOME AN —EH AN AL
FUSL B T HAE f A B R SR R S AR AN B RE
WA 32 PR« SRR FREST . AL e H L 4 8 5%
B JAME . 58 5P 2007 HR S 28006 PR 58 AU 51
ZAR R, AR A FR AL I 4 52 i, HAF B
MEIRE. fERT TAER R B, BRATE A ks K
G RFEAE YRGS 7%, A ST e/ i i
[k p-RERE R E & B[4 2R & N, Gk T B
SRR B PR R Bk IE 5- N ERSSAL BW, FE4k
SRAF A A O A LA 1R S AR g R M 11 DD Ak g - 2-
fiE A &4, Bisid G 86 B, B AN % g
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1 &ER511R

AT B 20 4311 4-H 3 2K 0L 2 TR TR (1a) FN p- = P AL A
FL(TMS)JFi il 2a 1E AR, M HERT R EATE A
YERNFRUN G FHEAFI AT, 226 T 4+2]10 A R
M. JRER A, ZRN L 44% 7= RG] T W=
3a(3R 1, Entry 1), HE5Hd 'TH NMR, C NMR DL K&
HRMS Z¥im st e, ook, fi ) EAG F e i fi
FIHTAR NHC-B SRIRZ LN LA IR B, S50k
B, 1925 T = FAERE R SR gL i R A7 PR AR, 1% B2
A B AR R B (99% ee). H 1% N 26 A4 1
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Table 1 Optimization of reaction conditions

O

0 (e}
NHC 0
)J\O/R + F,h)J\/\SiMe3 /@\
Ph SiMe;

1a, R = 4-NO,CgH, 2@

1b, R = OBt 3a
: cl
o 5
N.N"Mes 5;['\1
A ”O
B

Entry NHC 1 Base  Solvent Yield”/% ee/%

1 A la DBU THF 44 —
2 B la DBU THF 17 99
3 B 1b DBU THF 88 99
3 B 1b DBU 1,4-Dioxane 55 99
4 B 1b DBU CHsCN 54 99
5 B 1b DBU TOL 66 99
6 B 1b DBU DCM 66 99
7 B 1b DBU CHCI; 57 99
8 B 1b EtsN  THF 50 99
9 B 1b DIPEA THF 49 99
10 B 1b K:CO; THF 40 99
11 B 1b DMAP THF 51 99
12 B 1b DBN THF 85 99
134 B 1b DBU THF 86 99
14¢ B 1b DBU THF 74 99
15 B 1b DBU THF 69 99
16%¢ B 1b DBU THF 80 99

© 2021 Chinese Chemical Society & SIOC, CAS

4Standard condition: ester 1a (1.5 equiv.), f~-TMS enone 2a (0.1 mmol), NHC
precursor (20 mol%), base (1.5 equiv.), 4 A MS (100 mg), solvent (0.5 mole
L 1,0 ‘C, 24 h. DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene; THF: tetrahydro-
furan; TOL: toluene; DCM: dichloromethane; DIPEA: N,N-diisopropyl-
ethylamine; DMAP: 4-dimethylaminopyridine. * Yields (after SiO, chroma-
tography purification) were based on 2. ¢ Determined by chiral HPLC. ¢ 15
mol% NHC precursor was used. ¢ 10 mol% NHC precursor was used./ 5 mol%
NHC precursor was used. ¢ 2.0 mmol scale reaction.

FIHH 17% (Entry 2). 1K, @i S0 2R Be s 1 2
Bk 2238 S R B, i 2RI = E BT R B A 4-
TR HE {T59R A% FH Entry 2 B RS 461F, 45 5 0L 88% ()
PR 99% I BRI FRES 2P~ 3a. B T1%45 R,
XV R IR 2R B RO BRI 2 B o3 AT T AR Ak, 45 SRR B,
PL THF {EN¥FIFLL DBU {E AR, DARLT =5
(88%) FH X WA e FENE(99% ee)?3- 5] H A=) 3a (Entries
3~12). feJa, EHRER T AT B 12 B ) 5 e
(Entries 13~15). 45L& W], 245 NHC-B MHEN 15
mol%lf, 7= &I B4R 16 B 1R 35 AN 52 52 e 4k S92
AT &, BARPEY 3a WSIARE BRI ERER
M WKF, HEMHTEZHNTHETIRZ, 4
NHC-B [ FHE N 5 mol%, F=RHEH 69%. 45tz
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RLRIP= R SIARIEREME DL RRASE N R, JEH] Entry 13
TE R A, AL TR SRt EIE 13X — S 7 ) v 2K
PERISEFITE(Entry 16). € IR 4axt i B, it 5
Y1) 3k HIE & 7AW 6, IR H B 4,
MIUESE T 724 3 HIZE% 1Y (Scheme 1).

Ph Ph

|
o) Si__ NH, NP
O si o
e BN
Ph N
DBU Hn
6 Br

[/—<=s—__
N /J“ —

S -
AN
/\

B 1 a6 HHHk
Scheme 1  Synthesis of compound 6
FERAER L SFAE T, SRV @ AT 1 HF 7T
(2 2). EFELE T AN I R BRI N S 2 45 2R (52
Wi, 5 SRERH, MR TR 45 HL T R AN A AL AN [
for B HUCZE (3a~3g) 24 fE LA AT (177 2 (57% ~ 96%) Al

05 B X AR R B (99%  ee) i3 3 H AR 4. IhAN, 24
Ar FE[F0N 2-WRIE . 2-MEWy DL K 2-Z8 55 (3h~3j)I, [FIAE
HWHELL 76%~81% 1= LA ik 99% ee 155 Hbrr 4.
[ B A9F 9 7 AN [ 1 ek 58 AR 3 0o Je I PR 52 1] (3k ~ 3o).
SEUGAE R R, I RERE bR B A RS
IBEA5 3 BT I SR 45 5 (60% ~88%77 #, 99% ee). iX
s ad 28 JUIE I, AT B PRE A BOZ T A L
e S T R T . hAh, E 22 AT RiE
1) A HP V0 R T 02 S 1) S AL FER L,

IS TE AR A 3 R XU T S AR TR I
N7, DA ey AT e 3 B 1 15 21 T 00 DU S g -2- B 2R AL
EWER 3). HEW B Tk R AL B RS BA K TR 5 3%
JNE, AR R T O B AT O S S AR B S
SEIR RN, 2 N LA S ) JE ) ik £ (> 20
1~84 .1 dr)FXfBUEEENE(99% ee)fF L 5 f5 1 1Y
S -2-F 254k & M) (4a~4h). 7EEEAE R A R2 FEH )
10T (4f~4g), HILILR P SIAREREME(>20 1 dr 0
99% ee) M= Z(67%~ 68%)13 2 H Axr=4, HF1k
L A B AP 5 5 SCEREE R 04 JE50ED)
4c¢ 1] 2D-NMR i B 4.

K2 JRMIIETEH «

Table 2 Substrate scope of the reaction

0O

o}

<:<\ , NHC 0
o N Ar/u\/\SMeg, ~
)I\O/N‘Nl'

Ar

1b 2 3

o)
0
X"VsiMe,

3a, 88% yield, 99% ee

0
0
XVsiMe,
cl

3f, 87% yield, 99% ee

3b, 60% yield, 99% ee

39, 57% yield, 99% ee

3c, 66% yield, 99% ee

0
o 0 cl o 0
NS . NS .
S SiMe, siMe;  © N"VsiMe,
F

3d, 77% yield, 99% ee 3e, 96% yield, 99% ee

(e}
e} O
o o}
N . o] 0 o
SiMe; S )
(o} A SiMe, S X SiMes SiMe;
FsC \ \ |

3h; 76% yield, 99% ee

3i; 81% yield, 99% ee 3j; 78% yield, 99% ee

0 O P P 9
N\
\ Ph Br \ Ph F \ /Ph {PI;h Br \ /Ph
/ - Si— Si~ Si—Ph
— Si /
/SI )i / /

3k, 88% yield, 99% ee 31, 64% yield, 99% ee

3m, 60% yield, 99% ee

3n, 86% yield, 99% ee 30, 88% yield, 99% ee

“Reaction conditions as Table 1, Entry 13; yields (after SiO, chromatography purification) were based on fS-silyl enone 2.
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Table 3 Substrate scope of the hydrogenation reduction reaction 0
Q 9 Q TBAF o
/oij\ Pd/C, H, )oé\ SiMe,Ph
X g 1,4-dioxane F
Ar Si ! Ar Si— F
o R TN 4h, 55% yield:
2 1 : ; o
3 R 4 R2 R 8.4:1 d.r: 99% ee 5, 53% yield; 90% ee
o Q OH
O (0]
: OH
SiMe; SiMe; —_= )
FsC N
4a, 68% yield; 4b, 83% vyield; F
>20:1 dr; 99% ee >20:1 dr; 99% ee 0
o O Ezetimibe A
0 o}
Sive | B2 b
’ SiMes Scheme 2 Synthetic transformations
H4C F

4c, 45% yield;
>20:1 dr; 99% ee

O
0]
Iy e o

4e, 79% yield; 4f, 67% yield;
16:1 dr; 99% ee >20:1 dr; 99% ee

o]
ol
Ph SiMePh,

49, 67% yield; F 4h, 55% yield;
>20:1 dr, 99% ee 8.4:1 d.r.; 99% ee

@ Reaction conditions: 3 (0.1 mmol), Pd/C (10 mol%), 101 kPa H,, 1,4-dioxa-
ne, ice water; yields (after SiO, chromatography purification) were based on 3.

AN — AN R, AT EY) 4h ik
—BIRE A, RIUGEE — 5 R MR LA A& S
(Scheme 2). A 5 & & HUPF MG 2 Ezetimibe [ 5 %2
R4, XA Bzetimibe 14 SR IR AL T — Flobr EL 1.
2 #Hig

ASCE I R R A CBREE R p-1eE 7 W 1
[A+20 A N, RIET —MChm CARERR & A H
FIPER pRESE S-INESRALEIIRHT ik, thabh, il A
I JE T35, PREZ SN = 4 DA v FE 6 g 8 4 (20
1~8.4 1 1 dr)FXt Bk £ENE99% ee)fE 4k N TF1H: i Y
S -2-BHR A, I8 Ezetimibe M6 A28 FE (1
Tk .

3 SCIOER4Y
3.1 UHB5RF
iR IEPRA: Bruck 400 BURZRIILIRAY, "TH NMR F1

4d, 80% yield;
>20:1 dr, 99% ee

Cfo

SiMe,Ph

SiMe,Ph

5
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BC NMR LL CDCls fE# 7, PU AL (TMS) N M x;
JEYEAX: Jasco P-1030 JEi6Ai; X HFZRATHH1X: D/max-
2500/PC X SFEATHHX o HOB AR i AL Shimadzu
LC-20AD HPLC TfEuk; &4 ## kX #%: Finnigan
MAT 95 XP Jiiif; FIEBAH G HEFE: Daical Chiralcel
AD-H 25 cm X 46 mm, Daical Chiralcel AZ-H 25 cm X 46
mm, Daical Chiralcel OD-H 25 c¢cmX46 mm, Daical
Chiralcel AS-H 25 ¢cmX46 mm, Daical Chiralcel IB 25
cm X 46 mm, Daical Chiralcel ID 25 ¢cm X 46 mm, Daical
Chiralcel AD 25 cmX46 mm. & NEHNL ML ZF-1
B bEE 2R A: R-1001VN/LN AL,

THF, 1,4-Dioxane, DCM A Z. 537 9T Alfa-Aesar
AFHTER. ERQ200~00 BENIWTF T Sk T
AR, TLC #EEHTRE AR T-M0 S VLR EIR T R
BRAF]. AR, 25000 T 5 5 Tl R sEg-F 6.
3.2 WA
32.1 CBRES 1 AHER 2 694 &

LR 1SN R 2012115 228 SCBR T 106 B

(R)-3-( - I JE R LR ) - 1-(4- B 25 L ) -2 0 i - 1 -l
(2m): FEOWEK, 77F 62% (1.6 g). 'H NMR (400 MHz,
CDCl) 6: 0.47 (s, 6H), 7.10~7.15 (m, 2H), 7.23 (d, J=
14.8 Hz, 1H), 7.37~7.43 (m, 4H), 7.53~7.55 (m, 2H),
7.91~7.96 (m, 2H); “C NMR (100 MHz, CDCl) ¢:
—2.9, 1157, 116.0, 128.2, 129.7, 131.5, 131.6, 133.8 (d,
J=3.2 Hz), 134.0, 136.5, 139.0, 147.8, 164.5, 167.0,
188.7; HRMS (ESI) caled for Ci7HisFOSi [M+H] "
285.1105, found 285.1111.

322 Auedh 3 eyHlE

7E0 CF, KJEY 1b (0.15 mmol, 26.6 mg), NHC i

#ER(15 mol%, 5.50 mg)Fl 4A MS (50.0 mg)iA (e JU A,
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MR (0.50 mL)H, 56 FH o & EFE 25 44 IR 2a (0.10
mmol, 21.6 uL)MA iR Bk RS, P SE, &
18 7] [ b4 2 Fhii bn DBU (0.15 mmol, 22.5 pL)F¥ %
LR RORFFLE 0 C FAREEAHE(TLC ). RZHRE,
180 F e e 78 RACK AR R A RIRR 25, SR A 2 by
BEAT A BRI VCATMER) @ MR CBR)=1 : 50],
192 H AR 3a. ERE MG YIRS EAE. 3b
1) S LS ] 2 10 hy 3¢ I SOREE [A] 2 2.5 hy 3d 1 3i [
N E] A 4 hy 3e, 3f, 3g, 31 Al 3n (1) [ B [A] 52 3 h; 3h,
30 Al 3j KNI ]2 8 hy 3m OS] S h; 3k
SBEES ]/ 24 h AAY) 3 (40T AL B i i JATT S A
(1) AL RN el

(R)-6- 3 -4-( = H ik 3)-3,4- — & -2.H- P IR -2- il
(3a): LR, 7% 88% (21.7 mg). [ald +110.7 (¢
0.226, CHCl3); '"H NMR (400 MHz, CDCl3) d: 0.11 (s,
9H), 2.02 (dt, J=8.0, 5.6 Hz, 1H), 2.63 (dd, J=16.0, 4.8
Hz, 1H), 2.81 (dd, J=16.0, 8.4 Hz, 1H), 5.85 (d, J=5.6
Hz, 1H), 7.29~7.39 (m, 3H), 7.58~7.61 (m, 2H); '3C
NMR (100 MHz, CDCl3) §: —3.4, 21.5, 29.5, 103.2,
124.1, 128.5, 132.8, 149.0, 168.9; HRMS (ESI) calcd for
C14H190,Si [M+H]" 247.1149, found 247.1156; 99% ee
as determined by HPLC (Chiralcel AZH, V' V=90 : 10
hexanes/i-PrOH, 1.0 mL/min), tg(major) = 7.4 min,
tr(minor)=6.8 min.

(R)-6-(4-(FF 3 R 3k )-4-( = H S pE 3 )-3,4- —&-2H-
Mg -2-FA(3b): KR, ~F 60% (15.6 mg). [ald
+193.4 (¢ 0.181, CHCL3); '"H NMR (400 MHz, CDCL) :
0.10 (s, 9H), 2.00 (dt, J=8.4, 5.6 Hz, 1H), 2.36 (s, 3H),
2.62 (ddd, J=16.0, 5.2, 0.8 Hz, 1H), 2.80 (dd, J=16.0, 8.4
Hz, 1H), 5.78 (dd, J=6.0, 0.8 Hz, 1H), 7.17 (d, J=8.0 Hz,
2H), 7.48 (d, J=8.4 Hz, 2H); 3C NMR (100 MHz, CDCl5)
5 —3.4, 213, 21.4, 29.5, 102.2, 124.0, 129.2, 130.0,
138.5, 149.1, 169.1; HRMS (ESI) calcd for C;sH,0,Si
[M + H] " 261.1305, found 261.1309; 99% ee as
determined by HPLC (Chiralcel AZH, V' V=90 : 10
hexanes/i-PrOH, 1.0 mL/min), tr(major) = 8.8 min,
tr(minor)=6.9 min.

(R)-6-(4- T R e )-4-( = F HL FeE 6 )-3.4- — & -2H-NiL
MR -2-ffl (3c): TR, P23 66% (17.5 mg). [alp +
19.2 (¢ 0.053, CHCl3); "H NMR (400 MHz, CDCl;) : 0.10
(s, 9H), 2.01 (dt, J=8.4, 5.2 Hz, 1H), 2.62 (ddd, J=16.0,
5.6, 0.8 Hz, 1H), 2.80 (dd, J=16.0, 8.4 Hz, 1H), 5.75 (d,
J=5.6 Hz, 1H), 7.02~7.07 (m, 2H), 7.53~7.58 (m, 2H);
3C NMR (100 MHz, CDCl3) §: —3.4, 21.4, 29.4, 102.9,
115.3, 115.6, 126.0, 126.1, 129.0 (d, J=3.3 Hz), 148.3,

Chin. J. Org. Chem. 2021, 41, 4467 ~4475
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168.7; HRMS (ESI) caled for Ci4H;sFO,Si [M+H]"
265.1105, found 265.1111; 99% ee as determined by
HPLC (Chiralcel ID, V' : V=95 I 5 hexanes/i-PrOH, 0.7
mL/min), ftr(major)=12.2 min, r(minor)=10.1 min.
(R)-6-(2- A J )-4-( = W1 B ek 56 )-3,4- — & -2H-MiE
IR-2-BA(3d): TEEHOR, 2R 77% (21.7 mg). [alb +
123.3 (¢ 0.223, CHCl3); 'H NMR (400 MHz, CDCls) ¢:
0.13 (s, 9H), 2.04 (dt, J=8.4, 5.2 Hz, 1H), 2.65 (dd, J=
16.0, 4.8 Hz, 1H), 2.86 (dd, J=16.4, 8.4 Hz, 1H), 5.73 (d,
J=5.6 Hz, 1H), 7.25~7.29 (m, 2H), 7.39~7.43 (m, 1H),
7.45~7.49 (m, 1H); 3C NMR (100 MHz, CDCIl;) 4:
—3.4,21.7,29.4,109.4, 126.7, 129.8, 130.2, 130.3, 132.4,
132.5, 146.8, 168.8; HRMS (ESI) calcd for Ci4H;sClO,Si
[M + H] " 281.0759, found 281.0760; 99% ee as
determined by HPLC (Chiralcel AZH, V' @ V=95 {5
hexanes/i-PrOH, 0.2 mL/min), f(major) = 37.6 min,
tr(minor)=43.2 min.
(R)-6-(3- 3 A )-4-( = I BL hE 58 )-3,4- & -2H-1E
MR -2-ff (3e): ToaTHAR, P23 96% (27.0 mg). [alp +
208.3 (¢ 0.060, CHCIl3); 'H NMR (400 MHz, CDCls) ¢:
0.11 (s, 9H), 2.04 (dt, J=8.0, 5.2 Hz, 1H), 2.64 (dd, J=
16.0, 4.8 Hz, 1H), 2.81 (dd, J/=16.4, 8.4 Hz, 1H), 5.87 (d,
J=6.0 Hz, 1H), 7.31~7.28 (m, 2H), 7.48~7.45 (m, 1H),
7.57 (s, 1H); *C NMR (100 MHz, CDCl;) §: —3.4, 21.7,
29.4, 104.6, 122.2, 124.2, 128.4, 129.8, 134.6, 147.7,
168.4; HRMS (ESI) caled for C14H;3ClO»Si [M+H]"
281.0759, found 281.0763; 99% ee as determined by
HPLC (Chiralcel AD, V. V=95 . 5 hexanes/i-PrOH, 0.5
mL/ min), fr(major)=9.7 min, fr(minor)=10.6 min.
(R)-6-(4- S R 3 )-4-( = F L hE 58 )-3,4- & -2H-1E
MR -2-f (3f): IR, 725 87% (24.5 mg). [a]p +
179.6 (¢ 0.167, CHCL); 'H NMR (400 MHz, CDCIl;) §:
0.09 (s, 9H), 2.02 (dt, J=8.0, 5.6 Hz, 1H), 2.62 (dd, J=
16.0, 5.2 Hz, 1H), 2.80 (dd, /=16.0, 8.4 Hz, 1H), 5.82 (d,
J=6.0 Hz, 1H), 7.32 (d, /=28.8 Hz, 2H), 7.51 (d, J=8.8
Hz, 2H); *C NMR (100 MHz, CDCl;) §: —3.4, 21.6,
29.4, 103.8, 125.4, 128.7, 131.2, 134.3, 148.1, 168.6;
HRMS (ESI) caled for C14H;5C10,Si [M+H]™ 281.0759,
found 281.0757; 99% ee as determined by HPLC
(Chiralcel AZH, V . V=90 : 10 hexanes/i-PrOH, 1.0
mL/min), fr(major)="7.9 min, fr(minor)=6.6 min.
(R)-6-(4-( =% FF ) R )4 (= A RE R )-3,4-—
H-2H-MEMR-2-F (3g): TR, 7% 57% (17.9 mg).
[a]f +57.5 (¢ 0.032, CHCl;); 'H NMR (400 MHz,
CDCls) o: 0.11 (s, 9H), 2.07 (dt, J=8.0, 5.6 Hz, 1H), 2.66

http://sioc-journal.cn/ 4471
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(dd, J=16.0, 4.0 Hz, 1H), 2.83 (dd, J/=16.0, 8.4 Hz, 1H),
5.98 (d, J=5.6 Hz, 1H), 7.61 (d, /=8.4 Hz, 2H), 7.69 (d,
J=8.4 Hz, 2H); 3C NMR (100 MHz, CDCl;) §: —3.4,
21.9, 29.3, 77.3, 105.8, 122.7, 124.3, 125.4, 125.5(q, J=
3.8 Hz), 130.0, 130.4, 136.0, 147.7, 168.3; HRMS (ESI)
caled for C;sHigF30.Si [M + H] " 315.1023, found
315.1025; 99% ee as determined by HPLC (Chiralcel
AZH, V : V=290 . 10 hexanes/i-PrOH, 1.0 mL/min),
tr(major)=6.2 min, fr(minor)=>5.4 min.

(R)-6-(2- Pk MR & )-4-( — F B e 3 )-3.,4- — & -2H- i
MR -2-Ff(3h): TEEMCR, =% 76% (18.0 mg). [als +
45.9 (¢ 0.327, CHCl3); '"H NMR (400 MHz, CDCls) &: 0.08
(s, 9H), 2.00 (dt, /=8.0, 5.6 Hz, 1H), 2.60 (dd, J=16.0,
5.2 Hz, 1H), 2.80 (dd, J=16.4, 8.4 Hz, 1H), 5.77 (d, J=
5.6 Hz, 1H), 6.40~6.48 (m, 2H), 7.36 (s, 1H); '3C NMR
(100 MHz, CDCl3) 6: —3.5, 21.1, 29.6, 101.7, 106.1,
111.4, 142.1, 142.5, 147.3, 168.3; HRMS (ESI) calcd for
C12H70:Si [M+H]" 237.0941, found 237.0950; 99% ee
as determined by HPLC (Chiralcel IB, V' V=95 15
hexanes/i-PrOH, 0.5 mL/min), tr(major) = 9.6 min,
tr(minor)=10.1 min.

(R)-6-(2-Wg Wy e )-4-( = F JL FeE 6 )-3.4- — &(-2H-NiL
MR -2 (3i): % (LIl AA, =% 81% (20.5 mg). [a]p +
114.2 (¢ 0.219, CHCL); 'H NMR (400 MHz, CDCls) 6:
0.10 (s, 9H), 1.99 (dt, J/=8.4, 5.2 Hz, 1H), 2.61 (dd, J=
16.0, 5.2 Hz, 1H), 2.81 (dd, J=16.4, 8.4 Hz, 1H), 5.68 (d,
J=5.6 Hz, 1H), 6.99 (dd, /=4.8, 3.8 Hz, 1H), 7.22 (dd,
J=6.4, 3.6 Hz, 2H); 3C NMR (100 MHz, CDCls) :
—3.4,21.5,29.5,102.4, 123.5, 124.8, 127.5, 136.5, 144.9,
168.3; HRMS (ESI) caled for CipH;70,SSi [M+H]"
253.0713, found 253.0721; 99% ee as determined by
HPLC (Chiralcel ID, V. V=95 © 5 hexanes/i-PrOH, 0.7
mL/min), fr(major)=12.8 min, fr(minor)=12.1 min.

(R)-6-(2-253)-4-( = W H 1 FE)-3,4- — A -2H-ME g -2-
i(3j): TR, 775 78% (23.2 mg). [als +129.9 (¢
0.193, CHCl;); 'H NMR (400 MHz, CDCl3) J: 0.13 (s,
9H), 2.08 (dt, J/=9.2, 4.8 Hz, 1H), 2.68 (ddd, J=16.0, 4.8,
0.8 Hz, 1H), 2.87 (dd, /=16.0, 8.0 Hz, 1H), 5.99 (dd, J=
6.0, 0.8 Hz, 1H), 7.45~7.52 (m, 2H), 7.65 (dd, J=38.8, 2.0
Hz, 1H), 7.79~7.83 (m, 2H), 7.85~7.88 (m, 1H), 8.11 (d,
J=1.2 Hz, 1H); 3C NMR (100 MHz, CDCl;) §: —3.3,
21.7,29.5,103.9, 121.8, 123.1, 126.4, 126.6, 127.6, 128.2,
128.5, 129.7, 133.1, 133.2, 149.0, 168.9; HRMS (ESI)
caled for CisH,10,Si [M-+H]" 297.1305, found 297.1302;
99% ee as determined by HPLC (Chiralcel ID, V' : V=
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95 : 5 hexanes/i-PrOH, 0.7 mL/min), fr(major)=20.6 min,
tr(minor)=18.9 min.

(R)-4-( — HH L 2R BL o b )-6- R 5L -3 4- — & -2H-1IE
IR-2-BA(3Kk): IR, 77%R 88% (27.2 mg). [alb +
87.9 (¢ 0.228, CHCIs); '"H NMR (400 MHz, CDCl3) 6: 0.41
(s, 6H), 2.25 (dt, J=8.4, 5.2 Hz, 1H), 2.62 (dd, J=16.0,
4.8 Hz, 1H), 2.79 (dd, J=16.0, 8.4 Hz, 1H), 5.82 (d, J=
6.0 Hz, 1H), 7.44~7.33 (m, 6H), 7.53~7.59 (m, 4H); 1*C
NMR (100 MHz, CDCl3) §: —5.3, -5.0, 21.3, 29.5, 102.9,
124.2, 128.2, 128.5, 128.6, 129.9, 132.8, 133.9, 135.4,
149.3, 168.6; HRMS (ESI) calcd for C19H,,0,Si [M+H]"
309.1305, found 309.1301; 99% ee as determined by
HPLC (Chiralcel AZH, V . V=95 . 5 hexanes/i-PrOH, 0.7
mL/ min), fr(major)=9.1 min, fr(minor)="7.8 min.

(R)-6-(4-1R K I)-4-(— H B R HLRE 58)-3,4- A -2H-
WL -2-F(3D): ToEeIR, 7% 64% (24.8 mg). [a]b +
55.6 (¢ 0.045, CHCl3); '"H NMR (400 MHz, CDCl3) 6: 0.39
(s, 6H), 2.23 (dt, J=8.4, 5.2 Hz, 1H), 2.61 (dd, J=16.0,
4.8 Hz, 1H), 2.77 (dd, J=16.0, 8.4 Hz, 1H), 5.81 (d, J=
5.6 Hz, 1H), 7.37~7.44 (m, 5H), 7.45~7.52 (m, 4H); 13C
NMR (100 MHz, CDCls) o: —5.3, —5.0, 21.5, 29.4,
103.5, 122.6, 125.7, 128.2, 130.0, 131.6, 133.8, 135.2,
148.3, 168.2; HRMS (ESI) calcd for Ci9H2BrO,Si [M+
H]" 387.0410, found 387.0417; 99% ee as determined by
HPLC (Chiralcel AZH, ¥V : V=90 : 10 hexanes/i-PrOH,
1.0 mL/min), tr(major)=11.5 min, fr(minor)==_8.5 min.

(R)-4-( — W R OR Bk L )-6-(4- 3 K 25 )-3,4- —H-2H-
WL -2-M(3m): JEEHAR, 725 60% (19.6 me). [a]b +
48.2 (¢ 0.510, CHCl3); "H NMR (400 MHz, CDCls) d: 0.39
(s, 6H), 2.22 (dt, J=8.4, 5.6 Hz, 1H), 2.60 (dd, J=16.0,
4.8 Hz, 1H), 2.76 (dd, J=16.4, 8.4 Hz, 1H), 5.71 (d, J=
6.0 Hz, 1H), 7.03 (t, J/=8.8 Hz, 2H), 7.36~7.42 (m, 3H),
7.49~7.53 (m, 4H); '*C NMR (100 MHz, CDCl3) J: —
5.2, —5.0, 21.3, 29.5, 102.6, 115.4, 115.6, 126.1 (d, J=
8.2 Hz), 128.2, 129.1 (d, J=3.1 Hz), 130.0, 133.9, 135.4,
148.6, 161.7, 164.2, 168.4; HRMS (ESI) caled for
CioH20FO,Si [M-+H]" 327.1211, found 327.1213; 99% ee
as determined by HPLC (Chiralcel AZH, V' V=90 : 10
hexanes/i-PrOH, 1.0 mL/min), f&(major) = 8.7 min,
tr(minor)="7.5 min.

(R)-4-(F 3 2R B ik Ik )-6- K 5 -3, 4- & -2 H- ML -
2-fi(3n): LR, 77K 86% (31.9 mg). [aly +54.8
(¢ 0.456, CHCL3); 'TH NMR (400 MHz, CDCI;) 4: 0.70 (s,
3H), 2.67~2.76 (m, 2H), 2.83~2.91 (m, 1H), 5.86~5.87
(m, 1H), 7.33~7.40 (m, 3H), 7.43~7.51 (m, 6H), 7.56~

Chin. J. Org. Chem. 2021, 41, 4467 ~4475



Chinese Journal of Organic Chemistry

7.63 (m, 6H); *C NMR (100 MHz, CDCL3) §: —6.6, 19.8,
29.6, 102.5, 1243, 128.3, 128.4, 128.6, 128.7, 130.1,
130.2, 132.7, 133.6, 133.7, 134.8, 149.7, 168.4; HRMS
(ESI) caled for CosHp0,Si [M+H]" 371.1462, found
371.1466; 99% ee as determined by HPLC (Chiralcel
ODH, V : V=297 . 3 hexanes/i-PrOH, 0.2 mL/min),
tr(major)=76.5 min, tr(minor)=82.4 min.

(R)-6-(4-TR K HL)-4-(F L 2R LAt JL)-3.4- 5 -2H-
MEmG-2-Fid(30): ToaleIR, 793R 88% (34.2 mg). [alp +
59.4 (¢ 0.590, CHCl3); 'H NMR (400 MHz, CDCl3) d: 0.65
(s, 3H), 2.59~2.72 (m, 2H), 2.80~2.87 (m, 1H), 5.80~
5.82 (m, 1H), 7.31~7.47 (m, 10H), 7.51~7.59 (m, 5H);
3C NMR (100 MHz, CDCls) §: —6.6, 20.0, 29.4, 103.2,
122.7, 125.8, 127.0, 128.0, 128.3, 128.4, 130.2, 130.3,
131.7, 133.4, 133.5, 134.0, 134.7, 148.8, 167.9; HRMS
(ESI) calcd for C24H2BrO,Si [M+H]" 449.0567, found
449.0570; 99% ee as determined by HPLC (Chiralcel AD,
V. V=95 .5 hexanes/i-PrOH, 0.7 mL/min), tx(major)=
13.9 min, tr(minor)=12.1 min
323 ALedh 4 694 &

EASHE T, # 3a (0.1 mmol, 24.6 mg)F Pd/C
(0.01 mmol, 21.3 mg, 10% Pd)¥#f#T 1,4-dioxane (1.0
mL), ¥ SRS YIEAEVOKIG T, GRSEEE 4 h &
ROEEE TLC ORI, S B gh s, 488 e o
JE, WRARIEW. R A AT A a3 AT A Ak [ B 7 -
VA ) - (LR GFg)=1 1 10], B2 HAr/~=Y) 4da.
HEREMEED R RPN [RIANE. 4b F1 4¢ 1 B [H]
& 3 h, 4d F1 4h 1] s SIFA] 2 5 h, de RSO [A] 2 10 b,
4f T 4g 1 NI ] 2 6 h.

(48,68)-6- 7K F& -4-( = W 7k 35k ) DU & -2 H- Mt e -2- il
(4a): LEIMIR, 77F 68% (169 mg). [alf +92.6 (¢
0.243, CHClL;); '"H NMR (400 MHz, CDCL) d: 0.04 (s,
9H), 1.33~1.42 (m, 1H), 1.55~1.64 (m, 1H), 2.04~2.09
(m, 1H), 2.37 (dd, J=18.0, 12.0 Hz, 1H), 2.74 (ddd, J=
18.0, 6.0, 1.6 Hz, 1H), 5.33 (dd, J=11.6, 3.2 Hz, 1H),
731~7.41 (m, 5H); *C NMR (100 MHz, CDCL) o:
—4.0, 19.5, 30.7, 32.9, 84.1, 125.6, 128.3, 128.6, 140.1,
171.2; HRMS (ESI) caled for Ci14H20,Si [M+H]"
249.1305, found 249.1309; 99% ee as determined by
HPLC (Chiralcel AZH, ¥ : ¥=90 : 10 hexanes/i-PrOH,
0.7 mL/min), tr(major)=23.3 min, zr(minor)=20.3 min.

(4S,68)-6-(4-( =8 HH 3 ) A H )-4- (= W FE 1k 5 ) DU &L
2H- WL W -2- i (4b): TG AR, 72 83% (26.3 mg).
[alf +127.9 (¢ 0.039, CHCL); 'H NMR (400 MHz,
CDCls) d: 0.04 (s, 9H), 1.35~1.44 (m, 1H), 1.49~1.59

Chin. J. Org. Chem. 2021, 41, 4467 ~4475

© 2021 Chinese Chemical Society & SIOC, CAS

(m, 1H), 2.05~2.11 (m, 1H), 2.38 (dd, J/=18.0, 12.0 Hz,
1H), 2.75 (ddd, J=18.4, 6.4, 2.0 Hz, 1H), 5.39 (dd, J=
11.2, 2.8 Hz, 1H), 7.48 (d, J/=8.0 Hz, 2H), 7.64 (d, J=8.4
Hz, 2H); *C NMR (100 MHz, CDCl;) §: —4.0, 19.5,
30.7, 33.0, 83.1, 122.6, 125.3, 125.6 (q, J=3.8 Hz), 125.9,
130.6, 137.8, 143.9, 170.7; HRMS (ESI) caled for
CisHoF30,Si [M+H]" 317.1179, found 317.1185; 99%
ee as determined by HPLC (Chiralcel ADH, V': V=955
hexanes/i-PrOH, 0.7 mL/min), tr(major) = 20.6 min,
tr(minor)=16.6 min.

(45,68)-6-(4-(F 3 ) R Fk )-4-( = W HL Tt 5 ) DY (-2 H-
MR -2 (4c): TR, 775 45% (11.8 me). [ald +
198.2 (¢ 0.101, CHCIl3); 'H NMR (400 MHz, CDCls) ¢:
0.03 (s, 9H), 1.31~1.40 (m, 1H), 1.56~1.62 (m, 1H),
2.01~2.07 (m, 1H), 2.32~2.40 (m, 4H), 2.73 (ddd, J=
18.0, 6.4, 1.6 Hz, 1H), 5.29 (dd, J=11.6, 3.2 Hz, 1H), 7.18
(d, J=8.0 Hz, 2H), 7.24 (d, J=8.0 Hz, 2H); *C NMR
(100 MHz, CDCl3) o: —4.0, 19.5, 21.2, 30.7, 32.9, 84.0,
125.6, 129.3, 137.2, 138.1, 171.3; HRMS (ESI) calcd for
Ci5H2;Na0,Si [M+Na]" 285.1281, found 285.1277; 99%
ee as determined by HPLC (Chiralcel ADH, V' V=955
hexanes/i-PrOH, 0.7 mL/min), fr(major) = 17.7 min,
tr(minor)=14.7 min. £&%) 4¢ Y1 NOE 1% Kl 7R, H3 (0
1.32~1.40)5 H5 (5: 5.29)2 [HEAEMK, Wi H3
H5 R, #E—BEsE TS 4 4T fg 1.

(48,6S)-6-(4- 38 IR I )-4-( = FF JE Ak 325 ) DU & -2 H1- I P -
2-fiFl(4d): AR, 7% 80% (21.3 mg). [alf +95.9
(c 0.104, CHCl3); '"H NMR (400 MHz, CDCls) &: 0.04 (s,
9H), 1.32~1.40 (m, 1H), 1.52~1.61 (m, 1H), 2.04 (dtd,
J=14.4,3.2,2.0 Hz, 1H), 2.36 (dd, /=18.4, 12.4 Hz, 1H),
2.73 (ddd, J=18.4, 6.4, 2.0 Hz, 1H), 5.30 (dd, J=11.6, 3.2
Hz, 1H), 7.04~7.09 (m, 2H), 7.30~7.35 (m, 2H); 13C
NMR (100 MHz, CDCl3) 0: —3.9, 19.6, 30.7, 32.9, 83.5,
115.5, 115.7, 127.6 (d, J=8.1 Hz,), 136.0, 171.1; HRMS
(ESI) caled for Ci4HoFNaO,Si [M+Na] ™ 289.1031,
found 289.1029; 99% ee as determined by HPLC
(Chiralcel 1A, V I V=97 . 3 hexanes/i-PrOH, 0.4
mL/min), tr(major)=44.5 min, r(minor)=39.9 min.

(48,68)-6-(2- 2% e )-4-( = W Sk 58 ) DU S -2 H-PHE R -2-
fiil(4e): TR, 77 79% (23.6 mg). [a]y +414.2 (¢
0.066, CHCl;); '"H NMR (400 MHz, CDCls) J: 0.05 (s,
9H), 1.38~1.47 (m, 1H), 1.62~1.71 (m, 1H), 2.12~2.18
(m, 1H), 2.42 (dd, J=18.0, 1.2 Hz, 1H), 2.78 (ddd, J=
18.0, 6.4, 2.0 Hz, 1H), 5.50 (dd, J=11.2, 2.8 Hz, 1H), 7.44
(dd, J/=8.4, 1.6 Hz, 1H), 7.47~7.52 (m, 2H), 7.84~7.88
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(m, 4H); 3C NMR (100 MHz, CDCl;y) : —4.0, 19.6,
30.8, 33.0, 84.1, 123.4, 124.5, 126.3, 126.4, 127.7, 128.1,
128.5, 133.2, 137.4, 171.2; HRMS (ESI) calcd for CigHzo-
NaO,Si [M-+Na]" 321.1281, found 321.1275; 99% ee as
determined by HPLC (Chiralcel AD, V' I V=95 15
hexanes/i-PrOH, 0.7 mL/min), r(major) = 23.4 min,
tr(minor)=19.8 min.

(48,68)-4-( — F 3 25 JE ek 3t )-6- 2 35t D & -2 - ML PR -
2-fif(4f): IR, 77K 67% (20.8 mg). [a]s +129.8
(c 0.173, CHCl3); '"H NMR (400 MHz, CDCl;) &: 0.35 (s,
6H), 1.58~1.66 (m, 2H), 2.03~2.11 (m, 1H), 2.42~2.34
(m, 1H), 2.69~2.75 (m, 1H), 5.31 (dd, /=10.8, 3.2 Hz,
1H), 7.31~7.42 (m, 8H), 7.48~7.50 (m, 2H); 3C NMR
(100 MHz, CDCl3) 6: —5.7, —5.6, 19.5, 30.9, 32.8, 84.1,
125.7, 128.2, 128.3, 128.6, 129.7, 133.9, 135.4, 140.0,
170.9; HRMS (ESI) caled for C;9H2NaO,Si [M+Na]*
333.1281, found 333.1276; 99% ee as determined by
HPLC (Chiralcel ADH, V . V=95 . 5 hexanes/i-PrOH,
0.7 mL/ min), fr(major)=26.1 min, fr(minor)=21.6 min.

(48,68)-4-( FF I — 2R JE ek 3t )-6- 2 35 D & -2 H- ML PR -
2-fifl(4g): LMK, 7% 67% (25.0 mg). [a]b +132.0
(c 0.208, CHCl3); 'H NMR (400 MHz, CDCl;) &: 0.63 (s,
3H), 1.65~1.75 (m, 1H), 2.01~2.09 (m, 1H), 2.14~2.19
(m, 1H), 2.46 (dd, J=18.0, 12.0 Hz, 1H), 2.81 (ddd, J=
18.0, 6.0, 2.0 Hz, 1H), 5.38 (dd, J=11.6, 3.2 Hz, 1H),
7.31~7.45 (m, 11H), 7.54~7.56 (m, 4H); 3C NMR (100
MHz, CDCl3) §: —6.9, 18.3,31.1, 32.9, 84.0, 125.8 128.2,
128.3, 128.4, 128.6, 130.0, 133.6, 133.7, 134.7, 134.8,
139.9, 170.8; HRMS (ESI) calcd for C2sH24NaO,Si [M+
Na]' 395.1438, found 395.1432; 99% ee as determined by
HPLC (Chiralcel ADH, V : V=97 : 3 hexanes/i-PrOH,
0.7 mL/min), tr(major)=>52.7 min, zr(minor)=4>5.5 min.

(45,68)-4-( . F BE 2R B Tk i )-6-(4- 4 4k ) DU 4 -2 H-
W -2-FF (4h): TR, 75 55%; [alp +164.5 (c
0.152, CHCl;); '"H NMR (400 MHz, CDCl;) J: 0.34 (s,
6H), 1.53~1.59 (m, 2H), 2.01~2.05 (m, 1H), 2.32~2.39
(m, 1H), 2.67~2.74 (m, 1H), 5.26~5.29 (m, 1H), 7.01~
7.07 (m, 2H), 7.26~7.30 (m, 2H), 7.36~7.43 (m, 3H),
7.46~7.48 (m, 2H); 3C NMR (100 MHz, CDCl) ¢:
—5.7, —5.6, 19.6, 30.8, 32.8, 83.5, 115.5, 115.7, 127.6,
127.7, 128.3, 129.9, 134.0, 135.3, 135.8 (d, J=2.9 Hz),
170.8; HRMS (ESI) caled for Ci19HFNaO,Si [M+Na]®
351.1187, found 351.1181; 99% ee as determined by
HPLC (Chiralcel AZH, V. V=90 : 10 hexanes/i-PrOH,
0.7 mL/ min), fr(major)=30.3 min, fr(minor)=23.2 min.
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323 fLadh 5 ehE&

FEVKAKHE R, BALEY0 4h (0.1 mmol)¥f#4E DMF
(1.0 mL)H, JFHMEHRFESE TBAF (0.4 mmol, 4.0
equiv., 1.0 molsL™" in THF)ZZM& i INNiZE &Y. 4%
SEAEUKKHY R HERE 10 min 5, KRS E 160 CHI
IR, kiR E E AW 4h 5K (TLC AR I
Y. 52 N 45 TR, A5 R A (1 T TR S B 7K T VL K %
KRB, FEAEH R CBERE(10 mL X 3). &IHAHUAH,
FIMRITE 27K Wi, To7K NapSOs T4, 25 IR 4 i F A
P I AR E AT AT SR A B A VCRHEE) [ (LR
ZER)=1: 5], BEBR=YS. WA S RS @
5 SCER14THEAT LU R ), BbHfE T &) 4a~4h
1) 28 5% A 2.

(S)-6-(4- % 4% 3k ) VY & -2 H-MH R -2- T (5): - TE (IR,
FEE 53%. [all —60 (¢ 0.167, CHCl:); 'H NMR (400
MHz, CDCl;) d: 1.79~1.89 (m, 1H), 1.96~2.03 (m, 2H),
2.12~2.18 (m, 1H), 2.53~2.61 (m, 1H), 2.68~2.75 (m,
1H), 5.32 (dd, J=10.8, 3.2 Hz, 1H), 7.03~7.09 (m, 2H),
7.30~7.34 (m, 2H); HRMS (ESI) caled for C;;H;1FNaO;
[M 4+ Na] " 217.0635, found 217.0635; 90% ee as
determined by HPLC (Chiralcel ADH, V' : V=95 15
hexanes/i-PrOH, 0.8 mL/min), tr(major) = 24.6 min,
fr(minor)=22.0 min. HA4X R B Xie TR 1) TAE
B4, fEAR A TAE T, HPLC (%14 Chiralcel AD-H
RERE, YEBFIN VORARE) @ VOECKE)=10 : 90, i
FEN 35 °C, A 1.0 mL/min, %=20.58 min Xf 5
(R)-enantiomer, r=22.60 min X iV.(S)-enantiomer.

3.2.4 1Ladh 6 tH &

£ 0 CF, ¥it&% 3k (0.15 mmol, 26.6 mg). X
W (15 mol%, 5.50 mg)Fl 4 A MS (50.0 mg)iAf#AE
DCM (0.50 mL)H, #+E5) )5, G218 n) S B AA 5 A i
B DBU (0.15 mmol, 22.5 pL), ¥ &M A& RFHEE 30 C
HP S R(TLC M), RS G, A8 e 28 R AX
PR R RS R 22, SR JE I8 AR E A AT Sk e
Al VOATHES) @ M(CFR TR)=1 1 10], 152 HF5~4) 6,
H A RAE 5 TR [110]— 2L

HBIA R (Supporting Information) {LA%) 2m. 3a~
30~ 4a~4g. 5[] '"HNMR. '*C NMR fil HPLC 4. X
L L AT PG F% M AT (X 3 (http://sioc-journal.cn/) b R
#.
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