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WE AT RY 2p-acetoxyferruginol EEEERE G 2ATHEMI(1~24), HE TH o B EPEEEIHENE. 8500
& 1~24 HERIH o8& EEMHER. H9(3R,4aS,10a8)-6-F2%E-1,1,4- = F1%£-1,2,3,4,4a,9,10,10- )\ A4l B -
3B A4-(ZR ) R H IR (15) M) o781 25 B EF B M B R [1Cs0=(23.91 £2.34) umol/L], #&F-R i pEl iR 23.6
& MBR ARSI R A= RPN S NEE R TIRE S IETE. 328 R ER G 15 T dESE 41 o8
BIFEEEGHIHIR. 3D AL R R AW 15 5 a- W EFEEEFNSE 6 7R o- AT B R, o F g R a8
AW 15 5 o- B HHELFHE Asp68, Arg312, Tyr313 kT &8, 5 Phel77 F1 Phe300 & RHR/KAE .

RERA  2p-acetoxyferruginol; -1 2 HE T 3D 26, X%

a-Glucosidase Inhibition Research of Derivatives Based on
2B3-Acetoxyferruginol Scaffold Excluding Acetic Acid Group

Wu, Simin™ Tang, J iaxin® Zhou, Yujia“’ Xu, Xuetao™*
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Abstract In this study, a series derivatives based on 2f-acetoxyferruginol scaffold excluding acetic acid group (1~24) were
synthesized and their inhibitory activities on a-glucosidase were determined. The results showed that all compounds 1~24 had
good a-glucosidase inhibitory activities. Among them, (3R,4aS,10aS)-6-hydroxy-1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahy-
drophenanthren-3-yl 4-(trifluoromethyl)benzoate (15) had the strongest inhibitory activity [ICso0=(23.91%2.34) pmol/L],
about 23.6-fold more active than acarbose. The structure activity relationship analysis showed that the introduction of
trifluoromethyl was more conducive to enhance its activity. The kinetic results showed that compound 15 was a reversible and
non competitive a-glucosidase inhibitor. The 3D fluorescence results indicated that the binding of a-glucosidase with
compound 15 could change the conformation of a-glucosidase. The molecular docking results showed that compound 15 made
hydrogen bonds with Asp68, Arg312, and Tyr313, and formed hydrophobic interactions with Phe177 and Phe300.

Keywords 2f-acetoxyferruginol; a-glucosidase; 3D fluorescence; molecular docking
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ATHE T CAE TR & R 7 R 1R H R B4 (1) 57 3R
FRATAEM(E 1), Ho o~ % BEE RS T B
FEEURBRPY. HbAb, 757 AR AR WS 1 7 I ik AE
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2pB-acetoxyferruginol
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Figure 1 Chemical structure of 2f-acetoxyferruginol and re-
ported oleanolic acid derivatives modified by benzoic acid
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1.1 2B-acetoxyferruginol EBEERE B ZRATEI(1~
249 & R

2B-acetoxyferruginol 2 i & 5 & 2EATAEM(1~24)
AR Scheme 1 AT/, 225 TATHT B4R E (1 %
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Scheme 1 Synthetic route of derivatives based on 2f-acetoxy-
ferruginol scaffold excluding acetic acid group (1~24)
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B RN R E(Cso), Hrp b &Y 15 BA &
) o= 2 B B35 2 [ICs0: (23.91£2.34) pumol/L],
A2 ] I8 3 0461 55 P [1Cs0: (564.28 £4.68) pmol/L] )
23.6 f&5. S5 UL, 2B-acetoxy- ferruginol 25 HE PR3 42
FTAEA ARG o1 0 0 EF B 400 ) 770 R0 ROH .
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£ 1 2p-Acetoxyferruginol KESTRHEH ZEATEN(A~20)H a-
] B B
Table 1 Anti-a-glucosidase activities of derivatives based on

2p-acetoxyferruginol scaffold excluding acetic acid group (1~
24)

T o
Compd. R In:tlglgilzt;j & ICso/(umolsL 1)
1  1-Naphthalene 532 28.83+1.41
2 2-Naphthalene 50.8 31.15+1.32
3  2-Methoxy 8.9 —
4  3-Methoxy 31.8 —
5  4-Methoxy 343 —
6  3,4-Methoxy 30.6 —
7  2-Bromine 47.5 —
8 3-Bromine 30.2 —
9  4-Bromine 53.6 26.6411.73
10 2-Methyl 43.6 —
11  3-Methyl 439 —
12 4-Methyl 32.8 —
13 2-Trifluoromethyl 37.7 —
14  3-Trifluoromethyl 37.2 —
15  4-Trifluoromethyl 58.3 2391+2.34
16  3,5-Trifluoromethyl 30.6 —
17 3-Cyan 443 —
18 4-Cyan 57.8 26921191
19  2-Fluorine 50.1 31.75+£1.86
20  3-Fluorine 45.8 —
21  4-Fluorine 55.8 26.6211.17
22 2-Chlorine 38.5 —
23 3-Chlorine 40.7 —
24 4-Chlorine 429 —
Rl -~
e 564.281+4.68

R WE R VLAY 15 5 o-Hi A FEE 455 7T DL
FEARBR TS 10, (HIEAR S ibBES I k. BEMAR T
ANFERR AL G 15 FRYMER T o0 20 bl BE 1035 77,
H3R18 7 H Lineweaver-Burk EI(E 2b). MEH ] LUE
AR EEAL A0 15 (0~32 umol/L) i s B 3 =5 il 25
FHECT x b, [FI 26 RERBEAGE ) 15 WEEH S+
m. GRRNED 15 2 —FhEESE S SR g
Ab, EIEAEYD 15 IR E SRR ZE I RER R R,
SRAFHHI HU(K)ER 3.5 pmol/L.
1.4 3D WK

o1 21 B T I A S A I R P A R S R A,
HA—E M5k, Fik, KA 3D etk
G 15 X o- T BB R REIR. E o~ 200
(1) 3D A (B 3a)h, AN FERHENE, 43 7] Al
1 (P 2R P €0 R B R 1 2 e e il g 2( 2 Ik SR 4
KB R SEHRFAETEHE ). TINS5 5, o~ %l
3D WHHFENE 1 A1 2 BIRGERE SR T 16.1%,
28.2% (K 3b). SRR AEW15 5 o E MR K A
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Figure 2 Inhibition kinetic of compound 15 on a-glucosidase
(a) Enzyme inhibition kinetic; (b) substrate inhibition kinetic
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Figure 3 (a) 3D fluorescence spectra of a-glucosidase, and (b)
3D fluorescence spectra of a-glucosidase-compound 15
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Figure 4 Molecular docking of a-glucosidase and compound 15
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fTAEY, FFMGE T o5 0 BE H B A RIVE L. 45 SRR,
WG B oM AT B R RIE . K&
15 FHI] o 2 B8 HF B 95 1 B 5, 1Cso JN(23.91£2.34)
pmol/L, & BRI HEFIHIE LT 23.6 5. MR R T
RH=ZH A EEAR TGS, 3h )R
EREY) 15 AT I AETE S 1 1 o1 20 R T R A ) 5.
3D WHLEREF LAY 15 5 o AT FEE B 45 4 7T L
B oM AT R, ARG R EREY 15
5 o-HE FELFEE Asp68, Arg312, Tyr313 TR T &4, 5
Phe177 Fl Phe300 i /K VEH.

3 XIS
3.1 UFESHF

Bruker Advance DPX-500 MHz #Z% LRI (LA TMS
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MS R AR EAEE AR A " WRS-2C
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W& AR E T RERIE). o-H & HH AN E Sigma-
Aldrich, X i 3 2% 2 -q-D- 1t 1 2 7L 9% 1 (p-NPG) I H
Abcam. H ARG Hy 75 43 B 4.
3.2 TEM1~24 &R

S PATHTARIHREN A BT & S1. ¥ ST (1
mmoL). HUCZKFEZ(1 mmoL). N,N- - FF L 3Efi itV
iz (DCC) (1.5 mmoL). 4- — H & #£ itk g (DMAP) (1
mmoL) JIA — & FHEE(DCM) (5 mL)H i B, 58
BRI KK, BRI 1R LB AL, B HLESM
A Eh/KVEV, To7K NaoSOs T, IRk YE 5, AR
FEENT B S B Ak S2. 4% S2 (1 mmoL) FIFALIY T
FHHTBAF) (1 mmoL)I A PUEFEIRE(THF) (5 mL)H1 %
BHEE. RN SESRJE N R 2.0, FMR & 3K ok,
To/K NaxSOs T8, IR M4, &5 & ATET 7 B8
F|L ) 1~24.

(3R,4aS,10aS)-6-¥23E-1,1,4a- = F1 3£-1,2,3,4,42,9,10,
10a- )\ & FE-3-25-1-Z R B (1): LEFEE, 723 87%.
m.p. 177.5~179.0 ‘C; 'H NMR (400 MHz, CDCl;) §:
9.03 (d, J=8.6 Hz, 1H), 8.17 (dd, J=7.3, 1.1 Hz, 1H),
8.02 (d, J=8.2 Hz, 1H), 7.89 (d, J=8.1 Hz, 1H), 7.66~
7.62 (m, 1H), 7.58~7.48 (m, 2H), 6.74 (d, J=2.5 Hz,
1H), 6.62 (dd, J=8.2, 2.6 Hz, 1H), 5.62~5.57 (m, 1H),
2.92~2.76 (m, 2H), 2.73~2.65 (m, 1H), 2.15~2.06 (m,
1H), 1.98~1.91 (m, 2H), 1.83~1.72 (m, 1H), 1.67 (dd,
J=14.8, 4.0 Hz, 1H), 1.51 (dd, J=12.3, 2.1 Hz, 1H), 1.42
(s, 3H), 1.16 (s, 3H), 1.05 (s, 3H); 3C NMR (100 MHz,
CDCls) 6: 167.3, 153.7, 151.1, 133.8, 133.2, 131.4, 130.1,
129.7, 128.5, 127.7, 127.6, 126.5, 126.2, 125.8, 124.5,
112.9, 111.3, 71.5, 49.2, 43.4, 41.7, 37.4, 33.7, 32.7, 29.5,
27.1, 23.5, 18.9; HRMS (ESI-Orbitrap) calcd for
CasH3003Na [M+Na]" 437.2087, found 437.2075.

(3R,4aS,10aS)-6-¥23E-1,1,4a- = F1 3£-1,2,3,4,42,9,10,
10a- )\ & FE-3-2E-2-Z R ER (2): B AFEE, 723 88%.
m.p. 251.3~252.0 C; 'H NMR (400 MHz, CDCl;) §:
8.62 (s, 1H), 8.08 (dd, J=8.6, 1.5 Hz, 1H), 7.94 (d, J=8.0
Hz, 1H), 7.90~7.83 (m, 2H), 7.60~7.51 (m, 2H), 6.93 (d,
J=8.3 Hz, 1H), 6.77 (d, J=2.4 Hz, 1H), 6.67 (dd, J=8.2,
2.4 Hz, 1H), 5.73 (s, 1H), 5.59~5.52 (m, 1H), 2.96~2.75
(m, 2H), 2.70 (d, J=14.6 Hz, 1H), 2.07 (dd, J=15.3, 6.8
Hz, 1H), 1.97~1.88 (m, 2H), 1.85~1.76 (m, 1H), 1.63
(dd, J=14.8,3.8 Hz, 1H), 1.49 (s, 3H), 1.22 (s, 3H), 1.04
(s, 3H); 3C NMR (100 MHz, CDCl3) §: 166.8, 153.8,
151.0, 135.4, 132.4, 131.1, 130.1, 129.4, 128.3, 127.8,
127.7, 126.6, 126.4, 125.1, 113.0, 111.3, 71.9, 49.4, 43.3,
41.5,37.3, 33.6, 32.7, 29.4, 26.9, 23.4, 18.9; HRMS (ESI-
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Orbitrap) caled for CasH3pO3Na [M+Na]' 437.2087,
found 437.2075.

(3R,4aS,10aS)-6- % FE-1,1,4a- — H 5£-1,2,3.4,4a,9,10,
10a- )\ EHE-3-25-2-F A FOR F R IR(3): H g, =%
89%. m.p. 184.1~185.0 ‘C; 'H NMR (400 MHz, CDCl;)
5: 7.85 (dd, J=7.9, 1.8 Hz, 1H), 7.51~7.42 (m, 1H),
7.04~6.96 (m, 2H), 6.91 (d, J=8.3 Hz, 1H), 6.73 (d, J=
2.6 Hz, 1H), 6.60 (dd, J=8.2, 2.5 Hz, 1H), 5.53~5.46 (m,
1H), 5.14 (s, 1H), 3.88 (s, 3H), 2.93~2.74 (m, 2H), 2.70~
2.58 (m, 1H), 2.03~1.98 (m,1H), 1.95~1.84 (m, 2H),
1.82~1.73 (m, 1H), 1.59 (dd, J=14.8, 4.0 Hz, 1H), 1.47
(dd, J=12.3, 2.2 Hz, 1H), 1.41 (s, 3H), 1.15 (s, 3H), 1.01
(s, 3H); C NMR (100 MHz, CDCl;) J: 159.4, 153.8,
151.3, 133.5, 131.7, 130.0, 126.5, 120.1, 112.8, 111.9,
111.3, 71.2, 55.6, 49.4, 43.4, 41.6, 37.3, 33.7, 32.7, 29.5,
26.7, 23.1, 18.9; HRMS (ESI-Orbitrap) calcd for CasHso-
O,Na [M+Na]" 417.2036, found 417.2023.

(3R.4aS,10a8)-6-¥2 %£-1,1,4a- = F 3£-1,2,3,4,42,9,10,
10a-)\&FE-3-25-3- AR HR TR (4): B4k, =%
91%. m.p. 135.0~136.0 ‘C; 'H NMR (400 MHz, CDCl;)
d: 7.65 (d, J=7.7 Hz, 1H), 7.59 (dd, J=2.4, 1.5 Hz, 1H),
7.35 (t, J=8.0 Hz, 1H), 7.14~7.08 (m, 1H), 6.91 (d, J=
8.2 Hz, 1H), 6.72 (d, J=2.5 Hz, 1H), 6.63 (dd, J=8.2,2.5
Hz, 1H), 5.57 (s, 1H), 5.52~5.46 (m, 1H), 3.83 (s, 3H),
2.98~2.74 (m, 2H), 2.70~2.59 (m, 1H), 2.04~1.90 (m,
2H), 1.89~1.75 (m, 2H), 1.60 (dd, J=14.9, 3.9 Hz, 1H),
1.48 (dd, J=12.3, 2.1 Hz, 1H), 1.43 (s, 3H), 1.18 (s, 3H),
1.02 (s, 3H); 3C NMR (100 MHz, CDCl3) 6: 166.4, 159.5,
153.8, 151.1, 131.9, 130.1, 129.5, 126.4, 121.9, 119.5,
114.0, 112.9, 111.2, 71.8, 55.3, 49.4, 43.4, 41.4, 37.2, 33.6,
32.7, 29.4, 26.8, 23.3, 18.8; HRMS (ESI-Orbitrap) calcd
for CasH3004Na [M+Na]™ 417.2036, found 417.2022.

(3R,4aS,10aS)-6- % FE-1,1,4a- — H 5£-1,2,3,4,4a,9,10,
10a- )\ EHE-3-2L-4-F A EOE F IR IR(S): H g, =%
86%. m.p. 222.8~224.3 ‘C; 'H NMR (400 MHz, DMSO-
ds) 5: 8.91 (s, 1H), 7.98~7.85 (m, 2H), 7.12~7.04 (m,
2H), 6.80 (d, J=8.3 Hz, 1H), 6.61 (d, J=2.4 Hz, 1H), 6.48
(dd, J=8.2, 2.4 Hz, 1H), 5.38~5.33 (m, 1H), 3.83 (s, 3H),
3.32 (s, 4H), 2.88~2.66 (m, 2H), 2.56 (d, J=14.5 Hz,
1H), 1.88 (t, J=10.5 Hz, 2H), 1.81~1.66 (m, 2H), 1.62
(dd, J=14.8, 3.8 Hz, 1H), 1.43 (dd, J=12.2, 1.7 Hz, 1H),
1.34 (s, 3H), 1.12 (s, 3H), 0.99 (s, 3H); *C NMR (100
MHz, DMSO-ds) d: 165.0, 163.1, 155.1, 150.5, 131.0,
129.6, 124.1, 122.4, 114.1, 112.8, 110.7, 70.87, 55.5, 49.0,
42.8, 40.9, 36.6, 33.4, 32.3, 28.9, 26.7, 23.1, 18.5; HRMS
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(ESI-Orbitrap) caled for CosH3004Na [M+Na]" 417.2036,
found 417.2024.

(3R,4aS,10a8)-6- £ 3-1,1,4a- — F F£-1,2,3,4,4a,9,10,
10a- )\ S 4E-3-%-3,4- — H S FL R PRI (6): 1 €0 [ 4,
FEER 88%. m.p. 191.2~192.0 ‘C; 'H NMR (400 MHz,
CDCl) o: 7.68 (dd, J=8.4, 1.9 Hz, 1H), 7.59 (d, J=1.9
Hz, 1H), 6.91 (dd, /=8.3, 4.2 Hz, 2H), 6.72 (d, J=2.6 Hz,
1H), 6.60 (dd, J=8.2, 2.6 Hz, 1H), 5.52~5.44 (m, 1H),
4.83 (s, 1H), 3.92 (d, J/=10.5 Hz, 6H), 2.93~2.77 (m,
2H), 2.66 (d, J/=14.3 Hz, 1H), 2.04~1.91 (m, 2H), 1.90~
1.75 (m, 2H), 1.63~1.58 (m, 2H), 1.50 (dd, J=12.3, 2.2
Hz, 1H), 1.44 (s, 3H), 1.19 (s, 3H), 1.03 (s, 3H); *C NMR
(100 MHz, CDCl3) d: 166.1, 153.6, 152.9, 151.2, 148.6,
130.2, 126.6, 123.4, 123.3, 1129, 112.0, 111.2, 110.4,
100.0, 71.3, 56.0, 55.9, 49.5, 43.5, 41.6, 37.3, 33.7, 32.7,
29.5, 26.8, 23.3, 18.9; HRMS (ESI-Orbitrap) calcd for
CycH3,05Na [M+Na]" 447.2142, found 447.2129.

(3R,4aS,10a8)-6- 2 %E-1,1,4a- = 1 %£-1,2,3,4,42,9,10,
10a- J\ S JE-3- 56 -2- 1R K R 5 (7): LR, 723
85%. 'H NMR (400 MHz, CDCl;) 6: 7.78~7.72 (m, 1H),
7.69~7.63 (m, 1H), 7.40~7.28 (m, 2H), 6.90 (d, J=8.2
Hz, 1H), 6.72 (s, 1H), 6.62~6.59 (m, 1H), 5.52~5.45 (m,
1H), 5.15 (s, 1H), 2.91~2.74 (m, 2H), 2.70~2.59 (m,
1H), 2.11~2.00 (m, 1H), 1.98~1.86 (m, 2H), 1.82~1.70
(m, 1H), 1.62 (dd, J=14.7, 3.6 Hz, 1H), 1.49 (s, 1H), 1.37
(s, 3H), 1.07 (d, J/=30.2 Hz, 6H); 3*C NMR (100 MHz,
CDCl) o: 166.0, 153.7, 151.0, 134.3, 132.8, 132.3, 130.7,
130.1, 127.2, 126.5, 121.6, 112.9, 111.4, 72.5, 49.1, 43.0,
41.6,37.4,33.5,32.7,29.5, 27.2, 23.5, 18.9; HRMS (ESI-
Orbitrap) caled for CaH,7BrOsNa [M+Na]'™ 465.1036,
found 465.1026.

(3R,4aS,10a8)-6- 32 % -1,1,4a- = 1 %£-1,2,3,4,42,9,10,
10a- J\ & FE-3- K -3- IR K W R FR (8): (L[l 4k, 7=
88%. m.p. 180.0~181.1 “C; '"H NMR (400 MHz, CDCI;)
0: 8.19 (t, J=1.6 Hz, 1H), 7.97 (d, J/=7.8 Hz, 1H), 7.74~
7.62 (m, 1H), 7.33 (t, J=7.9 Hz, 1H), 6.92 (d, J=8.2 Hz,
1H), 6.70 (d, J=2.5 Hz, 1H), 6.61 (dd, J=28.2, 2.6 Hz,
1H), 5.48 (p, J=3.7 Hz, 1H), 5.11 (s, 1H), 2.99~2.73 (m,
2H), 2.63 (d, J=14.6 Hz, 1H), 2.06~1.75 (m, 4H), 1.61
(dd, J=14.9, 3.9 Hz, 1H), 1.49 (dd, J=12.3, 2.1 Hz, 1H),
1.42 (s, 3H), 1.17 (s, 3H), 1.04 (s, 3H); *C NMR (100
MHz, CDCls) 6: 165.1, 153.6, 151.0, 135.8, 132.6, 130.1,
130.0, 128.0, 126.5, 122.6, 112.9, 111.2, 72.3, 49.3, 43.3,
41.5,37.3, 33.6, 32.7, 29.5, 27.0, 23.4, 18.9; HRMS (ESI-
Orbitrap) caled for CpyH,sBrOsNa [M+Na]'™ 465.1036,
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found 465.1026.

(3R.,4aS,10a8)-6-¥2%E-1,1,4a- = H1 3£-1,2,3,4,4a,9,10,
10a- )\ & FE-3- 2 4- K H R 5 (9): & (o [E 44, p= 3
90%. m.p. 143.2~144.0 ‘C; 'H NMR (400 MHz,
CD;0D) §: 7.96~7.91 (m, 2H), 7.70~7.65 (m, 2H), 6.85
(d, J=8.3 Hz, 1H), 6.68 (d, J=2.5 Hz, 1H), 6.54 (dd, J=
8.2, 2.5 Hz, 1H), 5.48 (p, J=3.8 Hz, 1H), 4.89 (s, 2H),
2.92~2.73 (m, 2H), 2.71~2.64 (m, 1H), 2.07~1.93 (m,
2H), 1.91~1.75 (m, 2H), 1.66 (dd, J=14.9, 3.9 Hz, 1H),
1.51 (dd, J=12.3, 2.2 Hz, 1H), 1.43 (s, 3H), 1.19 (s, 3H),
1.05 (s, 3H); *C NMR (100 MHz, CD;OD) J: 166.8,
156.2, 152.0, 133.0, 132.1, 131.1, 131.0, 129.0, 126.4,
114.0, 111.9, 73.5, 50.9, 44.4, 42.7, 38.4, 34.1, 33.6, 30.6,
27.7,24.0, 20.2; HRMS (ESI-Orbitrap) calcd for Co4Hz7Br1-
O3Na [M+Na]" 465.1036, found 465.1026.

(3R.,4aS,10a8)-6-¥2%E-1,1,4a- = H1 3£-1,2,3,4,4a,9,10,
10a- )\ HE-3-25-2- F E R R TS (10): (I (il 44, 7=
92%. m.p. 330.0~331.2 ‘C; 'H NMR (400 MHz, CDCl;)
5: 7.88 (d, J=8.0 Hz, 1H), 7.44~7.34 (m, 1H), 7.26~
7.22 (m, 2H), 6.90 (d, J/=8.2 Hz, 1H), 6.71 (d, J=2.6 Hz,
1H), 6.60 (dd, J=8.2, 2.6 Hz, 1H), 5.48~5.41 (m, 1H),
5.22 (s, 1H), 2.94~2.74 (m, 2H), 2.65 (s, 3H), 2.63~2.58
(m, 1H), 2.04~1.87 (m, 3H), 1.80~1.71 (m, 1H), 1.61
(dd, J=14.7, 4.0 Hz, 1H), 1.48 (dd, J=12.3, 2.1 Hz, 1H),
1.39 (s, 3H), 1.14 (s, 3H), 1.03 (s, 3H); *C NMR (100
MHz, CDCls) 0: 167.4, 153.7, 151.2, 140.3, 131.7, 130.1,
130.1, 126.5, 125.8, 112.9, 111.4, 71.2, 49.2, 43.3, 41.8,
37.4,33.5,32.7,29.5,27.2,23.5,21.7, 19.0; HRMS (ESI-
Orbitrap) caled for CisH3;pO3;Na [M+Na]® 401.2087,
found 401.2078.

(3R,4aS,10a8)-6- %3 -1,1,4a- — H 5£-1,2,3.4,4a,9,10,
10a- )\ A FE-3-25-3- FEOR R IR (11): B (il A, F= 3
90%. m.p. 189.9~191.1 ‘C; 'H NMR (400 MHz, CDCl;)
5: 7.88 (s, 1H), 7.84 (d, J=7.4 Hz, 1H), 7.40~7.31 (m,
2H), 6.92 (d, J=8.2 Hz, 1H), 6.71 (d, J=2.6 Hz, 1H), 6.60
(dd, J=8.2, 2.6 Hz, 1H), 5.49 (p, J=3.9 Hz, 1H), 4.80 (s,
1H), 2.95~2.75 (m, 2H), 2.66 (dt, J=14.5, 2.4 Hz, 1H),
2.41 (s, 3H), 2.05~1.75 (m, 4H), 1.59 (d, J=3.9 Hz, 1H),
1.50 (dd, J=12.3, 2.3 Hz, 1H), 1.44 (s, 3H), 1.18 (s, 3H),
1.03 (s, 3H); 3C NMR (100 MHz, CDCl3) 6: 166.6, 153.6,
151.2, 138.2, 133.6, 130.6, 130.2, 130.1, 128.3, 126.7,
126.6, 112.8, 111.3, 71.5, 49.4, 43.4, 41.6, 37.3, 33.7, 32.7,
29.5, 26.9, 23.4, 21.3, 18.9; HRMS (ESI-Orbitrap) calcd
for CsH3003Na [M+Na]™ 401.2087, found 401.2077.

(3R,4aS,10a8)-6-¥23%-1,1,4a- —H F£-1,2,3,4,4a,9,10,
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10a- )\ EFE-3-24-4- FHEOR H R IR(12): A B, =%
92%. m.p. 192.1~193.0 “C; 'H NMR (400 MHz, CDCl;)
8: 7.95 (d, J=8.1 Hz, 2H), 7.25 (d, J=8.4 Hz, 2H), 6.92
(d, J=8.2 Hz, 1H), 6.72 (d, J=2.5 Hz, 1H), 6.62 (dd, J=
8.2, 2.5 Hz, 1H), 5.50 (p, J=3.5 Hz, 1H), 2.97~2.75 (m,
2H), 2.65 (d, J=14.5 Hz, 1H), 2.41 (s, 3H), 2.04~1.91
(m, 2H), 1.89~1.75 (m, 2H), 1.60 (dd, J=14.8, 3.9 Hz,
1H), 1.49 (dd, J=12.3, 1.9 Hz, 1H), 1.43 (s, 3H), 1.18 (s,
3H), 1.03 (s, 3H); 3C NMR (100 MHz, CDCl3) 6: 166.6,
153.6, 151.2, 138.2, 133.6, 130.6, 130.2, 130.1, 128.3,
126.7, 126.6, 112.8, 111.3, 71.5, 49.4, 43.4, 41.6, 37.3,
33.7, 32.7, 29.5, 26.9, 23.4, 21.3, 18.9; HRMS (ESI-
Orbitrap) caled for C,sH3O3;Na [M+Na]' 401.2087,
found 401.2078.

(3R,4aS,10a8)-6-$£ 3-1,1,4a- — F F£-1,2,3,4,4a,9,10,
10a- )\ & FE-3-28-2- = 5 FF B R IR IR (13): 3 A [ 44,
FEE 95%. mp. 113.6~115.0 C; '"H NMR (400 MHz,
CDCl3) d: 7.79~7.70 (m, 2H), 7.64~7.56 (m, 2H), 6.91
(d, J=8.2 Hz, 1H), 6.72 (d, J=2.6 Hz, 1H), 6.60 (dd, J=
8.2, 2.6 Hz, 1H), 5.48 (p, J=4.3 Hz, 1H), 5.03 (s, 1H),
2.90~2.74 (m, 2H), 2.64 (dd, J=14.5, 2.5 Hz, 1H),
2.08~1.87 (m, 3H), 1.79~1.68 (m, 1H), 1.63 (dd, J=
14.7, 4.0 Hz, 1H), 1.48 (dd, J=12.3, 2.1 Hz, 1H), 1.33 (s,
3H), 1.05 (d, J=11.4 Hz, 6H); *C NMR (100 MHz,
CDClLy) d: 166.7, 153.6, 151.0, 132.0 (q, Jer=2.0 Hz),
131.8, 130.9, 130.1, 129.4, 128.5 (q, Je.r=32.0 Hz), 126.7
(q, Jer=5.0 Hz), 126.5, 123.4 (q, Jer=272.0 Hz), 112.9,
111.4, 49.0, 42.8, 41.5, 37.5, 33.4, 32.7, 29.5, 27.1, 23 .4,
19.0; F NMR (376 MHz, CDCl3) 6: —59.00; HRMS
(ESI-Orbitrap) caled for CasHy7F30sNa [M + Na] *
455.1805, found 455.1794.

(3R.4aS,10a8)-6- ¥ FE-1,1,4a- = W 3£-1,2,3,4,4a,9,10,
10a- )\ FE-3-2-3- = 5l FH B R IR R (14): o iR,
2% 90%. '"H NMR (400 MHz, CDCls) J: 8.34 (s, 1H),
8.22 (d, J=7.8 Hz, 1H), 7.82 (d, J=7.8 Hz, 1H), 7.60 (t,
J=17.8 Hz, 1H), 6.92 (d, J=8.2 Hz, 1H), 6.77~6.54 (m,
2H), 5.52 (q, J=3.9 Hz, 1H), 491 (d, J=8.0 Hz, 1H),
2.99~2.75 (m, 2H), 2.72~2.60 (m, 1H), 2.11~1.89 (m,
3H), 1.86~1.75 (m, 1H), 1.64 (dd, J=14.9, 3.9 Hz, 1H),
1.51 (dd, J=12.3, 2.2 Hz, 1H), 1.43 (s, 3H), 1.18 (s, 3H),
1.05 (s, 3H); 3C NMR (100 MHz, CDCl3) 6: 165.1, 153.6,
151.0, 132.6, 131.6, 131.2 (q, Jcr=33.0 Hz), 130.2, 129.4
(q, Jer=3.0 Hz), 129.2, 126.6, 126.5 (q, Jor=4.0 Hz),
123.6 (q, Jer=271.0 Hz), 112.9, 111.2, 49.3, 43.3, 41.6,
37.3, 33.6, 32.7, 29.5, 27.0, 23.4, 18.9; 'F NMR (376
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MHz, CDCl3) 6: —62.86; HRMS (ESI-Orbitrap) calcd for
C,sH7F303Na [M+Na]™ 455.1805, found 455.1793.

(3R,4aS,10a8)-6- % FE-1,1,4a- — H 5£-1,2,3,4,4a,9,10,
10a- )\ & FE-3-38-4- = 50 BRI IR IR (15): o iR,
=% 89%. '"H NMR (400 MHz, CDCls) d: 8.17 (d, J=8.2
Hz, 2H), 7.73 (d, J=8.3 Hz, 2H), 5.53 (p, J=3.7 Hz, 1H),
5.19 (s, 1H), 2.95~2.76 (m, 2H), 2.67 (d, J=14.6 Hz,
1H), 2.07~1.87 (m, 3H), 1.87~1.74 (m, 1H), 1.63 (dd,
J=14.9, 3.9 Hz, 1H), 1.51 (dd, J=12.3, 1.9 Hz, 1H), 1.43
(s, 3H), 1.18 (s, 3H), 1.04 (s, 3H); *C NMR (100 MHz,
CDCls) 6: 165.3, 153.7, 150.9, 134.4 (q, Jcr=32.0 Hz),
133.9, 130.2, 129.9, 126.5, 125.5 (q, Jer=3.0 Hz), 123.6
(q, Jer=271.0 Hz), 113.0, 111.2, 72.5, 49.4, 43.3, 41.5,
37.3, 33.6, 32.7, 29.4, 26.9, 23.4, 18.9; '°F NMR (376
MHz, CDCl3) 6: —63.06; HRMS (ESI-Orbitrap) calcd for
C,sHy7F303Na [M+Na]™ 455.1805, found 455.1794.

(3R,4aS,10a8)-6- % FE-1,1,4a- — H 5£-1,2,3.4,4a,9,10,
10a- )\ A FE-3-56-3,5- = % LR F R R (16): ot ilpIR,
=% 85%. 'H NMR (400 MHz, CDCls) d: 8.50 (s, 2H),
8.08 (s, 1H), 6.92 (d, J/=8.2 Hz, 1H), 6.70 (d, J=2.5 Hz,
1H), 6.60 (dd, J=8.2, 2.5 Hz, 1H), 5.57~5.50 (m, 1H),
4.83 (s, 1H), 3.00~2.74 (m, 2H), 2.72~2.58 (m, 1H),
2.15~1.92 (m, 3H), 1.86~1.77 (m, 1H), 1.67 (dd, J=
14.8, 3.8 Hz, 1H), 1.53 (dd, J=12.3, 2.0 Hz, 1H), 1.43 (d,
J=5.5 Hz, 3H), 1.18 (d, J=5.4 Hz, 3H), 1.07 (d, J=5.4
Hz, 3H); 3C NMR (101 MHz, CDCls) 6: 163.6, 153.6,
150.8, 132.9, 132.3 (q, Jcr=34.0 Hz), 130.2, 129.6, 126.6,
126.3, 122.8 (q, Jcr=272.0 Hz), 113.0, 111.3, 73.3, 49.1,
43.1, 41.6, 37.4, 33.4, 32.7, 29.4, 27.1, 23.4, 19.0; '°F
NMR (376 MHz, CDCl3) §: —63.04; HRMS (ESI-Orbi-
trap) calcd for CpsHyFsOsNa [M+Na]" 523.1678, found
523.1687.

(3R,4aS,10a8)-6- % FE-1,1,4a- — H 5£-1,2,3,4,4a,9,10,
10a- )\ A FE-3-2-3-FUE R R IR (17): A Ak, =%
82%. m.p. 128.3~129.0 ‘C; 'H NMR (400 MHz, CDCl;)
5: 8.31 (d, J=1.5 Hz, 1H), 8.28~8.25 (m, 1H), 7.86~
7.84 (m, 1H), 7.61 (t, J=7.8 Hz, 1H), 6.92 (d, J=8.2 Hz,
1H), 6.70 (d, J=2.6 Hz, 1H), 6.61 (dd, J=8.2, 2.6 Hz,
1H), 5.56~5.48 (m, 1H), 4.97 (s, 1H), 3.00~2.75 (m,
2H), 2.67~2.62 (m, 1H), 2.06~1.89 (m, 3H), 1.85~1.75
(m, 1H), 1.63 (dd, J=14.9, 3.9 Hz, 1H), 1.51 (dd, J=12.3,
2.2 Hz, 1H), 1.42 (s, 3H), 1.17 (s, 3H), 1.04 (s, 3H); 1*C
NMR (100 MHz, CDCl;) J: 164.4, 153.6, 150.8, 136.0,
133.6, 133.1, 132.0, 130.2, 129.6, 126.6, 117.9, 113.0,
111.2, 72.8, 49.2, 43.2, 41.5, 37.3, 33.5, 32.7, 29.4, 27.1,
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23.5, 18.9; HRMS (ESI-Orbitrap) caled for C,sH27NO3;Na
[M-+Na]" 412.1883, found 412.1873.
(3R,4aS,10a8)-6-$£3-1,1,4a- — F F£-1,2,3,4,4a,9,10,
10a- )\ FE-3-F-4-FHE IR FER IR (18): H ([l fh, f=2
87%. m.p. 229.1~230.9 ‘C; 'H NMR (400 MHz, CDCl;)
0: 8.14 (d, J=8.4 Hz, 2H), 7.76 (d, J=8.4 Hz, 2H), 6.92
(d, J=8.2 Hz, 1H), 6.70 (d, J=2.6 Hz, 1H), 6.61 (dd,
J=8.2, 2.6 Hz, 1H), 5.52 (p, J=3.8 Hz, 1H), 5.11 (s, 1H),
2.96~2.75 (m, 2H), 2.65 (d, J=13.8 Hz, 1H), 2.04~1.87
(m, 3H), 1.85~1.74 (m, 1H), 1.63 (dd, J=14.9, 3.9 Hz,
1H), 1.50 (dd, J=12.3, 2.1 Hz, 1H), 1.41 (s, 3H), 1.16 (s,
3H), 1.04 (s, 3H); *C NMR (100 MHz, CDCl;) J: 164.7,
153.6, 150.8, 134.5, 132.4, 130.2, 130.0, 126.5, 118.0,
116.3, 113.0, 111.2, 72.8, 49.3, 43.2, 41.4, 37.2, 33.5, 32.7,
29.4, 27.0, 23.4, 18.9; HRMS (ESI-Orbitrap) calcd for
C,sH,7NO3Na [M+Na]" 412.1883, found 412.1874.
(3R,4aS,10a8)-6-$£3-1,1,4a- — F F£-1,2,3,4,4a,9,10,
10a- )\ FE-3-56-2- 5 K R B (19): B4 [l 4k, 7= 3%
82%. m.p. 222.3~223.0 ‘C; 'H NMR (400 MHz, CDCl;)
0: 7.98~7.94 (m, 1H), 7.57~7.46 (m, 1H), 7.23~7.19
(m, 1H), 7.17~7.10 (m, 1H), 6.91 (d, J=8.2 Hz, 1H),
6.72 (d, J=2.5 Hz, 1H), 6.62 (dd, J=8.2, 2.5 Hz, 1H),
5.51 (p, J=3.8 Hz, 1H), 5.36 (d, J=31.6 Hz, 1H), 2.94~
2.74 (m, 2H), 2.65 (d, J=14.5 Hz, 1H), 2.04~1.76 (m,
4H), 1.61 (dd, J=14.9, 4.0 Hz, 1H), 1.47 (dd, J=12.3, 2.1
Hz, 1H), 1.40 (s, 3H), 1.15 (s, 3H), 1.02 (s, 3H); 3C NMR
(100 MHz, CDCl3) 6: 1642 (d, Jor=4.0 Hz), 163.3,
160.7, 153.7, (d, Jer=1.0 Hz), 151.1, 134.4 (d, Jcr=9.0
Hz), 132.0, 130.1, 126.5 (d, Jcr=2.0 Hz), 124.0 (d, Jor=
4.0 Hz), 119.1 (d, Jcr=9.0 Hz), 117.0 (d, Jcr=23.0 Hz),
112.9, 111.3, 72.1, 49.4, 43.3, 41.5, 37.2, 33.6, 32.6, 29.5,
26.7, 23.1, 18.9; “F NMR (376 MHz, CDCly) o:
—109.02; HRMS (ESI-Orbitrap) caled for C,4sH7FO3Na
[M-+Na]™ 405.1836, found 405.1829.
(3R,4aS,10a8)-6-$£3-1,1,4a- — F F£-1,2,3,4,4a,9,10,
10a- J\ & FE-3-56-3- 50K F R R (20): 28 € [E 4k, 7= 3%
88%. m.p. 191.9~192.8 ‘C; 'H NMR (400 MHz, CDCl;)
0: 7.84 (d, J=7.8 Hz, 1H), 7.77~7.67 (m, 1H), 7.45~
7.04 (m, 1H), 7.30~7.22 (m, 1H), 6.92 (d, J=8.2 Hz,
1H), 6.71 (d, J=2.5 Hz, 1H), 6.62 (dd, J=8.2, 2.5 Hz,
1H), 5.50 (p, J=3.7 Hz, 1H), 5.28 (d, J=11.0 Hz, 1H),
2.98~2.74 (m, 2H), 2.64 (d, J=14.6 Hz, 1H), 2.03~1.76
(m, 4H), 1.61 (dd, J=14.9, 3.9 Hz, 1H), 1.51 (d, J=2.0
Hz, 1H), 1.42 (s, 3H), 1.17 (s, 3H), 1.03 (s, 3H); 3C NMR
(100 MHz, CDCl3) d: 165.3 (d, Jcr=3.0 Hz), 161.6 (d,
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Jcr=246.0 Hz), 153.7, 151.0, 13291 (d, Jcr=7.0 Hz),
130.1 (d, Jcr=7.0 Hz), 126.6, 125.2 (d, Jcr=2.0 Hz)
120.0 (d, Jcr=21.0 Hz), 116.4 (d, Jcr=23.0 Hz), 113.0,
111.2, 72.2, 49.4, 43.3, 41.6, 37.3, 33.6, 32.7, 29.5, 26.9,
23.4, 18.9; F NMR (376 MHz, CDCl;) §: —112.02;
HRMS (ESI-Orbitrap) calcd for Cp4H»;FO3Na [M+Na]®
405.1836, found 405.1827.

(3R,4aS,10a9)-6-¥2 51,1, 4a- — 1 %£-1,2,3,4,4a,9,10,
10a- J\EHE-3- 3 -4- UK R iR (21): BBk, 7%
85%. 'H NMR (400 MHz, CDCl;) ¢: 8.08~8.04 (m, 2H),
7.12 (t, J=8.6 Hz, 2H), 6.92 (d, J=8.3 Hz, 1H), 6.71 (d,
J=2.5 Hz, 1H), 6.62 (dd, /=8.2, 2.5 Hz, 1H), 5.49 (p, J=
3.7 Hz, 1H), 5.31 (d, J=26.2 Hz, 1H), 2.96~2.75 (m,
2H), 2.64 (d, J=14.5 Hz, 1H), 2.04~1.75 (m, 4H), 1.61
(dd, J=14.9, 3.9 Hz, 1H), 1.52~1.47 (m, 1H), 1.42 (s,
3H), 1.18 (s, 3H), 1.03 (s, 3H); '3C NMR (100 MHz,
CDCl3) 0: 165.7 (d, Jcr=253.0 Hz), 165.6, 153.7, 151.0,
132.0 (d, Jcr=10.0 Hz), 130.1, 126.9 (d, Jcr=3.0 Hz),
126.5, 115.6 (d, Jcr=22.0 Hz), 113.0, 111.2, 71.9, 49.4,
43.4, 41.6, 37.3, 33.6, 32.7, 29.5, 26.9, 23.4, 18.9; “F
NMR (376 MHz, CDCl3) : —105.55; HRMS (ESI-Orbi-
trap) calced for Co4H27FO3Na [M+Na]'™ 405.1836, found
405.1826.

(3R,4aS,10a5)-6-¥2 51,1 ,4a- — 1 %£-1,2,3,4,4a,9,10,
10a- NS HE-3-26 2- G0 IR iR (22): Lk, 7%
92%. 'H NMR (400 MHz, CDCl;) §: 7.80 (dd, J=7.7, 1.6
Hz, 1H), 7.49~7.39 (m, 2H), 7.34~7.30 (m, 1H), 6.91 (d,
J=8.2 Hz, 1H), 6.72 (d, /=2.5 Hz, 1H), 6.61 (dd, J=8.2,
2.6 Hz, 1H), 5.53~5.46 (m, 1H), 5.17 (s, 1H), 2.94~2.73
(m, 2H), 2.71~2.57 (m, 1H), 2.08~2.00 (m, 1H), 1.92
(dd, J=14.3, 4.8 Hz, 2H), 1.85~1.69 (m, 1H), 1.62 (dd,
J=14.8, 3.9 Hz, 1H), 1.48 (dd, /=12.3, 2.1 Hz, 1H), 1.37
(s, 3H), 1.11 (s, 3H), 1.03 (s, 3H); 3C NMR (100 MHz,
CDCl;) 0: 165.5, 153.6, 151.0, 133.6, 132.4, 131.1, 130.8,
130.6, 130.1, 126.6, 126.5, 112.9, 111.3, 77.3, 49.1, 43.1,
41.5, 374, 33.5, 32.7,29.5, 27.1, 23.5, 18.9; HRMS (ESI-
Orbitrap) caled for CasH»ClOsNa [M-+Na]™ 421.1541,
found 421.1531.

(3R,4aS,10a8)-6- %3 -1,1,4a- — H 5£-1,2,3,4,4a,9,10,
10a- )\ S -3- 2 -3- 50K HR IR (23): HCuldl 4, &
86%. m.p. 195.2~196.0 ‘C; 'H NMR (400 MHz, CDCl;)
0: 8.02 (t, J/=1.8 Hz, 1H), 7.94~7.91 (m, 1H), 7.55~7.52
(m, 1H), 7.39 (t, J=7.9 Hz, 1H), 6.92 (d, J=8.2 Hz, 1H),
6.70 (d, J=2.6 Hz, 1H), 6.61 (dd, J=8.2, 2.6 Hz, 1H),
5.49 (p, J=3.8 Hz, 1H), 2.99~2.75 (m, 2H), 2.64 (d, J=
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14.3 Hz, 1H), 2.05~1.74 (m, 4H), 1.61 (dd, J=14.9, 3.9
Hz, 1H), 1.42 (s, 3H), 1.17 (s, 3H), 1.03 (s, 3H); *C NMR
(100 MHz, CDCls) §: 165.2, 153.6, 151.0, 134.6, 132.9,
132.4, 130.1, 129.8, 129.7, 127.6,126.6, 112.9, 111.2, 72.2,
493, 43.2, 41.5, 37.3, 33.6, 32.7, 29.5, 27.0, 23.4, 18.9;
HRMS (ESI-Orbitrap) caled for CysHClOsNa [M+Na]®
421.1541, found 421.1529.

(3R,4aS,10aS)-6-¥23E-1,1,4a- = F1 3£-1,2,3,4,42,9,10,
10a- )\ & FE-3- 5= -4- SR W R R (24): L uiiak, 7%
94%. '"H NMR (400 MHz, CD;0D) 6: 8.04~7.90 (m, 2H),
7.55~7.41 (m, 2H), 6.81 (d, J=8.3 Hz, 1H), 6.65 (d, J=
2.5 Hz, 1H), 6.51 (dd, J=8.2, 2.5 Hz, 1H), 5.43 (p, J=3.6
Hz, 1H), 2.86~2.71 (m, 2H), 2.67~2.62 (m, 1H), 2.06~
1.88 (m, 2H), 1.84~1.72 (m, 2H), 1.61 (dd, J=14.9, 3.9
Hz, 1H), 1.45 (dd, J=12.3, 2.0 Hz, 1H), 1.39 (s, 3H), 1.15
(s, 3H), 1.01 (s, 3H); 3C NMR (100 MHz, CD;0D) ¢:
166.6, 156.2, 151.9, 140.4, 132.0, 131.0, 130.6, 130.1,
126.4, 114.0, 111.9, 73.5, 50.9, 44.3, 42.6, 38.4, 34.1, 33.6,
30.6, 27.7, 23.9, 20.1; HRMS (ESI-Orbitrap) calcd for
CasH»,ClOsNa [M+Na]* 421.1541, found 421.1529.
3.3 o-HEEEEHEIIG R AFENE

SRR B2 A0 W7 V2200 e A ) o AR
T BENH TG . 10 uL o % 0% E R AN 10 uL FrAL A4
BEN 130 pL AR £ 2% pR iAW (PBS)(0.1 mol/L, pH 6.8)1,
37 ‘CF#¥ A 10 min, BEfEIIA 50 uL 1) p-NPG, fE 405
nm NIEBROE AR, THEALE IS .

fig ) 3520 [ 2 IR B, e &P 15 (0~
32 pumol/L){EAN A BFR £ (0.075~0.15 U/mL) F, 405 nm
AR e P AR AR AL

JRPN ) 3251200 [ IR B VR B, M E A 15
(0~32 pmol/L)TEAN A #094< FE (1~4 mmol/L) T 405 nm
AR e P AR AR AL
3.4 3D IHHIL

Z WU B T A 7 VR RTINS o 2 RE R AT
200~600 nm K T/ 3D G, ARSE A 10 uL 1)
th&Y015,25 C NI E 5 min, 0% o-% G -0 &
) 15 1) 3D w e E .
3.5 HFXHE

ZIRFTIER3N B SYBYL HRAFRE o- 7 %5 B
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