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Asymmetric 1,3-Dipolar Cycloaddition Reaction of C,N-Diarylnitrone
with N-a,B-Unsaturated Acylpyrazoles Catalyzed by Ni-DBFOX/Ph

Liu, Xunshen

Li, Meimei

You, Jun* Liu, Bo*

(Key Laboratory of Green Chemical Engineering and Technology of College of Heilongjiang Province, College of

Chemical and Environmental Engineering, Harbin University of Science and Technology, Harbin 150040)

Abstract Using (R,R)-4,6-dibenzofurandiyl-2,2'-bis(4-phenyloxazoline)-Ni (Ni-DBFOX) as the catalyst, asymmetric cata-
lytic 3-dipolar cycloaddition reactions between N-a.f-unsaturated acylpyrazoles and C,N-diarylnitrone have been developed
with 95% regioselectivity and an endo/exo ratio of 99 : 1 with >90% ee of the endo-diastereomer. Influence of olefins,
nitrone structure, metal type and amount of catalyst on the reaction stereoselectivity was also carefully discussed.

Keywords asymmetric catalysis; 1,3-dipolar cycloaddition; DBFOX/Ph; C,N-diarylnitrone; N-a,f-unsaturated acylpyrazoles;

enantioselectivity
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B 13RI RSB F 5 5 RS R T 4 SR 4%
HP Y T

TESCHRIRGE ) 2 F- PR AR, 1998 4F Kanemasa
212190 31 () — 28 I 5 -2, 2'- WU e ik (DBFOX/Ph) L g
R, B D)2 H AT SR 1,38 H IR 0 s v 25 8
AT AT 2 —. NS Fh T a2 B WAL SR 1)
S AT, MR o A A WER G R X SR S AR B
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B 2R IFRR-2,2' - XERE Ik (DBFOX/Ph) 28 fir 44

Figure 1 Chiral ligand DBFOX/Ph
HR5TR

1-o,B- AN MO AL 3 -3,5- — FHSEIE e (2) 15 — 5 L Al
GMIFRINE S S U Eq. 1 Frw, B A6 X 3k £k
exolendo J 0T SFAAESENE, TEIA HEAFIAFETE G
WF, H 8 R k.

I & ) B RIAAAE Ltlsﬁmﬂm&
SN PRI B AR BRI I B G, - I 2E-3,5-—

Ph\+,O
/(< g

1

. S

FEME M (22) 5 2K AN A (3a) A PRI RS B E A I N A
TR, ZiR R 24 h FALZRACN 50%, HARAGAE(T
FIEFEMEER 1, Entry 1). JIA 10 mol%[ = & B A i
7, FIE T RSP 10 min FALZLE] 100%, 15 2]7MH
WEI) 4-Ar P R S nbL e B AR P S e =), H. exo JEFRAE
IEF] 90%(FK 1, Entry 2). kS LEK M ETH] 2 12 h(FR 1,
Entry 3), /=45 R NAR R H 1) 5 I R AR SR AR U R
N, AERREIFE) R IS exo-6al®Y, 78 5 Y S2 I 75
F) 7R A exo-6b(F 2, Entry 3).

T R 5 3k U 4 i 6 TR B A P T DAAE S B ) f
MR A RS B ORGSR 1 460 T FHRAE 1
AR INER 2a 5 3a MR, FHERMAE 1 AR
FREAINAN 1 mol%Hf(FF 1, Entry 4), P ee {HikF|
80%, fH X 353k 5 14 5 £ g SUBR 48 I AH LU A BT B AL,
AR HUARERIE N 80%, exo EFEMER 92%. T &R

O
3 exo- 4 endo 4
2a R=H
2a' R = Me o) R O|
Ju U n U >o»~p
N O~N N M
A" ph
exo-5 endo-5 exo-6
a R=H Ar=Ph f R=H Ar=m-OCH;-Ph
a' R=Me Ar=Ph g R=H Ar=p-OCHsPh
b R=H Ar=2-napl h R=H Ar=0-NO,-Ph
¢ R=H Ar=1-napl i R=H Ar=m-NO,-Ph
d R=H Ar=p-ClPh j R=H Ar=p-NO,Ph
e R=H Ar=0-OCH3-Ph k R=H Ar=6-OCHj;-2-napl
R R ATk
Table 1 Screening of catalytic reaction
Entry Metal Amount®/mol% t/°C Time/h 4.5 exo-4 . endo-4°  ee/% of exo-4
1 — — 20 24 50 50 50 50 0
2 Ni(ClOy), 10¢ 20 0.167 100 : 0 90 : 10 0
3¢ Ni(C10,), 10¢ 20 12 — — —
4 Ni(ClOy), 1 20 10 80 : 20 92 .8 80
5 Ni(ClOy), 2 20 10 9 : 10 973 87
6 Ni(ClOy), 5 20 6 9 : 10 98 12 89
7 Ni(ClOy), 10 20 4 95:5 98 12 90
8 Ni(ClOy), 20 20 4 95:5 99 11 90
9 Zn(CF5S0;), 10 20 8 85115 973 85
10 Mg(ClOy), 10 20 8 9 : 10 98 12 55
11 Cu(CF;S03), 10 20 8 100 : 0 8515 0
12 Pd(CH;COO0), 10 20 8 15185 37 .63 0
13 Ni(ClOy), 10 0 16 95:5 99 11 91
14 Zn(CF5S0;), 10 0 24 90 : 10 98 .2 87

“Reaction conditions: 2a (0.4 mol) and 3a (0.4 mol) in solvent (CH,Cl, 3.3 mL, i-PrOH 0.3 mL). Conversion rate for Entries 2~ 14 are greater than 99% and only

Entry 1 is 50%;

b Add the same amount of 1 and metal salt;  The 4 : 5 and endo-4 :

exo-4 ratios were determined by preparative thin layer chromatography and

HPLC, ee of exo-4 was determined by column chromatography and HPLC; dOnly adding metal salt Ni(ClO4),*6H,0; ¢ The product is compound 6.
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BRI SR AR, BT LRSI B KK B
%, IR 10 h A F A5 2 5 5 m SRR AL
BRIAKCE. BEFPERCAR 1 3N RI3E N, SSRXS l
FRIEFEERE 2 38, PP ee (HEHERINEA 1 mol%
I} 80%IE N F R A 10 mol%fr] 90%(3E 1, Entries
4~7). ZEEIINTF IR 1 IR S 20 mol%, 724
1] ee HHA B EAZL.

FE& B A DA I X R NI fa] . [X I,
EBEYE. exolendo HEFEVESSA IETHISZM. S NI [A] R
T 1 mol%Hf ) 10 h Jsk/NEE 4 h, 4-f7 BURF= ik B el
80%IEINE] 95%, 1M exo EFEMESEEZE 99%. LK 1
o' Entries 7 A1 8 w50, EFVERAE 1 A EIZLE] 10
mol%LAJiE, kSRR INN SR B LT- 5 A 5.

B Ni 2 4h, ASE%8T Zn. Mg Cu LU Pd 25
VUM 4R B 1 5 TR 1 IR A YA A s v g
AE(F 1, Entries 9~12). 255K, Zn BLEWEA 5 Ni
Bl & AR A e, 4-BL AR =R B R exo
RPN 85%H1 97%, ee {H N 85% (3 1, Entry 9).
Mg Fl Cu BCE Y HI X IR FEVERT endo/exo #1415 Ni
BC AV HE A MBI A 42 5, 5 ee (HEIAHBONIR LK)
FEA%. Mg BB PIHEAL BT, P41 ee (EANA 55% (3
1, Entry 10), 1M CuFLAPIMEAL ORI, A X Ik FE
LB — TR, 2R BB RSME I Y)(E 1, En-
tryll). FLEFRFERIIE Pd ICAY), BRIME T 518 %
B BT A& 58 & R I X 3L P A endo/exo
LR, FEYICL SRR 9, T endolexo 1%+
PEE BRI 7582 WA R4S R 1, Entry12).

SN i S s B PR SEAAR G B M I R I BN (R 1
Entries 13~14), 5 20 ‘CZM NI M45 5 ARG, Ni B
GTE 0 CHAE T AR X IR FEVE . exo EFEE
PLIZ ee fHAr AN 95% 99%F1 91%(FR 1, Entry 13), 1M
Zn BCEPAMEATI 73008 90%. 98%F1 87%(K 1,
Entry 14). Ni Bt A AE 5 S 5% B 3 1A 8 B 1 32 v
1%, T Zn BCA&90 00 SR STARE R AU /Mg 4
e, AER ORI [A) A RS I, P C A0 1 s 82 e (1)
BT 3 i

EAERRZ, RNISFEFERITF T ee EHA
KIREm, R BR A RN, TR S &R % &
JE T IMANNEIE, SR iR THFEZ) 30 min, [R5
HFRIELAL, PRGN NS Ja¥s T CHLCL MRS, 4o
RIFIR NG RARSEE, W EZ =) exo-4a K] ee fH
[ % 80%.

RFE SN[ oy T EE R RS IR 13- 1A 0 B 8L
SRR RIS, RELT 10 FRER{E PSR A
YIEAE TS 2a 8L 2a' B, 45RWE 2 Fon. 1-2-2%
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F)-2-ZRFEAHER (3b) 5 2a TEE A HEALTIAEAE T [ Bigh 3
5 ORI (3a) 5 2a (1) [ L4 SRR, AH — e FRRE
[ X SRk E(R 2, Entry 1), TN Ni(ClO,), AL
&, RNA RUF X IR VR endo/exo EFEVE, Hx
IS TR KK 46 6.3 2, Entry 2).
2 A [FVEUAR IS (1 A TR J Xof g 7 A 3 3 P R s i @

Table 2 Effect of different structures of nitrones and olefins on
reaction stereoselectivity

Entry 3 Amount/ Time/ 45 exo-4 Zb ee’/% of
mol% h endo-4 exo-4
1 3b — 24 70:30 50:50 0
2 3b 10¢ 0.167 100:0 90:10 0
3 3b 10° 12 — — —
4 3b 2 10 9515 >99 91
5 3b 10 4 97 0 3 >99 94
6 3c 10 4 80 : 20 >99 20
7 3d 10 4 90 . 10 >99 94
8 3e 10 4 >99 >99 93
9 3f 10 4 9515 >99 >99
10 3g 10 4 9515 98 1 2 85
11 3h 10 4 9515 >99 90
12 3i 10 4 90 . 10 97 . 3 82
13 3j 10 4 955 >99 94
14 3k 10 4 9515 >99 93
15°  3a 10 12 9515 97 0 3 67

© 2017 Chinese Chemical Society & SIOC, CAS

“Reaction conditions: 1 (0.04 mol), Ni(ClO4),*6H,0 (0.04 mol), 4 A MS
(200 mg), 2a (0.4 mol) and 3 (0.4mol) in dry solvent (CH,Cl, 3.3 mL,
i-PrOH 0.3 mL). All of the conversion rate are better than 99%; * The 4 :
5 and endo-4 © exo-4 ratios were determined by Preparative thin layer
chromatography and HPLC, ee was determined by column chromatog-
raphy and HPLC; ¢ Only adding metal salt Ni(ClO,),*6H,0; ¢ The product
is compound 6; ° Olefin is 2a'.

TN 2 mol%[1) Ni FLAIRT, OB Sk Bt
WK HLARE &1, exo AIRIERENE 99%LL I, ee {HILF|
91%(F 2, Entry 4), Ni BEL&P IS5 10 mol%
I} ee fEL 2 HE T2 94%(3 2, Entry 5), [ SR a] .45 %6
% 4.

AR ER AR 1-(1-2838)-2- LAl (3e) Al 3b 152
RIS, R T FEEUR AT B A [R] 3 R X 30 5
PR ee [EIARKIZERN, TEAFIRMN AT, 22 5
3¢ IR BLF=4) 4-A0 BUR SR A IR B AN 80%, ee N
20%(F 2, Entry 6), T 2a 5 3b PR B=45 518 97%
1 94%. GHHIFRERIZAZ 3¢ FIIZEIEEA TR
(LR, BEAR T RS AR IE] A BLVE L, DR 5 3
WIS AR IR

TR A A A B EE, B BRI L RN A 25
V) 280 B2 % B B B SEAR S B VR — B S 1-(4-FOR
B)-2- K LM AR (3d) 5 2a [ B, HALARERMES 3a )%
MAHIUT(F 2, Entry 7), AR 4067 BUR SR T 10
TN R A3 B RS AT 5. 2 AR e 40 ol FEL 1 2k o A
() HA A B B A, AR BBt LU A B T 1-(3-H
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AR IR L) 2- RS (36) 5 2a [, PRV ee fH T LA
5 99%LA (3& 2, Entry 9); XA FAAEEURI 3g 5
2a [ Vi), ee {H P2 85%(FK 2, Entry 10). 24X I HL
AR IEH R LT IR BE GBI, PRI ee fEIE 94%(3 2,
Entry 13), 10 1-(3-A5FE0K3E)-2-F BB (31) 5 2a M
I}, ee {8 X %4 82%(F 2, Entry 12).

2 FH A 3 Bl 3 A 3 A T AR, AR IR AR B DN,
SN I SEARE R S A BURIER AL, 3e 5 2a
KSE, PRI ee {EN 93%(F 2, Entry 8); 3h 5 2a KV,
PV ee fHA 90%(F 2, Entry 11). [X 3835k %14 A1
exolendo EFMM S 3a 5 2a Jx NAHIT.

¥ - IERE-3,5- AR LML M Qa) e il 1-T ) Ik
HE-3,5- T HISEMEME 22" 5 3a [N, PEPIIIX A R
endolexo EFEVES 2a)fHil, (H2 ee [HA 67%(K 2,
Entry15), &% T 2a 5 3a R SiF2 Y ee fH. 2R, wif
A BRI A B T2 A BHBE K, RAR T SR 57 A4
IR

2 Zhig

ORI -2,2'- BURERE IR (DBFOX/Ph, 1)/2& —FiX
B IR 2 SRYEE 3 1 1,310 AR R B B B
HEALAE A FPERCAR. 10 mol% Ni-DBFOX/Ph Bt &4 4
fEALTI, 2a 15 2 Rl — 55 FEASHER 7E =30 B AT LA 3|
FSLIE BV =), REZHR BV ee fH] 1L
90%LL b, L= ee {HATIE 99%.

WEIT L SRR, WEEE 75 28 1 (0 BRI FE 1 2587 A X
ARFENT B X RS ST AR IR BV A B )7 FE T
B I A R o S RRVA TN Vi = O T VAL R o
AT A L B AN T s B (R SR B, A AR R )
BN, AN, BB S P4 R B DA & U T 1
BRI AT T I LR SE AR IE R

3 X
3.1 UEFE5HF

'H NMR Al *C NMR ] Bruker AVANCE-300 MHz
EREFEIRIE OGN 52, Y78 CDCly; i RO (i (H A
H3z /A" L-7000), it 5 AD-H (4.6 mm X250 mm).
OD-H (4.6 mm X250 mm). ID-H (4.6mm X 250 mm)F 4
FE; = #E % H Thermo Q ExactiveOrbitrap #&ill; 41
SN Avatar 370 FT-IR B 40 ARG 1A (KBr ¥ i 12%)
AT P FH 24 A 389 D i 85 B4 40 A 40
3.2 ZWHE

HL 1 (19.5 mg, 0.04 mmol), Ni(ClO4),*6H,0 (14.2
mg, 0.04 mmo)7EZEIRY FHIA 10 mL [REEH,
73 59 B BT CH,CL, (1.5 mL) Al i-PrOH (0.3 mL)JEAf&
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&, A 4 A MS (200 mg), R =R, Eil THdE
30 min. HY 2 (60 mg, 0.4 mmol) ] CH,Cl, (0.9 mL)¥% fift J5
ENE R, SR FHEE 1 h B 3a~3k (0.4 mol) [
CH,Cl, (0.9 mL)¥&f# 515 AR RZ) 20 min, | T
PFE4 b IMNHEE, KB, 2 mmEERAEIEZ: 4 A
MS J&, BURaAAREAT % EE 5 5, 15 4 672 R 5
PEF=WI IR G, 438 o 3EAT A2 B AT 4 B V(A
B¥) @ M(ZFR Z18)=20 : 111534 & ) exo-4.

1-(2- 25 3)-5- T8 e -4-(3,5- — F Fke-2- Ptk M e 3 ) S It
bk (exo-4b): 153 127 mg, ToEiRBIAE, 723K 80%; 'H
NMR (CDCL;, 300 MHz) d: 2.18 (s, 3H), 2.53 (s, 3H),
4.27~4.35 (m, 1H), 4.76~4.86 (m, 2H), 5.49~5.51 (m,
1H), 5.96 (s, 1H), 6.98 (t, J=7.3 Hz, 1H), 7.09~7.12 (m,
2H), 7.23~7.28 (m, 2H), 7.49~7.52 (m, 2H), 7.76 (dd,
J=8.5,1.7 Hz, 1H), 7.85~7.92 (m, 3H), 8.07 (s, 1H); *C
NMR (CDCls, 75 MHz) §: 13.8, 14.4, 59.7, 70.2, 71.1,
111.6, 115.4, 122.2, 124.9, 125.9, 126.0, 126.3, 127.7,
128.0, 128.9, 133.0, 133.4, 138.9, 144.5, 150.7, 152.7,
170.6; IR (KBr) v: 3100, 3060, 2926, 2865, 1723, 1596,
1583, 1486, 1388, 1367, 1337, 1322, 1253, 1010, 964, 849,
817 ecm™'; HRMS caled for C,sHpN;O, ([M+H]"):
398.18685, found 398.18515. HPLC analysis [AD-H,
hexane/i-PrOH (V' V=99 [ 1), flow rate=0.8 mL/min]:
Tminor = 34.13 min, #s50,=38.47 min.

1-(1- 25 38)-5-F8 e -4-(3,5- — F Fke-2- Ptk M e 3 ) S
ek (exo-de): 13 111 mg, TEEMHPRIBIA, =% 70%. 'H
NMR (CDCls, 300 MHz) 6: 2.14 (s, 3H), 2.59 (s, 3H), 4.37
(dd, J=8.6, 5.6 Hz, 1H), 4.71~4.77 (m, 1H), 4.88 (t, J=
8.4Hz, 1H), 5.95 (s, 1H), 6.18 (d, J=4.5 Hz, 1H), 6.99 (t,
J=17.3 Hz, 1H), 7.11 (d, J=7.8 Hz, 2H), 7.28 (t, J=7.9
Hz, 2H), 7.53~7.61 (m, 3H), 7.87 (d, J=8.2 Hz, 1H),
7.96 (d, J=8.2 Hz, 1H), 8.11(d, J=7.2 Hz, 1H), 8.29 (d,
J=17.7 Hz, 1H); °C NMR (CDCl;, 75 MHz) §: 13.8, 14.4,
55.3, 59.7, 70.2, 71.2, 105.8, 111.6, 115.5, 119.1, 122.2,
125.5, 125.8, 127.7, 128.9, 128.9, 129.5, 134.2, 136.57,
144.5, 150.8, 152.7, 157.9, 170.7; IR (KBr) v: 3058, 2965,
2927, 2874, 1936, 1720, 1597, 1489, 1379, 1360, 1319,
1256, 1065, 1028, 963, 910, 801, 777 cm™'; HRMS calcd
for CosHyuN;30, (IM+H]"): 398.18685, found 368.18655;
HPLC analysis [AD-H, hexane/i-PrOH (V' : V=99 . 1),
flow rate=0.8 mL/min]: #pine:=11.71 min, #pgio,=14.01
min.

1-(4-50) K J -5- A8 3k -4-(3,5- — F Jk-2- it e gk 366 ) 7
WEE I (exo-4d): 15 122 mg, TLEMIRBIE, 77 80%.
'H NMR (CDCls, 300 MHz) &: 2.22 (s, 3H), 2.52 (s, 3H),

http://sioc-journal.cn/ 89
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4.28 (dd, J=7.8, 6.2 Hz, 1H), 4.64~4.78 (m, 2H), 5.34 (d,
J=5.3 Hz, 1H), 5.98 (s, 1H), 6.97~7.70 (m, 3H), 7.27
(dd, J/=8.6, 7.3 Hz, 1H), 7.37 (d, J=8.5 Hz, 2H), 7.58 (d,
J=8.4 Hz, 2H); *C NMR (CDCl;, 75 MHz) J: 12.7, 13.2,
58.6, 69.0, 69.1, 110.5, 114.3, 121.2, 127.4, 127.8, 127.9,
132.3, 139.0, 143.5, 149.3, 151.7, 169.3; IR (KBr) v: 3062,
3034, 2962, 2928, 2875, 1723, 1597, 1586, 1489, 1452,
1410, 1382, 1359, 1337, 1257, 1090, 1027, 1014, 963, 913,
812, 759 cm™'; HRMS caled for CyH,CIN;O, ([M+
H] " ): 382.13223, found 382.13214; HPLC analysis
[AD-H, hexane/i-PrOH (V. V=99 . 1), flow rate=0.8
mL/min]: finor=21.20 min, fygjor=22.93 min.

1-(2- HA A 228 ) A 3 - 5- K 3 -4-(3,5- = A -2 bt e ik
) S IEME I (exo-de): 15 130 mg, TCEHPIRIEIK, F=FK
86%. 'H NMR (CDCl;, 300 MHz) ¢: 2.18 (s, 3H), 2.56 (s,
3H), 3.63 (s, 3H), 4.13 (t, J=8.0 Hz, 1H), 4.61 (t, J=38.3
Hz, 1H), 4.72~4.79 (m, 1H), 5.67 (d, J=4.4 Hz, 1H),
5.98 (s, 1H), 6.87 (d, J/=8.1 Hz, 1H), 6.93~7.04 (m, 2H),
7.09 (d, J=8.0 Hz, 2H), 7.27~7.32 (m, 3H), 7.78 (d, J=
7.5 Hz, 1H); *C NMR (CDCls, 75 MHz) 6: 13.8, 14.5,
55.0, 58.2, 67.0, 70.8, 110.0, 111.4, 114.4, 120.8, 121.4,
126.9, 128.4, 128.9, 130.1, 144.2, 150.8, 152.1, 156.2,
171.6; IR (KBr) v: 3039, 2925, 2872, 2831, 1729, 1601,
1585, 1490, 1377, 1338, 1238, 1030, 963, 752 cm ';
HRMS caled for C,HyuN305 (IM+H]"): 378.18177,
found 378.18143; HPLC analysis [AD-H, hexane/i-PrOH
V2 V=99 I 1), flow rate=0.9 mL/min]: fyjner = 13.63
min, fajor= 19.17 min.

1-(3- HA A 22 ) A 2 -5- K 3 -4-(3,5- - A -2 bt e ik
F) IR (exo-4f): 1§ 128 mg, TLEIMIRIEIK, F=FK
85%. "H NMR (CDCl;, 300 MHz) 6: 2.23 (s, 3H), 2.52 (s,
3H), 3.85 (s, 3H), 4.22~4.33 (m, 1H), 4.70~4.81 (m,
2H), 5.37 (d, J=4.9 Hz, 1H), 5.98 (s, 1H), 6.86~6.89 (m,
1H), 6.98 (t, J=7.3 Hz, 1H), 7.09 (d, J=7.7 Hz, 2H),
7.20~7.35 (m, 5H); *C NMR (CDCls, 75 MHz) §: 13.8,
14.3, 55.3, 59.7, 70.2, 70.6, 111.6, 112.2, 113.3, 115.2,
119.2, 122.1, 128.8, 129.9, 143.3, 144.5, 150.7, 152.7,
160.1, 170.6; IR (KBr) v: 3060, 2958, 2929, 2880, 1936,
1842, 1724, 1597, 1586, 1488, 1382, 1337, 1259, 1155,
1041,967, 906, 759 cm '; HRMS caled for CypHyuN;O5
(IM~+H]"): 378.18177, found 378.18158; HPLC analysis
[OD-H, hexane/i-PrOH (V' : V=99 : 1), flow rate=0.8
mL/min]: fygjor = 14.22 min.

1-(4- F AU R ) R i -5- DR i -4-(3,5- — FH Bk -2 b e i
F) SEIEML I (exo-4g): 1§ 125 mg, ToHPIRIBUR, 7%

90 http://sioc-journal.cn/
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83%. "H NMR (CDCl;, 300 MHz) 6: 2.22 (s, 3H), 2.52 (s,
3H), 3.83 (s, 3H), 4.27 (m, J=7.6, 5.8 Hz, 1H), 4.67~
4.80 (m, 2H), 5.28 (d, J/=5.3 Hz, 1H), 5.97 (s, 1H), 6.92~
7.00 (m, 3H), 7.07 (d, J=7.8 Hz, 2H), 7.23~7.29 (m,
2H), 7.55 (d, J=8.7 Hz, 2H); °*C NMR (CDCl;, 75 MHz)
0: 13.8, 14.3, 55.3, 59.6, 70.1, 70.6, 111.5, 114.2, 115.6,
122.2, 128.3, 128.8, 133.3, 144.5, 150.6, 152.6, 159.1,
170.7; IR (KBr) v: 3096, 2949, 2925, 2896, 2859, 2831,
1722, 1584, 1511, 1486, 1390, 1336, 1246, 1169, 1033,
963, 849, 761 cm '; HRMS calcd for Cy,HyuN305 ([M+
H] "): 378.18177, found 378.18182; HPLC analysis
[OD-H, hexane/i-PrOH (V' : V=99 : 1), flow rate=0.8
mL/min]: fyinor=20.33 min, #aj0,= 17.00 min.

1-(2-Hi 38 ) R 3 -5-FR H -4-(3,5- - F -2 e g AL )
5 WE I K (exo-4h): 15 133 mg, TCEHIRA, P %
85%. 'H NMR (CDCls, 300 MHz) 6: 2.14 (s, 3H), 2.54 (s,
3H), 4.27 (dd, J=8.5, 6.8 Hz, 1H), 4.66 (t, J=8.4 Hz,
1H), 4.78~4.84 (m, 1H), 5.96 (s, 1H), 6.04 (d, /=3.5 Hz,
1H), 6.96~7.07 (m, 3H), 7.28~7.33 (m, 2H), 7.49 (t, J=
7.7 Hz, 1H), 7.70 (t, J=7.7Hz, 1H), 8.07 (dd, J=28.2, 1.1
Hz, 1H), 8.24 (d, J=8.0Hz, 1H); *C NMR (CDCl;, 75
MHz) J: 13.7, 14.4, 58.8, 67.6, 70.7, 111.6, 114.4, 122.0,
124.9, 128.5, 129.1, 129.8, 134.2, 137.9, 144.7, 147.3,
149.5, 152.5, 170.6; IR (KBr) v: 3068, 3039, 2978, 2927,
2873, 1728, 1597, 1525, 1489, 1435, 1382, 1338, 1254,
1174, 1135, 1026, 962, 762 cm '; HRMS caled for
C,H, N0, ([IM+H]"): 393.15628, found 393.15610;
HPLC analysis [AD-H, hexane/i-PrOH (V' : V=99 . 1),
flow rate=0.8 mL/min]: fuyino=34.58 min, #mgjor=27.55
min.

1-(3- Tl 38 ) 2 i -5 - Jk -4-(3,5- — PP -2 M e i 3
BRI (exo-4i): 15123 mg, TCEMPIRIBUAE, 725 79%.
'H NMR (CDCls, 300 MHz) d: 2.27 (s, 3H), 2.49 (s, 3H),
4.34~4.38 (m, 1H), 4.63~4.47 (m, 2H), 5.50 (d, J=4.1
Hz, 1H), 6.00 (s, 1H), 6.97~7.06 (m, 3H),7.28 (t, J=8.0
Hz, 1H), 7.57 (t, J=8.0 Hz, 1H), 8.00 (d, J/=7.7 Hz, 1H),
8.18 (dd, J=8.2, 1.3 Hz, 1H), 8.57(s, 1H); “C NMR
(CDCl3, 75 MHz) ¢: 13.8, 14.3, 59.4, 69.8, 70.2, 111.8,
115.1, 122.3, 122.5, 122.7, 129.0, 129.8, 133.2, 144.0,
144.7, 148.6, 149.9, 153.1, 169.9; IR (KBr) v: 3068, 2962,
2925, 2864, 1724, 1585, 1529, 1488, 1382, 1351, 1258,
1025, 959, 906, 804, 759, 738 cm '; HRMS caled for
CyH,N,O, ([IM+H]"): 393.15628, found 393.15506;
HPLC analysis [AD-H, hexane/i-PrOH (V' : V=99 . 1),
flow rate=0.8 mL/min]: fuminor=26.10 min, #ys0=28.57
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1-(4-Hi 38 ) R 3 -5-FK 3 -4-(3,5- - F -2t e g L )
SR I8 (exo-4j): 75 133 mg, ToEHCIRIBEAK, 7=
85%. 'H NMR (CDCl;, 300 MHz) ¢: 2.21 (s, 3H), 2.50 (s,
3H), 4.30 (dd, /=7.9, 6.7 Hz, 1H), 4.63~4.78 (m, 2H),
5.51 (d, J=5.1 Hz, 1H), 6.00 (s, 1H), 6.97~7.05 (m,
3H),7.28 (t, J/=8.0 Hz, 2H), 7.82 (d, J/=38.7 Hz, 2H), 8.24
(d, J=8.7 Hz, 2H); *C NMR (CDCls, 75 MHz) &: 13.8,
14.3, 59.7, 70.1, 111.8, 115.1, 122.5, 124.0, 127.9, 129.0,
144.7, 147.4, 149.1, 150.0, 153.1, 169.9; IR (KBr) v: 3064,
2929, 2864, 1940, 1723, 1597, 1521, 1489, 1382, 1346,
1262, 1025, 959, 841, 763 cm '; HRMS calcd for
CyHy N0, ([M+H]"): 393.15628, found 393.15604;
HPLC analysis [OD-H, hexane/i-PrOH (V' : V=99 . 1),
flow rate=0.8 mL/min]: fuyinor=36.26 min, #ysio.=41.66
min.

1-(6- F 4 FE -2- 25 3 )-5- K ik -4-(3,5- — Y -2k
Pk 3 ) S AL bR (exo-4k): 1§ 143 mg, TCEHPIRTEAK, 77
% 84%. "H NMR (CDCls, 300 MHz) 6: 2.22 (s, 3H), 2.56
(s, 3H), 3.95 (s, 3H), 4.33~4.40 (m, 1H), 4.81~4.90 (m,
2H), 5.52 (d, J/=4.8 Hz, 1H), 5.97 (s, 1H), 7.00 (t, J=7.3
Hz, 1H), 7.15~7.32 (m, 6H), 7.76~7.85 (m, 3H), 8.05 (s,
1H); *C NMR (CDCls, 75 MHz) ¢: 13.8, 14.4, 55.3, 59.7,
70.2, 71.2, 105.8, 111.6, 115.5, 119.1, 122.2, 125.5, 125.8,
127.7, 128.9, 128.9, 129.5, 134.2, 136.6, 144.5, 150.8,
152.7, 157.9, 170.7; IR (KBr) v: 3061, 2968, 2933, 2861,
1732, 1607, 1585, 1484, 1389, 1331, 1266, 1216, 1165,
1031, 963, 857, 759 cm '; HRMS caled for CpsHagN;O5
(IM~+H]"): 428.19742, found 428.19727; HPLC analysis
[ID-H, hexane/EtOH/Diethylamine (V'@ V. V=955 "
0.1), flow rate=1.0 mL/min]: fyinor= 7.07 mMin, fyajor=7.58
min.

1- O Bk -5-(2- 25 5R)-4- S TR ek FOBR 5 4 MR
(exo-6b): 19 116 mg, MR, 5% 80%. 'H
NMR (CDCl;, 300 MHz) ¢: 1.22 (d, J=6.2 Hz, 6H), 3.64
(dd, J=13.5, 6.9 Hz, 1H), 4.37~4.49 (m, 2H), 4.99~5.11
(m, 1H), 5.21 (d, J=5.7 Hz, 1H), 6.99 (t, J=7.2 Hz, 1H),
7.08 (d, J/=8.2 Hz, 2H), 7.24~7.29 (m, 2H), 7.50~7.54
(m, 2H), 7.71 (d, J=7.6 Hz, 1H), 7.87~7.94 (m, 3H),
8.06 (s, 1H); C NMR (CDCls, 75 MHz) 6: 21.7, 58.8,
69.0, 69.2, 72.6, 115.2, 122.2, 124.5, 125.6, 126.1, 126.4,
127.7, 128.1, 128.9, 128.9, 133.0, 133.4, 138.7, 150.7,
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170.5; IR (KBr) v: 3057, 2980, 2934, 2875, 1728, 1598,
1488, 1450, 1374, 1237, 1182, 1106, 1031, 895, 819, 756
ecm'; HRMS caled for Co3sH,yNO; ((M+H]"): 362.17562,
found 362.17563.

%45 Bh A1 #l (Supporting Information) i =¥ 'H
NMR, "*C NMR, IR LA}z HPLC 258 [ $df. X ssh4 k) n]
DL 7 MAS T 9 3 (http://sioc-journal.cn/)_F T %k,
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