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Asymmetric 1,3-Dipolar Cycloaddition Reaction of C,N-Diarylnitrone
with N-a,B-Unsaturated Acyl Compounds Catalyzed by Chiral
Bisoxazoline Metal Complex

Li, Minglong Cao, Xixian You, Jun* Yu, Yanchao™ Wu, Wenju 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 Asymmetric cycloaddition reactions catalyzed by Inda-BOX 1 metal complex between two kinds of elec-
tron-withdrawing alkenes and C,N-diarylnitrone have been studied respectively. Results showed that the 4-substituted products
were mainly obtained in both reactions under the best conditions. When N-acryloyl oxazolidinone was used as dipolarophile,
the exo/endo selectivity of the reaction was 100/0, and the ee of the exo product was as high as 97%. When N-acryloyl-
3,5-dimethyl pyrazole was used as dipolarophile, the selectivity of exo/endo was 0/100, and the ee of endo product was up to
98%. The relationship of the dipolarophile, the structure of nitrone and the selectivity of the reaction was discussed.

Keywords asymmetric catalysis; 1,3-dipolar cycloaddition reaction; chiral dioxazoline; N-a.f-unsaturated acyl compounds;
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B R IEME T TR M SV — R E BT k. MBI
St P U1 VTR AS o A e e e S 2 R A L 11
BT EY, CLXI ARG T R B R S 07
FERHEA S, T LT {3 1) % B Ol S0 M ) A [ AR
() LS T e ML &, JETAS BN F R IR 16 R
[ P A T S . AR 70 R I 2, X R
Ke T BB EE R B 22 5, 75 J7 B B AN B e R
i LA AN R AR A 7, T HL— R AR B AN [ <
A R B A RIS — PP AEXT AL £ M (endo Y exo)
PRV, ARSCHIEGE TR 1 428 2% G P R e A0 ) P b sk
MLk S CoN- 05 FE R R AN XS RRIA N RS B, - 435 SR
T, k15 Cu®'y N 41T DB B R d R 5
TG R IR I R N, LR 1 A E < R4S A
HEALAF B T ASE] X i A 25448 77 P (Scheme 1).

1 &HR510R

TEBA MEALTIAEAERS, 22 5 3a PRI N (IS AR
MR ZEEE 1, Entry 1), BAA 15 Cu®™ Ni¥¥L Zn®".
Mg™ " %5 4 J& 4% A W U I e J Sy B 366 f im0 4
2a 5 THURCORERAEIR 3 M3 E S N A R A
R =i (R 1).

BEpk 1 5 [R)4 J@ TE BOAH B L6 4 A2 (A0 7 AT
RUF A YERE S =) A B b 2 5. HOImARL
1B, TEVR S SN FE I A PR R B AR P
AR (1 Entry 2). THIA 30 mol% ) = 58 F Ak R H
SR FESE L 50 £, [BFXISIEREEMER endolexo
A — mﬁﬁ*‘% i1, (EA R AT AT B ()0 Ak
IR FEVE(K 1, Entry 3).

TC A T 2 i e 1) R0 T N A e I ) X 3k agk 43 1 453 )
WK E, EREHK LM ELFIFEEN, A
Ni(OTf),-1 AL X UL FEERS AR, = 4-Ar 3R

SEEEMEEE(Scheme 1)4 87%(F 1, Entry 12), FLA K
WHIIIFE] 100%H] 4-KHR“P(ER 1, Entries 4~11,
13~15).

B &0 (1) 4 & 25 155 s S P FE o B Ak e % 1k A R
TR, Ni** e Mg SR 1 I S0 R B =
YILL endo TN F(F 1, Entries 13, 15), Bt A&k 92%[H)
endo HEHEVE. Cu BL WAL S 2] exo BN )77
YI(F 1, Entries 4~11), £ 0 ‘CLL R NH, exo EHME
FIIE 85%LA . Zn® Bt A W A 756 5 7 f A i Ak i
BT A ARMRCRGE 1, Entry 14). XA Sibi
A IVLE B I Ji Wi B A o R Jse 7 Pt A i3, i PR T
RE R4 8 S T 5 A SR A e b s R T 4 A
e K & 8 B LA 7 RE g o R4 U %

T AR 1 F 25 Foft 4 i T A5 A e e s o7 F 5o A
PEIE MR N B3 FEA NS, P23 Xt
Wi B e, TR, 1 I N 142 B H R RN R
JEE B0 AR S R . Cu(OTH),-1 B I AL R, 10
mol% A& ee HIL R 73%(FK 1, Entry 4), ANFEIHE&A
[FJRE T SN2 ) ee 1L F] 95%(3K 1, Entries 5~10)
DL b, {EASE R, Fl A (0 B B8 76 = ) S AR i
Pt =2 ME& T, BIEFoA Clo, i,
AV ee 1 R 19%. Ni(OTf),-1 1 Zn(OTH),-1 A A
SRR, 30 mol%H ER 1S EIF2YIN ee H RN

54%7H11 65%(F 1, Entries 12, 14). 5 Cu(Cl0,),-1 #[7], Ni

BC A WIFH B8 Cl0, B, AL ORI B PR (R 1,
Entry 13). 7EATH 800 LA FIERL &, Mg(OThH),-1
X J R AR BEPE s AR /N, FEAR RIS AE T, 7
YK ee 1 RH 15%(E 1, Entry 15).

N SN [F) B B I B TR IR TE T S R LA
AL IR ERSSNE, BIF TS T PR M I JE -3, 5- — R AR I e
(2b) 5 IR IR IR 3a) KM B R B, Hgs Rangk 2 fr

= o Ar
o O | X
PP Ph.+.0  Cu(OTf),1 )L M, _ CH(CHa),0H )
NN o ) —— Ar = p-CHyOCqHs F N—
+ kAr J F N-pp 7 PHePela Ph
2a 3 exo- 4k
oxo-4a ~ 4e Ar = p-CHy0CgHj o o
92% ~ 97% ee ] ey
- N N\,)
0 .,
Ph.+_O l .
\)LN, < N OTf (< CH(CH3)20H >7 ) 1
— + k \<_< N-ph (< -
Ph
2b 3 endo-4f ~ 4j endo 4k
91% ~ 98% ee Ar = p-CH30CgH,4
3a: Ar=Ph exo-4a: Ar = Ph endo-4f. Ar=Ph

3b: Ar = p-CICgH4
3c: Ar = m-CICgH,4
3d: Ar = 0-CICgH4
3e: Ar = p-CH30CgH,4

exo-4b: Ar = p-CICgH,
exo-4c: Ar = m-CICgH4
exo-4d: Ar = 0-CICgH,

endo-4g: Ar = p-CICgH,
endo-4h: Ar = m-CICgH,
endo-4i: Ar = 0-CICgH,
exo-4e: Ar = p-CH3;0CgH,; endo-4j: Ar = p-CH3;0CgH,4

B 1 Cu(OTh),-1 M Ni(OTh),-1 HEALHIME KR 2 S AHER 3 () 1,3- (AR 0 Bl 2
Scheme 1 1,3-Dipolar cycloaddition of olefin 2 with nitrone 3 catalyzed by Cu(OTf),-1 and Ni(OTf),-1
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BHLILF K
K1 2aly 3a LRI IL ¢
Table 1 Conditional screening of catalytic reaction between 2a and 3a
Ph Ph
0O O phis o )o]\ j Ph )OL j P ‘ o (<
\)LN)LO . N'K _Cat N~ , OONT T . >//N7\\\-[O‘/\N‘Ph + }fN\[ oVPh
- o A A A o ¢
2a 3a exo-4a endo-4a exo-5a endo-5a
Entry Metal Amount’/mol% t/°C Time/h Yield/% 4a I 5a°  exo-4a . endo-4a° ec/% of exo-4a

1 — — 20 24 42 40 : 60 44 756 0
24 — 30 20 24 44 43 157 48 152 0
3¢ Cu(OTf), 30 20 0.5 91 65 .35 61 .39 0
4 Cu(OTf), 10 20 18 90 100 : 0 67 .33 73
5 Cu(OTf), 20 20 3 90 100 : 0 71:29 95
6 Cu(OTf), 30 20 1 90 100 : 0 73127 95
7 Cu(OTf), 40 20 1 92 100 : 0 69 31 95
8 Cu(OTf), 20 0 3 91 100 : 0 84 116 97
9 Cu(OTf), 20 -10 3 90 100 : 0 85115 97
10 Cu(OTf), 20 -20 3 92 100 : 0 8911 97
11 Cu(ClOy), 30 20 6 90 100 : 0 87 .13 19
12 Ni(OTH), 30 20 6 91 87113 49 151 54
13 Ni(ClOy), 30 20 6 90 100 : 0 10 - 90 14
14 Zn(0TY), 30 20 6 92 100 : 0 5149 65
15 Mg(OTf), 30 20 6 89 100 : 0 8:92 15

“Reaction conditions: 2a (0.2 mmol) and 3a (0.2 mmol) in solvent (CH,Cl, 3.5 mL). "Adding the same amount of 1 and metal salt. “ The proportion of 4a : 5a and
the proportion of exo-4a : endo-4a and the ee value of exo-4a were determined by '"H NMR and HPLC. ¢ Only adding Ligand 1. ° Only adding metal salt Cu(OTf),.

&2 2b 5 3a AR FKAFHL

Table 2 Conditional screening of catalytic reaction between 2b and 3a

0]

L Pt 07 Cat N )I Ph N. J' 4(\y/ 4(\( \/_<
S -N N o N—
NN+ m \/—\ M / < o oN~p Ph
| \
H—/ kPh N\ ~p
2b 3a exo_4f endo-4f exo-5f “endo-t

Entry Metal Amount’/mol% t/°C Time/h Yield/% 4f I 5f°  exo-4f . endo-4f°  ee/% of endo-4f

1 — — 20 24 43 35165 60 : 40 0

2 Cu(OTY), 30 20 12 86 100 2 0 36 . 64 24

3 Ni(OTf), 10 20 15 85 100 : 0 1585 90

4 Ni(OTf), 20 20 15 85 85115 13 . 87 98

5 Ni(OTf), 30 20 12 87 83 117 4 .96 98

6 Ni(OTf), 40 20 12 88 86 . 14 5:95 98

7 Ni(OTf), 30 0 18 86 100 : 0 1585 98

8 Ni(ClOy), 30 20 12 85 100 : 0 17+ 83 56

9 Zn(0TY), 30 20 12 85 9713 17 © 83 41

“Reaction conditions: 2b (0.2 mmol) and 3a (0.2 mmol) in solvent (CH,Cl, 3.5 mL). Adding the same amount of 1 and metal salt; “ The proportion of 4f . 5f, the
proportion of exo-4f . endo-4f, and the ee value of endo-4f were determined by "H NMR and HPLC.

7N

TEB A MALTIAFAERT, 2b 5 3a FIIR IR B X
RN 35 1 65, FEXTMUAIERE exo-4 | endo-4 N
60 : 40, A XA FEYE(E 2, Entry 1). K Cu(OTH),-
1 AR RN T2 N, R =) X I8k £k
Bl 100%, AHF=4) (1) FE 5% Ak 108 B M 0T B A e 156 4 2
ANHAH(F 2, Entries 1, 2).

Ni(OTf),-1 X 2b 5 3a [P INAR SB AT i 1l 1
1A F (35 2, Entries 3~6). fEMEAFAHEA 10 mol%HH,

1644
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X 35 IE FE IR B 100%, endo PPk T 85%, i AR
NN 90%(3% 2, Entry 3). 4{HAL 7 & 20 mol%
PLERS, XISk FEMA 85%/E 4, endo FAinikfbE N
87%~96%, Txf AL FEMELS] T 98%(K 2, Entries
4~6). S51E 2a BFIAIMBUR B I RIIELL, KAk
AW FHH OTE #upk ClO, , Xkt FRE 2
56%/C A4 (3 2, Entry 8). Zn(OTf),-1 BL& 4%t 2b 5 3a (1)
2 NS A S i = S E (2P ) NSV = R e
Ni(OT),-1 BCEMIAHIT, 537008 97%H 83%, {HXT Bk
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LRI ZROR, H ee (H R 41%(3K 2, Entry 9).

NP SRR 5 A7 i B 55 G F T 0 S R o s B
MR, BT 4 A RBUR I — 2R B e F 4R
BC & WIAELE R 20915 2a. 2b FIFRINER SN, 45 53 3
Fi7s.

ANFE U LA 3 5 2a S SIS AL I
REBEF 1) Cu(OTH,-1 AL, 5 2b NI AE
Ni(OTH-1 N, 5T 45 R, &P 2K IR
3 7E Cu(OTH,-1 fEEF 5 2a RN HI53] exo-4 HHL N
EHIP=, P ee HAE 92%~97%2 [8](F 3, Entries
3~7). B MECR I AL T AL, H T2 )47 BH RGN A
SN S PR BRI — EFEE M R % (R 3, Entry 6)
A, AN A AR 3 B A (R B A 06T s I PR e 436 P 52 T AN
K. ANHEBURHITEER 3 5 2b 7E Ni(OT),-1 /745 F I3
R NSRS 2b 5 3a JMEERAAL, N Sk
PILFIA R E — L, PHILL endo-4 #RNF =Y,

F I ee fHAE 91%~98% [F](£ 3, Entries 8~12).
Horb R 3a 1 3d BIRPBF=PIX BORBEPER 2, 2508
83%F1 71%(3% 3, Entries 8, 11).

T exo-4 F endo-4 [ % HLEME 2 ER A1 3,5-
PR R R PR S AR A 1 B 2 R T, AE DY S A AR R R A A
AR, BRI AT B A SR AR R EUR, A0 B =
de {H AN ee {E 1] exo-d4e K endo-4j Hi ), VAR NEE N
WA, & — X EXT B SRR exo-dk F endo-4k
(Scheme 2). Jy¥ B Witk — 0 3 A o Fodth H br =
WIERAL T — AR A A SR

75 SR A i i FL I R X I s S I PRI R,
T 2 M AER w1 T 5 3a OB, 45 5
£ A PR

SR AR AR AR R R i A AR S AR A SR, B
SN R B8 e STAR I FEVE AR A AR B R AR, SR A A
x4 fn. SRR, A b R 0 R ST 14 B

£33 AFFEME 35 2a. 2b BIFFPIAUR ¢
Table 3 Cycloaddition reaction of different diarylnitrone 3 with 2a and 2b

o Ar Ar
G T TR N e
D LR LR Rt LN v re Cne
R * m [’\N‘Ph * (<N‘Ph O o Ph + R\”\\' O/N Ph
Ar ’ 4 0
2 3 (0] (0] 0 )
exo-4a ~ 4j endo-4a ~ 4j exo-5a ~ 5j endo-5a ~ 5j
i I X
4a,5a: R'= O)I\N'wv‘ Ar = Ph 4c,5c: R'= O N Ar=m-CIC¢H, 4e, 5e:R'=0Q N Ar=p-CHz0CgH,
(0]
0]
X A Moo
4b,5b:R'= 07 "Nw Ar=pCICH, 4d,5d: R'=0Q N~ Ar=0CICeH,  4f, 5 R'= \LK Ar=Ph

N

4i, 50 R'= Qm Ar=0-CICeH,
/NNm
4h, 5h: R :(:K Ar=m-CICeH, 4, 5i:R'=

N.
4g’ 5g; R1 = /_ N~ Ar = p-CICeH4

N.
7 N~ Ar= p-CH3OCGH4

Entry Major product Cat. Time/h Yield/% 4:5 exo-4 . endo-4" ee’/%
1 4a — 24 42 40 : 60 44 : 56 0
2 4f — 24 43 3565 60 : 40 0
3 exo-4a Cu(OTf),-1 3 91 100 : 0 8416 97
4 exo-4b Cu(OTf),-1 9 90 100 : 0 94: 6 95
5 exo-4¢ Cu(OTf),-1 9 87 100 : 0 9 : 4 94
6 exo-4d Cu(OTf),-1 9 89 75125 85: 15 92
7 exo-4e Cu(OTf),-1 9 92 100 : 0 100 : 0 96
8 endo-4f Ni(OTf),-1 12 87 83:17 4:96 98
9 endo-4g Ni(OTf),-1 12 85 100 : 0 0:100 91
10 endo-4h Ni(OTf),-1 12 89 100 : 0 0:100 94
11 endo-4i Ni(OTf),-1 12 80 71:29 0:100 97
12 endo-4j Ni(OTf),-1 12 82 100 : 0 0: 100 95

“Reaction conditions: Entries 3~7: 0 “C, 1 (0.04 mmol), Cu(OTf), (0.04 mmol), 4 A MS (200 mg), 2a (0.2 mmol) and 3 (0.2 mmol) in dry solvent (CH,Cl, 3.5
mL). Entries 8~12: 20 C, 1 (0.06 mmol), Ni(OTf), (0.06 mmol), 4 A MS (200 mg), 2b (0.2 mmol) and 3 (0.2 mmol) in dry solvent (CH,Cl, 3.5 mL). ® The propor-
tion of 4 : 5, the proportion of exo-4  endo-4, and the ee value were determined by 'H NMR and HPLC.
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MR

o— 0o—
o © @ CH(CH3),0H CI) @
g g e
o N (\ ° [\
N~ N~ph
\) o Ph (o)
exo-de exo-4k
00— 00—
J, .
/N\N ) >’O ] N
= N— N—
AQ/K o NP oNPh
endo-4j endo-4k

B 2  exo-de Fl endo-4j HIZEIZIUAR I M
Scheme 2 Nucleophilic substitution reaction of exo-4e and
endo-4j

R4 ARREIRE 2 5 3a IR ¢

Table 4 Cycloaddition reaction of non-terminal olefin 2 with 3a

(@]
/\)(J)\ PO c R) o R) o
t.
| —a> N— + [<N\
HC X" "R + kPh H3Cr[§ Ph * pcng NP
2 3a exo-4l ~ 4m endo-4l ~ 4m
o) N.
21, 41:R= [ >=0 2m,4m:R= \(:Q
N
$
Major . . exo-4 .

E . T Yield/? 9
ntry product Cat ime/h  Yield/% endo-4 eel%
1 exo-41 — 240 70 68 :32 —
2 endo-41  Cu(OTf)-1 72 95 30:70 80
3 4m — 48 20 — —
4 endo-4m  Ni(OTf), 12 90 21:79 —
5 exo-4m Ni(OTf),-1 12 90 64136 82

“Reaction conditions: Entries 1, 3, 4, 5,20 C and Entry 2, 0 ‘C. Other con-
ditions see Table 3.

B, H 215 3afE=| N RAENTARMNFEE 10
RABEILF] T0%HE, AR WARZEEENE Y exo-41
endo-41°4 68 : 32, NN Cu(OTh),-1 5, KN IEFRA ik
=, BALIITEYILL endo-4 RETFW(exo-41 & endo-41 N
30 : 70), HH endo PN ee H A 80%(Entries 1~2);
2m 5 3a =R 48 h i, FPEIIICRANE 20%, TIA
&J& Ni(OTS), &, M 12 hif, FEERikE]90%, M)
AEXF ML BN exo-4m © endo-4m Ny 21 : 79 (Entries
3, 4); IMAEALF] Ni(OT),-1 J&, P exolendo 8 H
64/36 (Entry 5), [FII 37211 ee (H15 2] 82%. M _Eik#f
4 AT LAE Y, Inda-BOX 1 42 J@ Bie S A B 3R A I
I 5 A %) 13- AR BRI A s B G ST AR e BRI AR S
AR Uity I 8 () S SRR AN — 35, B PR 450 1 Ji R T
A5 I B A BH . B BUERE b PpL 74 B 0 R A 2
EEPS

1646 http://sioc-journal.cn/
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2 i

FE Inda-BOX 1 & J@ AL A2 — Pt Bl L 1 A ity
JiE 2a. 2b HHHER 3 MIERINRUR MR R AR A
(FJF PR BT 25 R B, 20 mol% ] Cu(OTH),-1 it
B NEALTIIT, DA B SR v e I (22) 55 B R
TEEA3)TE 0 C N RPLA] LS B @ i is B =),
MLA exo BUNE, HEFMIN) ee HTIE 92%~97%. 30
mol%H) Ni(OTh),-1 BL-E VI AT, 7520 C TN
P JE-3,5-  F LA (2) 5 B 2R LA I (3) e B 7 3
PN endo-4, F ee HMTIE 91%~98%. HoiA A fIRH &5
TUF 52 N PR 6T A i B 1 A KRS, KB ST OTE
#ei% Cl0, J5, Cu BLEHEAL IR ee fH R A 19%, 1M
Ni FC &AL R Y. ee 15N 56%.

3 SRS
31 B 5EHHA

'H NMR A1 *C NMR H Bruker AVANCE-300 MHz
R EARTE G 2, Y578 CDCls; = RGRAH (is(H A
HAr/A# L-7000), 45 AD-H (4.6 mm X250 mm).
OD-H (4.6 mm X250 mm)FPEH:; 461 Ava-
tar370FT-IR B LT M1 (KBr SR IR A, =70 HE i
P Waters Micromass GCT Primier 24Xt Bruker
APEX"™ 7.0 Tesla FT-MS Ji i AR, AT FH F0 24 it ATk
FIF AT 1) 4 T 4.
32 ZWHE

2 5 3 fEfb= M 0.04 mmol Cu(OTH(E# 0.06
mmol Ni(OTf),), 200 mg 4 A 7> FItifE R/ SRS FInA
10 mL FJEFH S, 1.5 mL CH,CL 3 E AN/ %K, 0.04
mmol(&# 0.06 mmol) 1 ] 0.5 mL CH,Cl, & fi# J5 MK
Z, EiR FHEEE 30 min. 0.2 mmol 2a(Ei# 2b)H 0.5 mL
CH.CL, #fRJGENAR, = FHERE 1 h B RN
WA 0 C(3F 20 C), 0.2 mmol 3 ] 1 mL CH,CL, i&fi#
JEBH AR R, IR TEZ) 10 min, 0 C(8(# 20 C)
TR R E4. 2 mmEERHEE 2 4 A 2 10, e
T, HWATHEENT 7 515 46 =4

F=W) exo-4e(BLH endo-4j)-5 7 AN : 0.05 mmol
exo-4e(BFE endo-4j)F 6 mL H KA J51EN 25 mL
B, IO 8 pL KR 7 A EE(0.03 mmol)FT 12 L
PEE(0.16 mmol), MI#AEIH 1 h &+, HENTE
[V B @ V(2R 2H8)=20 © 11435 5 7 S8 S~
Y exo-4k(ENF#H endo-4K).
33 EMIEERE

J-2,3- — R FE-4-(1,3-WE M - 2 - I - - Tt ) 5 s
Wh(exo-4a)**%: 62 mg, FOMPRBE, 77K 91%. 'H

Chin. J. Org. Chem. 2019, 39, 1642~1649



Chinese Journal of Organic Chemistry

ARTICLE

NMR (CDCl;, 300 MHz) ¢: 3.02~3.10 (m, 1H), 3.66~
3.75 (m, 1H), 3.83~3.91 (m, 1H), 4.16~4.28 (m, 2H),
4.83 (dd, J=8.6, 5.8 Hz, 1H), 4.96~5.01 (m, 1H), 5.20 (d,
J=9.6 Hz, 1H), 6.95~6.98 (m, 1H), 7.03~7.06 (m, 2H),
7.21~7.33 (m, 5H), 7.48 (d, J=7.6 Hz, 2H); IR (KBr) v:
1777, 1697, 1597, 1488, 1389, 1362, 1264, 1224, 1120,
1038, 756, 700 cm '; HPLC analysis [AD-H, hexane/i-
PrOH (V' : V=90 . 10), flow rate=1 mL/min]: #yino; =29
MiN, fpajor = 35 Min.

JR-2,3- A -4 (1,3 W W -2 - V- T 2 ) S R e
Ik (endo-4a)>**": 62 mg, HEHARBA, 2% 91%. 'H
NMR (CDCl;, 300 MHz) ¢: 3.99 (t, J=8.2 Hz, 2H),
4.11~4.14 (m, 1H), 4.36~4.41 (m, 2H), 4.50~4.57 (m,
1H), 4.70 (t, J=8.3 Hz, 1H), 5.27 (d, J=5.5 Hz, 1H), 7.00
(m, 3H), 7.35~7.38 (m, 5H), 7.53 (d, J=7.6 Hz, 2H);,
HPLC analysis [AD-H, hexane/i-PrOH (V' : V=90 : 10),
flow rate=1 mL/min]: #yinoy =40 min, fqjor =48 min.

-2 5% k- 3-4- G A 3 -4- (1,3 - A g -2- ) - V- T 32 )
SEEMEIH (exo-4b): 67 mg, B EGHIRIBA, 7% 90%. 'H
NMR (CDCl;, 300 MHz) ¢: 3.18~3.27 (m, 1H), 3.77~
3.84 (m, 1H), 4.03~4.06 (m, 1H), 4.23~4.29 (m, 2H),
4.80 (dd, J=8.2, 6.0 Hz, 1H), 4.94~4.96 (m, 1H), 5.22(d,
J=9.5 Hz, 1H), 6.97~7.04 (m, 3H), 7.24~7.34 (m, 4H),
7.43 (d, J=17.8 Hz, 2H); *C NMR (CDCls, 75 MHz) o:
42.2, 53.6, 62.1, 67.0, 70.8, 115.1, 122.4, 128.4,128.9,
129.3, 133.8, 136.7, 149.4, 152.9, 168.8; IR (KBr) v: 1788,
1694, 1593, 1487, 1399, 1383, 1261, 1193, 1086, 1045,
943, 812, 754, 526 cm '; HRMS caled for
C1oH;sN,0,CINa ([M+Na]"): 395.0769, found 395.0771;
HPLC analysis [AD-H, hexane/i-PrOH (V' : V=90 : 10),
flow rate=1 mL/min]: fyinor= 34 mMin, fyzjor = 38min.

-2~ 5% k- 3-3- G A% 3 -4- (1, 3- P A e -2- ) - V- T 32 )
FEIEMEI (exo-4¢): 65 mg, BRI, 72 87%. 'H
NMR (CDCl;, 300 MHz) ¢: 3.16~3.25 (m, 1H), 3.73~
3.83 (m, 1H), 4.01~4.09 (m, 1H), 4.22~4.28 (m, 2H),
4.79 (dd, J=38.5, 6.0 Hz, 1H), 4.92~5.00 (m, 1H), 5.22 (d,
J=9.7 Hz, 1H), 6.98~7.05 (m, 3H), 7.25~7.30 (m, 4H),
7.38~7.40 (m, 1H), 7.48 (d, J=6.4Hz, 1H); “C NMR
(CDCl3, 75 MHz) o: 42.3, 53.9, 62.3, 67.3, 70.6, 115.1,
122.9, 123.6, 129.1, 145.5, 147.6, 149.3, 153.3, 168.6; IR
(KBr) v: 1778, 1701, 1596, 1488, 1388, 1262, 1223, 1117,
1038, 756, 694 cm '; HRMS caled for CjoH;;N,0,CINa
(IM+Na]"): 395.0769, found 395.0773; HPLC analysis
[AD-H, hexane/i-PrOH (V' © V=90 . 10), flow rate=1

mL/min]: fyinor™= 62 Min, fygior = 66min.
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JIi-2- % 35k -3-2- G ik -4-(1,3-BE MK o -2l - V-t 35t )
SEBEIEIR (exo-4d): 50 mg, AR, 723K 89%. 'H
NMR (CDCl;, 300 MHz) d: 3.17~3.26 (m, 1H), 3.74~
3.84(m, 1H), 4.02~4.08 (m, 1H), 4.23~4.32 (m, 2H),
4.80 (dd, J=8.4, 5.8 Hz, 1H), 4.92~5.00 (m, 1H), 5.23 (d,
J=9.5 Hz, 1H), 7.02 (dd, J=15.7, 7.8 Hz,3H), 7.23~7.29
(m, 5H), 7.50 (d, J=7.5 Hz, 1H); *C NMR (CDCl;, 75
MHz) ¢: 42.4, 53.9, 61.9, 66.9, 71.5, 115.3, 127.1, 128.2,
128.5, 128.7, 128.9, 133.2, 140.7, 140.8, 149.7, 150.3,
153.0, 169.3; IR (KBr) v: 1781, 1727, 1703, 1600, 1456,
1385, 1262, 1223, 1120, 1074, 1038, 757, 702 cm
HRMS caled for C;oH;;N,0,CINa ([M+Na]"): 395.0769,
found 395.0774; HPLC analysis [AD-H, hexane/i-PrOH
(V' V=90 : 10), flow rate=1 mL/min]: tyjno: =69 min,
fmajor = 74 min.

S -2-F He-3-2- G A -4- (1, 3- W I g -2- i - N- T 3%
SEREMER (endo-4d): 50 mg, B EHPIRIEE, 723 89%.
'H NMR (CDCl;, 300 MHz) &: 4.09~4.11 (m, 2H),
4.13~4.15 (m, 1H), 4.42~4.45 (m, 2H), 4.46~4.50 (m,
1H), 4.71 (t, J=8.4 Hz, 1H), 5.28 (d, J=5.5 Hz, 1H),
7.39~7.42 (m, 7H), 7.55 (d, J=10.1 Hz, 2 H); *C NMR
(CDCl;, 75 MHz) o: 42.8, 59.1, 62.4, 69.6, 70.6, 115.9,
127.1, 128.2, 128.5, 128.7, 128.9, 133.2, 140.7, 140.8,
149.7, 150.3, 153.0, 170.4; HRMS calcd for C;oH;7N,O4-
CINa ([M+Na]+): 395.0769, found 395.0774; HPLC
analysis [AD-H, hexane/i-PrOH (V' V=90 : 10), flow
rate=1 mL/min]: #yinor= 85 Min, fiajor= 124 min.

-2~ 2 J55 -3 -4 A B R -4 (1, 3- R g - 2- - V-
FE) S EMEI (exo-de): 68 mg, TEEIHRIBA, 723 92%.
'H NMR (CDClL;, 300 MHz) &: 3.12~3.21 (m, 1H),
3.69~3.75 (m, 1H), 3.80 (s, 3H), 3.90~4.00 (m, 1H),
4.13~4.28 (m, 2H), 4.80 (t, J=6.4 Hz, 1H), 4.84~4.93
(m, 1H), 5.16 (d, J=9.7 Hz, 1H), 6.86~7.05 (m, 5H),
7.22~7.28 (m, 2H), 7.42 (dd, J=13.3, 8.6 Hz, 2H); 1°C
NMR (CDCl;, 75 MHz) d: 42.3, 53.7, 55.3, 62.2, 67.0,
70.8, 113.7, 115.4, 122.3, 128.8, 129.3, 149.9, 153.1,
159.4, 169.4; IR (KBr) v: 1769, 1692, 1611, 1595, 1513,
1480, 1391, 1363, 1256, 1203, 1127, 1032, 837, 759, 700
em~'; HRMS caled for CyH,oN,OsNa ([M + Na]"):
391.1264, found 391.1264; HPLC analysis [AD-H, hex-
ane/i-PrOH (V' . V=90 : 10), flow rate =1 mL/min]:
Iminor =43 MiN, #gior = 61min.

JR-2,3- IR HE-4-(3,5- T H -2 M e g ) S5 I A
(endo-4f)*): 51 mg, TR, 73R 87%. 'H NMR
(CDCls, 300 MHz) §: 2.21 (s, 3H), 2.51 (s, 3H), 4.26 (dd,
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J=7.4, 5.7 Hz, 1H), 4.68~4.80 (m, 2H), 5.36 (d, J=5.0
Hz, 1H), 5.97 (s, 1H), 6.97 (t, J=7.3 Hz, 1H), 7.07 (t, J=
7.4 Hz, 2H), 7.23~7.42 (m, 5H), 7.62 (d, J=8.5 Hz, 2H);
IR (KBr) v: 1724, 1589, 1488, 1450, 1383, 1338, 1254,
1033, 963, 755, 698 cmfl; HPLC analysis [AD-H, hex-
ane/i-PrOH (V' . V=99 [ 1), flow rate=0.5 mL/min]:
Eminor = 19 MiN, fingior= 24 min.

J2-2-F K -3-4- G R FE-4-(3,5-  F L -2 M M R 3 ) S
WEE IR (endo-4g) ™ 65 mg, TR, P25 85%.
"H NMR (CDCl;, 300 MHz) 6: 2.15 (s, 3H), 2.45 (s, 3H),
4.19~4.24 (m, 1H), 4.57~4.71 (m, 2H), 5.27 (d, J=5.3
Hz, 1H), 5.92 (s, 1H), 6.90~7.00 (m, 3H), 7.20 (t, J=8.0
Hz, 2H), 7.30 (d, J/=28.5 Hz, 2H), 7.51 (d, /=28.4 Hz, 2H);
IR (KBr) v: 1723, 1597, 1586, 1489, 1410, 1382, 1337,
1257, 1090, 1014, 963, 759, 693 cm™'; HPLC analysis
[AD-H, hexane/i-PrOH (V' : V=99 : 1), flow rate=0.5
mL/min]: fyinor™= 36 Min, fygior =39 min.

SR -2-HE-3-3-E IR FE-4-(3,5- PR BE 2 I e E 3 )
LEWLIR (endo-4h): 68 mg, JoEIHPARIAE, 7% 89%. 1H
NMR (CDCls, 300 MHz) d: 2.21 (s, 3H), 2.50 (s, 3H), 4.28
(dd, J=15.5, 7.7 Hz, 1H), 4.67~4.76 (m, 2H), 5.33~5.38
(m, 1H), 5.98 (s, 1H), 6.95~7.08 (m, 3H), 7.24~7.34 (m,
4H), 7.50 (d, J=7.0 Hz, 1H), 7.68 (d, J=7.6 Hz, 1H); °C
NMR (CDCl;, 75 MHz) o: 13.8, 14.4, 59.6, 70.0, 70.2,
111.6, 115.1, 122.3, 125.2, 127.0, 127.8, 127.9, 128.8,
130.0, 134.7, 143.8, 144.6, 150.4, 152.8, 170.3; IR (KBr)
v: 1728, 1597, 1582, 1460, 1379, 1338, 1084, 965, 790,
754, 692 cm'; HRMS caled for C,H,N30,CINa ([M+
Na]"): 404.1136, found 404.1143; HPLC analysis [AD-H,
hexane/i-PrOH (V' © V=99 : 1), flow rate=0.6 mL/min]:
Fminor = 15 MiN, fingior= 16 min.

SR -2 HE-3-2- G IR FE-4-(3,5- T PR BE 2 I e 3 )
WEIEIH (endo-4i): 43 mg, TLEMARBIA, 7% 80%. 'H
NMR (CDCl;, 300 MHz) ¢: 2.16 (s, 3H), 2.51 (s, 3H),
4.19~4.25 (m, 1H), 4.35~4.42 (m, 1H), 4.65~4.71 (m,
2H), 5.96 (s, 1H), 6.97 (t, J/=7.3 Hz, 1H), 7.07 (d, J=7.8
Hz, 2H), 7.28~7.39 (m, 3H), 7.53~7.58 (m, 1H), 7.73~
7.74 (m, 1H), 7.89 (d, J=7.4 Hz, 1H); *C NMR (CDCl;,
75 MHz) §: 13.6, 14.2, 58.5, 67.4, 71.0, 111.8, 114.6,
121.9, 127.1, 128.7, 129.7, 131.2, 132.8, 139.8, 144.6,
149.7, 152.9, 171.1; IR (KBr) v: 1731, 1596, 1580, 1488,
1384, 1323, 1257, 1032, 962, 753, 697 cm '; HRMS calcd
for C,H;N30,C1 ([M+H]"): 382.1317, found 382.1321;
HRMS caled for C,;H,0N;0,CINa ([M+Na]"): 404.1136,
found 404.1141; HPLC analysis [AD-H, hexane/i-PrOH
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(V2 V=99 I 1), flow rate=0.5 mL/min]: fpjno—28 min,
Imajor= 31 min.

R -2- 2K e -3-(4- FH AR 2 ) R HE-4-(3,5- T H AR -2k e
Pk 35 ) SR IR (endo-4j)1 ) 62 mg, T IRIBE, 7=
# 82%. "H NMR (CDCls, 300 MHz) 6: 2.23 (s, 3H), 2.53
(s, 3H), 3.84 (s, 3H), 4.26~4.30 (m, 1H), 4.68~4.81 (m,
2H), 5.29 (d, J=5.3 Hz, 1H), 5.98 (s, 1H), 6.93~7.01 (m,
3H), 7.08 (d, J=7.8 Hz, 2H), 7.27 (t, J=7.9 Hz, 2H), 7.56
(d, J=8.7 Hz, 2H); IR (KBr) v: 1722, 1597, 1584, 1511,
1486, 1390, 1336, 1246, 1169, 1033, 1010, 963, 849, 761,
750, 698 cmfl; HPLC analysis [OD-H, hexane/i-PrOH
(V- V=99 . 1), flow rate=0.6 mL/min]: fpino-—41 min,
fmajor =406 min.

JIE -2 % 35 - 3 -4 P B, % I -4 S B AR T R R S5 7RG I
(exo-4k): 18 mg, AR, =% 95%.'"H NMR
(CDClLs, 300 MHz) &: 1.14 (dd, J=15.0, 6.2 Hz, 6H), 3.43
(dd, J=11.8, 7.4 Hz, 1H), 3.87 (s, 3H), 4.29 (dt, J=15.1,
8.1 Hz, 2H), 4.95 (dt, J=12.7, 6.3 Hz, 1H), 5.53 (d, J=3.6
Hz, 1H), 6.92~7.07 (m, 5H), 7.24~7.34 (m, 3H), 7.69 (d,
J=17.5Hz, 1H); °C NMR (CDCls, 75 MHz) ¢: 21.8, 55.3,
57.9, 67.4, 68.7, 69.7, 110.1, 114.6, 120.7, 121.9, 127.1,
129.0, 130.0, 150.9, 156.1, 171.4; IR (KBr) v: 2979, 2929,
1730, 1598, 1489, 1463, 1374, 1273, 1242, 1179, 1108,
1028, 754, 695 cm '; HRMS caled for CooHyNO, ([IM+
H] *): 342.1700, found 342.1704; HRMS caled for
CoH23sNO,Na ([M+Na]"): 364.1519, found 364.1524.

JIE -2 2% 5 - 3 -4 FF B 7 4% -4 S R A R Y R S5 TR T
(endo-4Kk): 18 mg, TEMARBIA, =F 96%. 'H NMR
(CDCls, 300 MHz) 6: 1.20 (d, J=6.2 Hz, 6H), 3.52 (dd,
J=13.5, 6.9 Hz, 1H), 3.84 (s, 3H), 4.31~4.43 (m, 2H),
4.94~5.05 (m, 2H), 6.93~7.03 (m, 5H), 7.22~7.27 (m,
2H), 7.48 (d, J=8.5Hz, 2H); '°*C NMR (CDCl;, 75MHz) &:
21.6, 55.3, 58.7, 69.0, 69.1, 72.1, 114.1, 115.3, 122.2,
127.8, 128.7, 133.2, 150.6, 159.1, 170.4; IR (KBr) v: 2980,
2933, 1729, 1611, 1597, 1512, 1489, 1464, 1374, 1302,
1248, 1178, 1106, 1032, 836, 758, 695 cm™'; HRMS calcd
for CyHyuNO, (IM+H]"): 342.1700, found 342.1705;
HRMS caled for C,H,sNOsNa ([M+Na]'): 364.1519,
found 364.1524.

Jii-5- B 5k -2,3- A -4-(1,3- M I g -2 - il - V- i 35 )
SR (exo-41)%): 46 mg, FHOMPIRY, 72 70%.

J2-5-FHE-2,3- IR FE -A-(1,3- W e dg - 2- i - - Tk 3
FEEEVEI (endo-41)*": 59 mg, TR, 77K 95%.

J2-5-FHE-2,3- AR FE-4-(3,5- L F FE-2- M M 3L ) S
IR (endo-4m)*Y): 52 mg, FEOIHPIRY, 773 90%.
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JIFi-5- F 32, 3- I Kk -4-(3,5- - F L2 HHE M R 3 ) S

W I (exo-4m)PY: 52 mg, B EAIARYD, 77 90%.

%4 Bh A4 #L (Supporting Information)

Fr A =4 'H

NMR, *C NMR, IR VA & HPLC &1 4. ix etk ay
LA Z MAS T 9 33 (http://sioc-Journal.cn/) | F %%,
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