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Diastereo— and Enantioselective [4+ 2] Cycloadditions of Cyclic Enones with
Cyclic 1-Azadienes

Zhou, Rong Xiao, Wei Yin, Xiang Zhan, Gu Chen, Yingchun®
(Key Laboratory of Drug-Targeting and Drug Delivery Systems of the Ministry of Education, West China School of Phar-
macy, Sichuan University, Chengdu 610041)

Abstract Asymmetric aminocatalysis provides versatile tools for the stereoselective functionalizations of cyclic enone sub-
strates at various sites. Recently, we developed an unusual [5+ 3] formal cycloaddition reaction of p-substituted
2-cyclopentenones or simple 2-cyclohexenone with bis(electrophilic) 1-azadienes, 3-vinyl-1,2-benzoisothiazole-1,1-dioxides,
through o'-regioselective Michael addition followed by y-regioselective intramolecular Mannich reaction via cascade
cross-conjugated dienamine-endo-dienamine catalysis of a chiral primary amine. However, a completely different reaction
pathway was disclosed when other type of cyclic enones, such as pf-substituted 2-cyclohexenones or simple
2-cyclopentenone, were used under the similar aminocatalytic conditions. In this case, the same 1-azadiene partners act as
electron-deficient dienophiles, and o',f-regioselective [4+2] cycloadditions occurred via cross-conjugated dienamine cataly-
sis, giving bridged [2.2.2] octane or [2.2.1] heptane architectures with densely adorned functionalities. After systematically
screening a number of reaction parameters, such as catalyst, acid additive and solvent, we can successfully realize the di-
astereodivergence in the above mentioned [4+2] cycloadditions. The endo-selective cycloadducts were efficiently obtained
in moderate to excellent stereoselectivity (5 : 1~>19 : 1 dr, 86%~98% ee) in toluene at 50 ‘C, by employing a (R,R)-1,2-
diphenylethanediamine derived bifunctional primary amine catalyst with a benzothiadiazine-1,1-dioxide group as hydrogen
bonding donor and in combination of benzoic acid. Even exclusive endo-selectivity (>19 : 1 dr) was consistently observed
in the reactions of simple 2-cyclopentenone. A combination of 9-amino-9-deoxyepiquinidine and salicylic acid also produced
the endo-selective cycloadduct but with slightly lower diastereoselectivity. In contrast, the diastereoselective [4+2] cycload-
ditions of p-substituted 2-cyclohexenones and 3-vinyl-1,2-benzoisothiazole-1,1-dioxides could be pleasingly switched by
using 6'-OH-9-amino-9-deoxyepiquinidine and benzoic acid in PhCF; at 50 “C, providing the exo-selective cycloadducts
with good results in terms of diastereo- and enantioselectivity (4 : 1~>19 . 1 dr, 83%~95% ee). 6'-OH-9-amino-
9-deoxyepiquinine could afford the exo-cycloadducts with an opposite configuration, but with less satisfactory stereoselectiv-
ity (3 examples, 5 : 1~9 [ 1 dr, 62%~71% ee). Moreover, the analogous 4-styryl-1,2,3-benzoxathiazine-2,2-dioxide could
be smoothly utilized as the dienophilic partner, which further enriched the functionalities of the [4+2] cycloadducts.
Keywords aminocatalysis; [4 + 2] cycloaddition; enantioselectivity; diastereoselectivity; diastereodivergence; cyclic
enones; 1-azadienes
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Figure 1 Selected natural products containing [2.2.2] octane and [2.2.1]
heptane motifs
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T 3a (A% Wk FPEAR =i (Table 1, Entry 1, 90% ee).
KHZEJ TR ARG C2 A M B (7= 4, 5 C1
ML &5 A 24 (Bntry 2). 5 BATTHT 10 O 4038 1 WF 97 28
M R OH B RERIN TP L C4 P, [RIFE vy sk
B AR e 3% B PE 00 S, E AR exo-FR I A
3a'(Entry 3). TATHE— L0k T — R0 & &P A B A4
[KIXU T B AT et A 7711)C5~C8 (Entries 4~7), RINH
RESHE =1 endo-TEFENE, Hp il 2 R 75 AR IR HE IR 2
PR ] C8M I A5 T S iR L skt e LA KKt
Wk E(Entry 7). % C2 Sk A2 44 b A
& endo-IEFEVE(Entry 8). Bfi5, dE—H R T T
C8 AR MEZ INFUREEFNLAE T 10 R MR, (HA
Ret— b4 i SO &5 L (Entries 9~14). %5 —J71f, kAl
WA TEAAE C4 AL exo-iLBEMERI[4+ 2RI R
NHEAT T AR (Entries 15~17), KILCKFER A1 4
T3l PhCFs SV, REBS LU U (ISR AT (1 EXT ik
SO0 RIEFEVEDS B exo-FANEG™ ) 3a'(Entry 17).

2.2 Endo-i&#E R[4+ 2380 A B L

TERE T RNV 44 5, FRATE JeXt endo-ik
FEVERI[4 -+ 2030 D0 B s N REAT T IR A IR PR 2 52, i
5K L Table 2. &0 & AN Im] B-HUARHE 228 CUM i,
BFGRIE T e FBE, 2-BEMy EENUR MU, 2 1-50
T 2a RN RIS TR RS P S T AR R
(Table 2, Entries 1~~5), U 2-WEWy L) (1) A1 %] ik
FEPEAPT N (Entry 4). A EERE, SHTTHGER -
AR 2-BR i A A - DRI B 1 1[5+ 31T 20
R AN, AR 2-3F S W 7e AL ) €8 ERTTE
FIH TN o B-DRIE RN, DL AR I (1) 37 A4
IEREPEAE R[4+ 20 IS4 3f (Entry 6). B, Al
X 1-E2% A 2 IR DUBEAT T 42, S M
TR 10 e DU K 2R J7 FE 1) 1-5802% 0 #S RE LA
MG 15 g-F3E 2-BF U M A R 0 % Y. (Entries
7~10). [FFE, R 2-F8 SMs W I 3R A5 T S0 L 1) e W &5

(0]

[5+3] pathway

R N~ P
7 S=0
0 Ph

[4+2] pathway
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Table 1 Screening studies on the reaction of f-methyl-2-cyclohexenone 1a and 1-azadiene 2a“
Q. .0 9 0
o \\S// C (20 mol%) < N
N A (40 mol%) S S=o
Y +
+ solvent, 50 °C
= o Ph
1a 2a  pp 3a
oR /ZJ CFs
Ph
Hi. /N 1_
/ s e
y HN AN
N HN-R' CFs
N , Ph Ph
C1R =Me CeR = %OTBS
C3R=H R2
X Ph,, CO5H
Ph N ©: N
PhJ\NJ\N CO.H NHBoc
N LHOH A1R?=H A4
2 2 _
C7X=CO AZR’ = OH
C8 X = SO, A3R*=F
Entry C A Solvent t/h Yield*/% 3a . 3a" ee'/%
1 C1 Al toluene 56 65 301 —90
2 C2 Al toluene 53 66 301 92
3 C4 Al toluene 53 60 1:45 90
4 C5 Al toluene 48 84 8.1 81
5 Cé Al toluene 45 70 6:1 94
6 Cc7 Al toluene 48 75 10:1 84
7 C8 Al toluene 42 80 1101 92
8 C2 A2 toluene 55 72 7501 90
9 C8 A2 toluene 49 64 9:1 85
10 C8 A3 toluene 45 84 10:1 88
11 C8 A4 toluene 37 66 10:1 85
12 C8 Al o-xylene 45 82 11:1 90
13 C8 Al PhCF; 41 75 5:1 87
14 C8 Al CHCI; 50 70 3:1 74
15 C4 A3 toluene 53 53 1:35 93
16 C4 A4 toluene 57 60 1:4 92
17 C4 Al PhCF; 43 76 1:10 93

“ The reactions were performed with 0.15 mmol of 1a, 0.1 mmol of 2a, 20 mol% of amine C, and 40 mol% of acid A in 1 mL of solvent at 50 C. ® Combined yields
of 3a and 3a'.  Determined by 'H NMR analysis of the crude products. ¢ ee for major 3a or 3a', determined by chiral HPLC analysis.

R (Bntries 11~13), EREGFEIEIRM 1-H N 4
(Entry 14). FRATIEIE—DHFI T FREARERRE T 1-A 4 —
Jed 4" WEEIAN AL B endo-3EFRIE IR IR,
FO B E FEEAT T T B (Entries 15 and 16).
2.3  Exo-iE#E 48[4+ 2)ER AN AR K KL

FIRE, FATBE L T TG C4 MK H IR AL {1k
(1) exo-JEPEPEIR B N I A J& AR L. — FRAIEL
R 1-H 20 2 5 - 2-FR IR 1a SOV ATRELL
HREERSOR L B A AR BRI PR B L It e Bk A
JSAH Y B exo- I8 N % = 4)(Table 3, Entries 1~7), {HXHH
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FK B-IARTER 2-38 RIS, S N PR ST AR e R
B BT FAR(Entry 8). {22, KRB
158 0 4 NI T (6 S5 N 45 B (Bntry 9). 734b, F
FNZE T RTA R C3 I RE I3 2] exo- IR IR
00 ) KL SR R S ) A, (Ko I e 48 A T KRR PR AT
(Entries 10~12).
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R2 HORIGET L 1-55 IR0 endo- PR ISR I R % 186 1
Table 2 Substrate scope of endo-cycloadditions of cyclic enones and
1-azadienes”

.
0 R\ % C8(20mol%) )R N-x
W A1 (40 mol%) N
+ e —— —_—
toluene, 50 °C
R

o R? \\/
R1

2 X =-S0,-; 4 X = -0S0y- 3 X=-802-; § X=-0S0,-

R3 HRIGET S 1-5F IR exo- PR ISR I % 1 1
Table 3 Substrate scope of exo-cycloadditions of cyclic enones and
1-azadienes”

C4 or C3 (20 mol%)
A1 (40 mol%)

_— >

PhCF3, 50°C G

1 2 R2

2 X =-SOy; 4 X = -0SO0,- 3'X = -S0,-; 5' X = -0SO,-

Entry R R! R? Yield/% dr ee’l% Entry R R' R? Yield”/% dr* ee’/%

1 Me H Ph 3a, 80 11:1 92 1 Me H Ph 3a',76 101 93

2 nBu H Ph 3b,64 9511 92 2 Me H 3-MeC¢H,4 3b,59 6:1 86

3 Ph H Ph 3¢, 75 1251 90 3 Me H 2-F-4-Br-C¢H3 3c', 74 >19:1 95

4 2-thienyl H Ph 3d,87 5:1 89 4 Me H 2-naphthyl 3d',64 72:1 90

5 PhC=C H Ph 3e, 86 1211 86 5 Me H 2-furyl 3e', 62 6:1 92

6° H H Ph 3f, 85 >19:1 98 6 Me H styryl 31, 67 5301 93

7 Me H 3-MeCe¢Hs  3g, 65 8:1 91 7 Me 6-Cl Ph 3g', 71 401 85

8 Me H 2-furyl 3h,70  5:1 89 8 nBu H Ph 3h',60 45:1 83¢

9 Me 5,7-Me, Ph 3i, 72 >19:1 87 9 Me H Ph Sa', 67 1021 87

10 Me 6-Cl Ph 3,80 6:1 8¢ 1)’ Me H Ph 32,90 6511 —62

11° H H 3-MeCe¢Hs 3k, 90 >19:1 95 1 Me H 3-MeC¢H,4 3b,64 511 —68

12 H H 4-CIC¢Hy 31,78 >19:1 95 12/ Me H 2-F-4-Br-C¢H; 3c¢', 78 901 —71

13¢ H H 2-furyl 3m, 71 >19:1 88 “ Unless otherwise noted, the reactions were performed with 0.15 mmol of 1,
0.1 mmol of 2, 20 mol% of C4, and 40 mol% of Al in 1 mL of PhCFj; at 50

14¢ H H iPr 3n, 82 >19:1 97 ‘C. * Combined yields of diastereomers.  Determined by 'H NMR analysis of

SoMem o mosam 7o m ey Dl by il HPLC il The ol

16° H H Ph 5b, 86 >19:1 84

“ Unless otherwise noted, the reactions were performed with 0.15 mmol of
[-substituted 2-cyclohexenones 1 (n=1), 0.1 mmol of 2, 20 mol% of C8, and
40 mol% of acid A1 in 1 mL of toluene at 50 C. * Combined yields of di-
astereomers. “ Determined by "H NMR analysis of the crude products. “Deter-
mined by chiral HPLC analysis. ¢ 2-Cyclopentenone was used (2=0). / The
absolute configuration of 3j was determined by X-ray analysis'"*!.

FEVE I [4 42 S . R AT A A LB 45 1R 1 T
PEAR R HEAL T, ANOLRERS SCBLI IR Y endo 5% exo i
PRI SR, FFRESRAT BT IR ARXS WORTG BE FE1E. R
FBBE v (K 5 4 1 R SR SRk 4 1A 1R XUy B AT e e
i) C8, LA endo-IEFENEIR NS4, 2R
JITR] B 23R R Wi e ARG S A FEVE R E22.2.1)3%
AHH MERMMZEE T 8z AT RS 6-OH 1 HE
TFPEAO LIS, WL exo- B FEEIR G4, 7]
FESEIL T 0T 1 SRR PR .

4 SLIGERS

NN endo-F exo- PRI AW k. K
)R AR % T S % S0k, LSRR B
(Supporting Information).

4.1  Endo-IRANRLF=4H0§Il & 77 7%

B-HUAR 2-28 Ol I 8% 2-24 8004 W 1 (0.15 mmol). 1-

Bk M5 2 5% 4 (0.1 mmol). 1L 7] C8 (0.02 mmol) 5 4%
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IR A1 (0.04 mmol)iE# T (1.0 mLyH, T 50
CRHFER N, i TLC A L Wt 77 A il 25Ukl 2
54 ANEEA. RN CLMEY R =511, VI V)
B3 SRR EY), 4 "HNMR WEH dr {5, i
IEAEJZ AT 4 515 25— 11 endo-PA MBS 4 35X 5.

SR 1 P

3a: [IIEIA, 80% yield; 1111 dr, [¢] +203 (c
0.70 in CHCls); 92% ee, il HPLC 43#7[Daicel chiralcel
AD, [F ¢/ 5 N ¥ =80/20, 1.0 mL/min, A=220 nm,
#(major)=19.03 min, #(minor)=17.41 min]; '"H NMR (400
MHz, CDCL3) d: 7.86 (d, J=7.2 Hz, 1H), 7.73~7.68 (m,
1H), 7.66 (d, J=4.0 Hz, 2H), 7.32~7.21 (m, 5H), 3.81 (d,
J=8.0 Hz, 1H), 3.70 (d, J=8.0 Hz, 1H), 3.21 (dd, J=
19.6, 2.4 Hz, 1H), 2.50 (s, 1H), 2.20~2.15 (m, 1H), 2.01
(d, J=19.6 Hz, 1H), 1.94~1.79 (m, 2H), 1.72~1.65 (m,
1H), 0.95 (s, 3H); *C NMR (100 MHz, CDCl;) ¢: 213.2,
178.9, 139.6, 139.3, 133.9, 133.9, 131.9, 129.0, 1274,
127.3, 1242, 122.7,49.3, 46.3, 44.9, 44.8, 38.9, 34.8, 24.8,
18.4; ESI-HRMS calcd for CpHyNO;S+Na®™ 402.1134,
found 402.1137.

Sa: AL, 72% yield; 71 dr, [a]}) +529 (¢
0.34 in CHCl3); 73% ee, it HPLC 43#7[Daicel chiralcel
AD, IF %58/ A ¥ =80/20, 1.0 mL/min, A=254 nm,
#(major)=11.45 min, #(minor)=9.57 min]; "H NMR (400

http://sioc-journal.cn 865
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MR

MHz, CDCl3) o: 7.83 (d, J=8.0 Hz, 1H), 7.72~7.68 (m,
1H), 7.38~7.33 (m, 2H), 7.30 (d, J=6.8 Hz, 2H), 7.28~
7.22 (m, 3H), 3.90 (s, 2H), 3.23 (dd, /=19.2, 2.8 Hz, 1H),
2.55 (s, 1H), 2.26~2.18 (m, 1H), 1.96 (d, /=19.2 Hz,
1H), 1.92~1.82 (m, 2H), 1.70~1.62 (m, 1H), 0.90 (s,
3H); “C NMR (150 MHz, CDCl;) d: 213.0, 182.9, 153.4,
139.6, 137.3, 129.1, 128.2, 127.4, 127.3, 125.9, 119.6,
117.8, 49.3, 49.1, 45.0, 44.6, 39.6, 35.5, 24.6, 18.6; ESI-
HRMS caled for C,H,NO,S+Na™ 418.1083, found
418.1086.

4.2  Exo-IRhnEL PRSI & 7%

B-HUAR 2-FF CUR 1 (0.15 mmol). 1-%(4% )i 2 5%
4 (0.1 mmol). 4L 7] C4 Bk C3 (0.02 mmol) 5 7 IR Al
(0.04 mmol)VRH T T =% H (1.0 mL)H, T 50 C
RSN, TR TLC K L 86077 U I A k) 2 51
4 NP FEET Y SRR ClE=6 1 1, VI NS
B AR G W), A% E S dr (B )5, whs
FE T2 B A B — 1) exo-FR N 318K 5.

SORAL A 1 B

3a" AT, 76% yield; 10 : 1 dr, [¢]) —40.4 (c
0.48 in CHCls); 93% ee, i HPLC 43 #T[Daicel chiralcel
AD, IF O\ 5%/ F N EF =80/20, 1.0 mL/min, A=220 nm,
#(major)=17.56 min, #(minor)=14.18 min]; '"H NMR (400
MHz, CDCly) d: 791 (d, J=7.2 Hz, 1H), 7.71 (t, J=7.2
Hz, 1H), 7.59 (t, J/=7.2 Hz, 1H), 7.37 (d, J/=7.6 Hz, 1H),
7.23~7.16 (m, 3H), 7.04 (d, /=7.2 Hz, 2H), 3.84 (d, J=
8.0 Hz, 1H), 3.32 (d, J=8.4 Hz, 1H), 2.71 (s, 1H), 2.56~
2.51 (m, 1H), 2.41 (s, 2H), 2.36~2.30 (m, 1H), 1.99~1.98
(m, 1H), 1.46~1.40 (m, 1H), 0.93 (s, 3H); >C NMR (150
MHz, CDCl;) o: 214.1, 178.3, 143.1, 139.4, 133.8, 133.8,
132.1, 129.0, 127.2, 126.6, 124.2, 122.7, 52.4, 51.4, 48.5,
48.5, 38.0, 25.6, 25.0, 24.6; ESI-HRMS calcd for
Cy,H, NO;S+Na' 402.1134, found 402.1136.

Sa": [, 67% yield; 10 1 1 dr; [o]R —76.0 (c
0.20 in CHCls); 87% ee, it HPLC 43#1[Daicel chiralcel
AD, 1F C\J5%/# N EE=80/20, 1.0 mL/min, A=254 nm,
#(major)=12.36 min, #(minor)=10.82 min]; '"H NMR (400
MHz, CDCly) d: 7.67 (td, J=8.4, 7.2 Hz, 1H), 7.47 (d, J=
7.2 Hz, 1H), 7.30 (d, /=38.0 Hz, 1H), 7.25~7.20 (m, 3H),
7.18~7.16 (m, 1H), 7.05 (d, J=7.2 Hz, 2H), 3.90 (d, J=
8.4 Hz, 1H), 3.51 (d, J=8.8 Hz, 1H), 2.74 (s, 1H), 2.56~
2.51 (m, 1H), 2.37 (s, 2H), 2.35~2.30 (m, 1H), 1.99~1.94
(m, 1H), 1.43~1.35 (m, 1H), 0.86 (s, 3H); °C NMR (100
MHz, CDCly) d: 214.4, 182.2, 153.3, 143.1, 137.3, 129.1,
128.2, 127.2, 126.5, 125.9, 119.5, 118.1, 54.3, 52.8, 48.3,
48.2, 38.5, 25.5, 247, 24.6; ESI-HRMS calcd for
Cy,H, NO,S+Na" 418.1083, found 418.1088.
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