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Asymmetric Binary—Acid Catalysis in the Inverse—Electron—-Demanding
Hetero—Diels—Alder Reaction of 3,4-Dihydro—2H—Pyran

Lv, Jian Zhong, Xingren Cheng, Jin-Pei Luo, Sanzhong*

(Beijing National Laboratory for Molecular Sciences (BNLMS), CAS Key Laboratory of Molecular Recognition and
Functions, Institute of Chemistry, the Chinese Academy of Sciences, Beijing 100190)

Abstract Chiral dihydropyrans are important structural units in a plethora of bio-active natural products. Inverse-electron-
demanding hetero-Diels-Alder reaction between a,f-unsaturated enones/enals and olefins represents one of the most straight-
forward pathway to access chiral dihyropyrans moieties. Though this reaction has been much explored in asymmetric cataly-
sis, new catalytic strategy or catalysts are still desirable in order to further address the limited scopes and applicability. Pre-
viously, we have developed asymmetric binary acid catalysis (ABC) as a powerful combinatorial approach for chiral strong
acid catalysis. In principle, the ABC strategy utilizes chiral Brensted acid, e.g. chiral phosphoric diester acid, as dual ligand
and acid, in concert with typical metal Lewis acid, resulting in synergistic catalysis due to their mutually enhanced acid-
ity/electrophilicity as well as the endowed multi-activation sites. To advance the application of ABC strategy in the above
mentioned reaction, we have found that the use of metal salt of chiral phosphoric acid instead of free phosphoric acid in the
presence of an achiral Lewis acid, led to much improved activity and stereoselectivity, thus providing a conceptual advance
to include two Lewis acids combinations in ABC catalysis. The obtained optimal Lewis acids combination, InBr; and
Ca(1c),, was found to be an effective and selective catalyst for the HDA reaction of 3,4-dihydro-2H-pyrans. In the presence
of InBr; (2.5 mol%) and Ca(1c¢) (2.5 mol%), the reaction occurred smoothly to afford the desired 3,4-dihydro-2H-pyrans in
high yield (85%—98%), with moderate to excellent diastereoselectivity (70 : 30—99 1, endo/exo) and enantioselectivity
(up to 94% ee) under 25 ‘C in CH,Cl,. Different enol ethers 2 and f3,y-unsaturated a-ketoesters 3 all worked well with ex-
cellent diastereoselectivity (94 . 6) and good enantioselectivity under the optimal reaction conditions.

Keywords asymmetric catalysis; Hetero-Diels-Alder reaction; indium bromide; chiral calcium phosphate; 3,4-dihydro-2H-
pyran
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Figure 1 Natural products including dihydropyran subunits: ABCDEFG
fragment I of maitotoxin, Xyloketals A II, Xyloketals E III, Cyanolide A
v
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Figure 2 The asymmetric binary acid strategy and chiral phosphoric
acid 1
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STARGEPEE (ee=40%, dr=73 : 27, Entry 4, % 1), JEH.
ESRANAN 4 A 5370, 7= R RSPV il
mi(Entry 5, % 1), B, TATFIH InBrs /54 A G
Lewis FRME A0 70T S W R L8 5 PR EA T I K
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£ 25 CHRIZAT, JAMEM 3,4-"5-2H-HLH 2a
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Table 1 Screen of different Lewis acid

Lewis acid (2.5 mol%)

COMe 1a (5 mol%)
H3CO

CH,Cly, 25 C

£2 AFET BRI IL
Table 2 Screen of different chiral phosphoric acid

InBr3 (2.5 mol%)

O Oy, COMe  CPA 1 (5 mol%)
|+ -
o “ CH,Cly, 4 A MS, 25 C H3CO

3a 4n

Entry*  Lewis acid Time/h  Yield/% dr/% ee’/% Entry* CPA Yield"/% ar/% ee'/%
1 None 24 NR* — — 1 1a 50 70 130 60
2 InF; 24 NR* — — 2 1b NR°¢ — —
3 InCls 24 31 68 132 37 3 1c 52 80 : 20 81
4 InBr; 24 35 73127 40 4 Li(1a) 90 80 : 20 56
5 InBr; 24 50 70 130 60 5 Na(1a) 92 80 : 20 57
6 In(OT1); 1 min 82 64 136 20 6 Mg(1a), 90 82120 23
7 In(BArF); 24 20 84 : 16 35 7 Ca(1a), 95 80 : 20 65
8 Er(OTf); 24 NR® — — 8 Ca(1b), 80 83:17 3
9 Sc(OT1); 1 min 85 68 : 32 11 9 Ca(1c), 98 85:15 92
10 Cu(OT1), 12 64 62 138 —12 10¢ Ca(1c), NR* — —
¢ General conditions: 2a (0.3 mmol), 3a (0.1 mmol), 1a (5 mol%), Lewis acid 11 None 55 60 : 40 _

(2.5 mol%), at room temperature, in CH,Cl,; ® Isolated product yield; ¢ Di-
astereoselectivities were determined by 'H NMR; ¢ Enantioselectivities were
determined by HPLC analysis; ¢ No reaction;” Add 4 A MS (20 mg).

X AN T PR IR (1) 77 42 /5 (Entries 1~3, %£2), &
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FORA IO Ik B PE S B T B (Entries 4~6, £2). &
KIRATVKIN, A4k 7 ) InBry/Ca(le), I, 723%(98%),
RSB BRI (dr=85 & 15)FI%f Mk £ 1E(92% ee)#i 3K
3T U rIgs . ok, AR, UM Lewis
InBr; B, NVANREREIT; 24 RN Lewis 2 InBr; B, 7=
RN BRI BEVE ARG, AR BOR SR IE =4, it
Al XU Lewis MREBAMER, AH T 3,4-—5-2H-
MM ¥ J FL 775 5K HDA fiﬁ FIHACA 1L, BRI
XX Lewis BR[InBrs/Ca(lc),, 1 1045 AR LAk
SN BLEEAN 2315 4, (255 FRAT TR AT I T %HI
BRFRAEL) T R L A Uk A I S5 AR AL, A T
5 Ca(IDM In(111) JERM 4B LAY, 4L HDA Jiﬁi

2.3 F[EIATF0IR X S R BY L AR 1 R R0 B 5

1 25 CIE&AET, FAMEH 3,4- =5 -2H-ILW 2a
(0.50 mmol), B,y-ANHLAT a-fii iR EE 3a (0.10 mmol)hy % Y
JEEX, LA InBry & Lewis fR(2.5 mol%), Ca(lc), A TPk
1% £5.(2.5 mol%), RANRIEFIHEAT IR IE (R 3).

MFE 3 T as BT LU H, AN D Y. ) 7= 26 A
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“ General conditions: 2a (0.3 mmol), 3a (0.1 mmol), 1 (5 mol%), InBr; (2.5
mol%), at room temperature, in CH,Cl,; Entries 1—3, 24 h, Entries 4—11, 4 h;
® Isolated product yield; ¢ Diastereoselectivities were determined by "H NMR;
“ Enantioselectivities were determined by HPLC analysis; ¢ No reaction;”M(1),
(2.5 mol%); € InBr; (0 mol%).

K3 NIFIHE AL 1 6 6

Table 3 Screen of different solvents and temperature

InBr (2.5 mol%)

O COMe  c5(1¢), (2.5 mol%)
Solvent, 4A MS, 25 C

Entry” Solvent Yield/%  dr‘/% ee’l%
1 CH.Cl, 98 85:15 92

2 CHCI; 94 84 : 16 86

3 CH,CICHCI 95 77 .23 93

4 CH;CO,CH; NR® — —

5 PhCH; 73 87 .13 81

6 n-CeHs 92 70 1 30 2

7 THF NR* — —

8 Ether NR® — —
9 CH,CL, 85 80 : 20 88

© 2012 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

¢ General conditions: 2a (0.3 mmol), 3a (0.1 mmol), Ca(1c), (2.5 mol%), InBr3
(2.5 mol%), at room temperature, in solvent Isolated product yield;
astereoselectivities were determined by 'H NMR; ¢ Enantioselectivities were
determined by HPLC analysis;  No reaction; /A0 C, for 12 h.

fie ) - (Entries 4, 7, 8, # 3). 4N AE IF e HEAT I,
HAR ARG = 0 77 2, K 3 5 AR 22 (ee < 2%,
Entry 6, % 3). M NAE R EEATI, BEARIEX L
FEVEA BT 5 (endolexo =87 * 13), {H = R %} Wik 4%
PERA — o PR, AR A, MR NERY 1,2- &
LWEIT, BRI DASRAS 55 G o A AR 1) %o e 8
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Table 4 Substrate scope of HDA reaction

InBr3 (2.5 mol%)

Ar
O COR " ca(1e), (2.5 mol%) H
CH,Clp, 4 A MS,25°C RO ‘o o
A

Entry* Product Yield/%  dr'i%  ee’l%

4 97 89 .11 91
5 82 82118 91
6 88 80 : 20 91
7 89 81:19 82
8 72 67 33 90
9 90 70 130 91

Entry” Product Yield/%  dl%  ee'l% O 4
Ph “ General conditions: 2a (0.3 mmol), 3a (0.1 mmol), Ca(1c), (2.5 mol%), InBr;
H (2.5 mol%), at room temperature, in CH,Cl,; Entries 1—7, 4 h; Entries 8—9,
> 24 h; ® Isolated product yield; ¢ Diastereoselectivities were determined by 'H
1 H.CO. ‘ 98 85115 92 NMR; ¢ Enantioselectivities were determined by HPLC analysis.
3 070
H - N /-
O 4a BEAR, XURAEAL T InBry/Ca(le), % T e Mk
2,3- A 2H-WEN, LMK SRS AR RE Y. 4
NI, IXEEH DL & e i) ) 7 HDA Je
, os s en NS TIRTHARKHERERE R 99 1 DRIELF
(R W PR (0 R TE 86%) 177471
3 2n e
3,4-Cl,CgHs
5 AR R AL A InBry FAEREREG 4 Ca(10)a],
> meo AL 92 891l ol HGLHAE 3,4- A 2HEMAT By- RHIAT - HRRR R AS
5 . H XPFRMEAL S HL - HDA SN A RN, SN SRR 75 1)
C N
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Figure 3 Enantioselective inverse-electron-demanding HDA reactions
of enol ether 2b—2¢ with 3
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