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ABSTRACT

The first catalytic, asymmetric 2,3-trans-selective hetero Diels—Alder reaction has been developed. The reactions of aldehydes with Danishefsky’s
dienes proceeded smoothly to afford the pyranone derivatives in high yields with high trans-selectivities and enantioselectivities in the presence
of a chiral zirconium complex, which was prepared from zirconium tert-butoxide and (R)-3,3'-diiodobinaphthol or its derivatives, primary
alcohol, and a small amount of water. This reaction was applied to the concise synthesis of (+)-prelactone C.

Hetero Diels—Alder (HDA) reactions of aldehydes with cis-disubstituted pyranone derivatives in most cases, and no
1-alkoxy-3-trialkylsilyloxy-1,3-butadiene (Danishefsky’s di- catalyst system to afforlans-2,3-disubstituted products has
ene) mediated by a chiral Lewis acid provide one of the most been reported.In this Letter, we report the first catalytic,
powerful synthetic tools to construct chiral 2,3-dihydid-4 asymmetridrans-selective HDA reactions of aldehydes using
pyranone derivativesRecently, some effective chiral cata- a chiral zirconium catalyst.

lysts for HDA reactions have been developed and applied We have recently shown that several chiral zirconium
to the total synthesis of natural produgtdowever, the main ~ complexes having 1’,bi-2-naphthol (BINOL) moieties are
products of the HDA reactions are 3-unsubstituted or 2,3- effective catalysts for asymmetric carboecarbon bond-

: : forming reactions such as Mannich reactidreza Diels—
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Mukaiyama aldol reactionsgtc. These reactions proceed
in high yields with high selectivities, which are strongly

yield, 22% ee (Table 1, entry 1)). It was thought at this stage
that methanol produced during the reaction might decompose

dependent on the unique characteristics of the zirconiumthe diene and also interact with the zirconium catalyst to
catalysts. We envisioned that these chiral zirconium catalystsdecrease the yield and enantioselectivity. We then decided

were also effective for HDA reactions (Scheme 1).

Scheme 1
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1e: R'=Me, R2=H, R3%=Bu, SiR*;=SiMe; (R-2¢: X=I

In an initial investigation, we employed a chiral zirconium
catalyst prepared from Zr{Bu),, (R)-3,3'-diiodo-1,1'-bi-2-
naphthol ((B-3,3-1,BINOL), n-propanol (PrOH), and water
in a model HDA reaction of benzaldehyde with 1-methoxy-
3-trimethylsiloxy-1,3-butadiene (1a) (Table 1). When the

Table 1. Catalytic Asymmetric Hetero Diels—Alder Reactions
of Benzaldehyde with Danishefsky’s Dienel§ Using a Chiral
Zirconium Catalyst

entry diene PrOH (mol %) temp (°C) yield (%) ee (%)

1 la 50 0 39 22
2 1b 50 0 50 91
3 1b 80 0 65 94
4 1b 120 0 44 94
5 1b 80 -20 70 97
6 1b 80 —45 trace

7 1c 80 -20 80 97

a All reactions were performed in the presence of 10 mol % of Zr catalyst.
The catalyst was prepared from ZfgD), (10 mol %), (R)-3,3'4BINOL
(12 mol %), PrOH, and kO (20 mol %). The concentration of the reactions
was 0.2 M. After the reaction, the crude products were treated with TFA to
afford the desired adductisolated yield.

reaction was performed in toluene at°G, the yield and
enantioselectivity of the desired product were low (39%
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to use 1ltert-butoxy-3-trimethylsiloxy-1,3-butadienellf)
instead ofla. It turned out that the yield and enantioselec-
tivity were much improved and that the desired pyranone
adduct was obtained in 50% yield with 91% ee (entry 2).
When the reaction was carried out using 80 mol % of PrOH
in toluene at—20 °C, the yield and enantioselectivity were
further improved to 70% yield with 97% ee (entry 5). Further,
when the more stable diede having an ethyldimethylsiloxy
group was employed, the desired product was obtained in
80% vyield with 97% ee (entry 7). We then tested other
substrates of aldehydes and dienes under these conditions,
and the results are summarized in Table 2, entrie$.1

Table 2. Effect of Substrateés

yield cis/ ee

entry aldehyde diene BINOL (%)® trans (%)
1 PhCHO 1c 2a 80 97
2  4'-MeCgH4,CHO 1b 2a 58 93
3  4'-CIC¢H,CHO 1b 2a 65 84
4 PhCH,CH,CHO 1c 2a 84 90
5  CH3(CH2)sCHO 1c 2a 69 91
6 PhCHO 1d 2a trace -
7 PhCHO 1d 2b quant. 1/12 98¢
8  4'-MeCgH,CHO 1d 2b 93 1/7  90°
9  4'CIC¢H,CHO 1d 2b 99 19 97°
109 (E)-PhCH=CHCHO 1d 2b 78 1/7 87¢
11¢  PhCH,CH,CHO 1d 2c 68 1/9 87¢

a All reactions were performed in the presence of 10 mol % of catalyst
at —20 °C for 18 h, unless otherwise noted. The concentration of the
reactions was 0.2 M Isolated yieldctrans-Productd —10 °C.¢The
reaction was performed for 48 h using PrOH (120 mol %) in higher
concentration (0.5 M).

Aromatic as well as aliphatic aldehydes reacted with Dan-
ishefsky’s dienes to afford the desired HDA adducts in good
to high yields with high enantioselectivities. It is noted that
a high level of stereocontrol was achieved even in the
reactions of aliphatic aldehydes.

Next, we investigated the HDA reactions of 4-methyl-
substituted Danishefsky’s diene tdr-Butoxy-2-methyl-3-
trimethylsiloxy-1,3-pentadienel @) was prepared and sub-
jected to reaction with benzaldehyde using the chiral
zirconium catalyst having &R)-3,3'-bBINOL moiety. Un-
fortunately, the reaction did not proceed in toluene-20
°C. This result indicated that 4-substituted didiewas less
reactive than 4-unsubstituted dierles-c. We then focused
on increasing the Lewis acidity of the zirconium catalyst and
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Ed. 1998, 37, 3186. (b) Ishitani, H.; Komiyama, S.; Hasegawa, Y.;
Kobayashi, SJ. Am. Chem. So000,122, 762.

(7) Gastner, T.; Ishitani, H.; Akiyama, R.; KobayashiAsigew. Chem.,
Int. Ed.2001,40, 1896.

(8) (a) Ishitani, H.; Yamashita, Y.; Shimizu, H.; Kobayashi,JSAm.
Chem. S0c2000,122, 5403. (b) Yamashita, Y.; Ishitani, H.; Shimizu, H.;
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decided to introduce electron-withdrawing groups at thé 6,6
positions of BINOL derivatives.R)-3,3-Diiodo-6,8-bispen- Scheme 2. Short Synthesis of)-Prelactone €
tafluoroethyl-1,1-bi-2-naphthol (R)-3,3"-1,-6,6-(CsFs),-

catalyst was prepared from Zig),, (R)-3,3-1,-6,8-(CoFs),-

R ——

s . . . Q OH

BINOL) was chosen hiral ligand, an hiral zirconium H

OL) was chosen as a chiral ligand, and a chiral zirconiu /\)LH N \[ﬁi b U

. - .

BINOL, n-propanol (PrOH), and water. It was found that in SiMes SN A N
the presence of a catalytic amount of this chiral zirconium \;V/\ofsu 3 4
catalyst, the reaction of benzaldehyde witth proceeded le QH QH
smoothly to afford the desired HDA adduct quantitatively ¢) \(l d \(l
in tolueng at-20°C. Furthermore, the desw_emns_—adduct PN, Ao N
was obtained preferentially, and the enantiomeric excess of s 6

the trans-adduct was proven to be 98%. We examined (+)- Prelactone C
reactions of other aldehydes including aromati@-unsatur-
ated, and aliphatic aldehydes using this chiral zirconium 2Reaction conditions: (a) Zr(Bu)s (10 mol %), §-2c (15 mol

catalyst. In all cases, the reactions proceeded smoothly to?0): PrOH (120 mol %), 5O (20 mol %), toluene-20°C, 48 h,
ive the desired pyranone derivatives in high yields with high then Sc(OTR (10 mol %), CHCl,, r.t., 81% yield,trans/cis =
g Py gny 9N 6/1, 90% ee ttans); (b) NaBH-CeCh, EtOH-CHCl,, —78 °C,

trans-selectivities, and the enantiomeric excesses dfdhs- 90%, ds= 96/4; (c) Dowe® 50W-X2, LiBr, H,0, THF, 0°C,
adducts were also high. It is noted that this is the first 79%; (d) AgCOs-Celite®, benzene, reflux, 96%.
example of the catalytic asymmetritans-selective HDA
reaction of aldehydes.

Finally, to demonstrate the utility of this catalytic, asym-
metric trans-selective HDA reaction, we performed the
asymmetric synthesis of prelacton&€(Scheme 2). A key

HDA reaction of crotonaldehyde with 1-tert-butoxy-3- y : -
trimethylsiloxy-1,3-pentadiene (le) was performed under asymmetridrans-selective HDA reaction of aldehydes. The

standard conditions using the chiral zirconium catalyst, to Nghly stereoselective reaction was successfully applied to
afford the desired pyranone derivative in 81% yield with the concise synthesis of{-prelactone C. Further investiga-
good trans-selectivity (trans/cis= 6/1). The enantiomeric tion to clarify a mechanistic aspect of this reaction is now

excess of therans-adduct was 90% determined by HPLC 'l Progress.
analysis. After separation of the diastereomers,tthas-
pyranone derivative was reduced using sodium borohydride
in the presence of cerium chloride to give allylic alcoBol

in excellent yield and diastereoselectivity. The allylic

alcohol (3) was then hydrated using acidic resins in the g ;5501ting Information Available: Experimental details
presence of water to produce lac#igl? which was oxidized and 'H and 3C NMR spectral data of the products. This

material is available free of charge via the Internet at http://
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Boddien, C.; Gerber-Nolte, J.; Zeeck, Biebigs Ann.1996, 1381. pubs.acs.org.
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reported. However, in every case, many reaction steps were required. (a)

Esumi, T.; Fukuyama, H.; Oribe, R.; Kawazoe, K.; Iwabuchi, Y.; Irie, H.;

selectively using the Fetizon reagbrb afford prelactone
C in excellent yield. All physical data of the synthetic sample
were consistent with those of the literatdré.

In summary, we have developed the first catalytic,
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