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Abstract

By varying the substituents on the nitrogen of enamide aldehydes, their reaction mode with Danishefsky’s diene
in the presence of Lewis acid catalysts can be controlled and the desired formal hetero-Diels—Alder products
obtained. A new and efficient method to synthesize chiral binaphthyl ligands containing sterically bliky 3,3
substituents has been developed. Lewis acid complexes prepared from these binaphthyl ligands gradeAlMe
used to catalyze the hetero-Diels—Alder reaction of an enamide aldehyde with Danishefsky’s diene with up to 78%
ee This catalytic asymmetric reaction may allow for the efficient synthesis of biologically interesting molecules
such as fumonisins. © 2000 Elsevier Science Ltd. All rights reserved.
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Fumonisins, such as Fumonisin Bl), are mycotoxins found in sorghum, corn and other grains.
This class of molecules has shown a wide variety of biological actiiid=or example, they have been
linked with human esophageal cancer resulting from the consumption of contaminated corn in certain
countries. A significant number of studies on these compounds has been carried out in the padtélecade.
In 1997, Kishi and co-workers accomplished the first total synthesis of Fumonigit) 8* As shown in
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the structure ofl, all fumonisins contain a chiral amino dihydroxyl unit. We have initiated a project to
enantioselectively synthesize a chiral amino dihydroxyl mole2wds a precursor to fumonisins by the
asymmetric hetero-Diels—Alder reaction of Danishefsky’s dighwith enamide aldehydegfollowed

by asymmetric hydrogenation and hydrolysis. Herein, we report our study on this asymmetric hetero-
Diels—Alder reaction catalyzed by chiral Lewis acid complexes as well as a new and efficient synthesis
of chiral binaphthyl ligands.
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Enamide aldehydda was readily synthesized from serinol (2-amino-1,3-propandidle reacted
4a with 3 by using ZnC} as the Lewis acid catalyst. This, however, did not lead to the desired
hetero-Diels—Alder reaction product. Instead, a normal Diels—Alder reaction occurred b&vaaen
the alkene double bond dfa to generates as the major product in 30% isolated yield after treatment
with trifluoroacetic aci. We then studied the effect of the nitrogen substituentsa®d R on this
reaction. We found that compoundb and4c, where the benzyl group dfa was removed, underwent
a ‘formal’ hetero-Diels—Alder reaction witB to give compound$a and6b in 50-60% isolated yields
after treatment with trifluoroacetic acid. This reaction was found to proceed via a Mukaiyama aldol
condensation followed by cyclizatidhi:9-8 Therefore, by simply varying the nitrogen substituents of the
enamide aldehydes, the reaction pathway of these molecules is dramatically altered. In order to conduct
a catalytic enantioselective synthesis, we then explored the use of chiral Lewis acid catalysts for the
reaction of4b with 3.
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In 1988, Yamamoto and co-work&@?® discovered that optically active binaphthyl ligan@svith
bulky 3,3-substituents in combination with AlMeare highly enantioselective catalysts for the hetero-
Diels—Alder reaction of unfunctionalized aldehydes with Danishefsky’s diéAdhese ligands were
synthesized by a five-step reaction sequence starting Ry, (°-bi-2-naphthol [R)-BINOL, (R)-7].10
In order to test the applicability of these chiral ligands to the asymmetric hetero-Diels—Alder reaction of
the enamide aldehydes wifl) we have developed a new and concise three-step synthe$ts-@é«d
that contains various bulky 3;3ubstituents by using Snieckus’ ortho-aromatic metalation strétegy
(Scheme 1). A typical procedure for the conversion of a methoxymethyl protected BIR)EE.t¢ (R)-
9ais described here. To a solution d)(8 (1.87 g, 5.0 mmol) in EO (dried, 40 mL) under nitrogen
was addeadh-BuLi (2.5 M, 6.0 mL, 15.0 mmol) dropwise via syringe at room temperature. After stirring
for 4 h, a THF (20 mL) solution of triphenylsilylchloride (6.16 g, 20.9 mmol) and HMPA (2.6 mL, 15.0
mmol), respectively, were added. After stirring for another 4 h, the reaction mixture was quenched with
saturated NHCI solution, and the aqueous layer was extracted with EtOAc. The combined organic layer
was washed with brine and dried over anhydrous3@. After evaporation of the solvent, the residue
was mixed with HCI (6N, 20 mL) and CHgI(30 mL). EtOH (ca. 40 mL) was added to generate a
homogeneous solution which was heated at reflux for 48 h. The organic solvents were then removed
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by roto-evaporation, and the aqueous suspension was extracted with EtOAc. The combined organic
solution was washed with brine and dried over8@y. After removal of the solvent, the residue was
recrystallized from CHCly/hexane to yield R)-9a (3.20 g, 80%) as a white crystaR)9a was also
converted to R)-9ein 70% yield by treatment with bromine in acetic acid and methylene chloride at

20°C. Introduction of the electron-withdrawing &J8romine atoms inR)-9e was to electronically
modify the binaphthyl ligand.

) 1. "Buli, Et,0
@ 1. NaH g
O OH TaF,(St.e W Oe OCH2OCH3 2. CISiArs or BrSiArs
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Scheme 1. Synthesis of chiral binaphthyl ligands containing bulkys3Bstituents

The chiral Lewis acid complexes made from ligan&%9a—e and AlMe; were used to catalyze the
asymmetric hetero-Diels—Alder reaction ®fwith 4b. The results are summarized in Table 1. All of
these reactions were carried out a40°C in the presence of 20 mol% of Alidend 22 mol% of
chiral ligand for 36 h unless indicated otherwise. After hydrolysis and work-up, compdabis
obtained and characterizé8lAs shown in Table 1, these reactions were strongly influenced by solvents.
In solvents containing coordinating oxygen atoms, such as THF aitdl, Bb reaction was observed.

A polar solvent like CHCI, was found to be more favorable than a less polar toluene. The more
sterically bulky ligand R)-9b showed much higher enantioselectivity th&)-0a. Up to 78%ee of 6a

was obtained when the reaction was catalyzed by 10 mol9R)e®l+AlMes. Introduction of the 6,6
bromine atoms inK)-9e should increase the acidity of the hydroxyl groups, but showed no improvement
on the enantioselectivity. Other chiral Lewis acids that were successfully used in different asymmetric
hetero-Diels—Alder reactions, such as BINOL-Tif®),,’¢ and BINAP-Cu(OT#),”! could not catalyze

this reaction.

In summary, we have demonstrated that the reaction mode of an enamide aldehyde with a conjugated
diene can be dramatically altered by simply changing the substituents on the nitrogen atom. In the pre-
sence of chiral Lewis acid catalysts, we have achieved the formal asymmetric hetero-Diels—Alder reaction
of enamide aldehydes with Danishefsky’s diene with encouraging enantioselectivity. This strategy, when
coupled with the well-developed asymmetric hydrogenation of enankidesyld facilitate the synthesis
of biologically interesting molecules such as fumonisins. We have also developed a very efficient method
to prepare optically active BINOL ligands containing bulky %3sBibstituents. These ligands are very
useful for a number of asymmetric organic transformations including a Claisen rearrangéent,
ene reactiotf® and a radical substitutiofdin addition to the hetero-Diels—Alder reaction.
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Table 1
The asymmetric hetero-Diels—Alder reaction3and4b to form 6a catalyzed by the complexes of
(R)-9a—e and AlMe;

Entry Ligand Solvent Yield (%) ee (% )2
1 (R)-9a ~ Eno 0
2 (R)-9a THF 0
3 (R)-9a Toluene 40 42
4 (R)-9a CH2ClIp 50 45
5 (R)-9b Toluene 40 46
6 (R)-9b CH2ClIp 45 73
7 (R)-9b CH2Clp 20 78b
8 (R)-9¢ CH2Clp 35 46
9 (R)-9d CH2CIp 30 25
10 (R)-9e CH2Clp 60 44
a. The ee was determined on HPLC with a Chiracel OD column.12 b. Catalyzed by 10 mol% of AlMe3 + 11 mol% of (R)-
9b.
Acknowledgements

We thank donors of the Petroleum Research Fund, administered by the American Chemical Society,

for their partial support for this research.

References

1.

N

(a) Bezuidenhout, C. S.; Gelderblom, W. C. A.; Gorst-Allman, C. P.; Horak, R. M.; Marasas, W. F. O.; Spiteller, G.; Vleggaar,
R.J. Chem. Soc., Chem. Commaf88 743—745. (b) Merrill Jr., A. H.; Wang, E.; Gilchrist, D. G.; Riley, R.Adv. Lipid
Res.1993 26, 215. (c) Blackwell, B. A.; Edwards, O. E.; Fruchier, A.; ApSimon, J. W.; Miller, JFDmonisins in Food;
Jackson, L., et al., Eds.; Plenum Press: New York, 1996; pp. 75-91.

. See review articles irMycopathologial992 117, 1-124.
. (@) Shi, Y.; Peng, L. F,; Kishi, ¥3. Org. Chem1997, 62, 5666—-5667. (b) Gurjar, M. K.; Rajendran, V.; Rao, BTetrahedron

Lett. 1998 39, 3803-3806. (c) Kishi, YPure. Appl. Chem1998 70, 339-344. (d) Hoye, T. R.; Jiménez, J. |.; Shier, W. T.
J. Am. Chem. S0d994 116, 9409-9410.

. (&) Danishefsky, S. J.; DeNinno, M. Rngew. Chem., Int. Ed. Endl987, 26, 15-23. (b) Danishefsky, cc. Chem. Res.

1981, 14, 400-406.

. (@) Harada, H.; Morie, T.; Hirokawa, Y.; Kato, 8hem. Pharm. BullLl996 44, 2205-2212. (b) Care is needed to avoid the

polymerization of the enamide aldehydes.

. (@) Compound: *H NMR (300 MHz, CDC})  9.62 (s, 1H), 7.29-7.54 (m, 10 H), 6.78 (d, J=10.2 Hz, 1H), 6.15 (d, J=10.2

Hz, 1H), 4.80 (d, J=17.4 Hz, 1H), 4.63 (d, J=17.4 Hz, 1H), 2.31-2.71 (m, 4H). (b) Danishefsky, S.; KitaldaranT Chem.
Soc.1974 96, 7807—7808.

. Selected references on asymmetric hetero-Diels—Alder reactions: (a) Yao, S. L.; Johannsen, M.; Audrain, H.; Hazell, R. G.;

Jargensen, K. Al. Am. Chem. So@998 120, 8599-8605. (b) Schaus, S. E.; Branalt, J.; Jacobsen, EMg. Chem1998

63, 403—-405. (c) Keck, G. E.; Li, X. Y.; Krishnamurthy, D. Org. Chem1995 60, 5998-5999. (d) Corey, E. J.; Cywin, C.
L.; Roper, T. D.Tetrahedron Lett1992 33, 6907-6910. (e) Ghosh, A. K.; Mathivanan, P.; Cappielldelrahedron Lett.
1997, 38, 2427-2430. (f) Matsukawa, S.; Mikami, Ketrahedron: AsymmetrdQ97, 8, 815-816. (g) Gao, Q.; Maruyama,
T.; Mouri, M.; Yamamoto, HJ. Org. Chem1992 57, 1951-1952. (h) Togni, AOrganometallics199Q 9, 3106-3113. (i)
Terada, M.; Mikami, K.; Nakai, TTetrahedron Lett1991 32, 935-938. (j) Yao, S.; Johannsen, M.; Hazell, R. G.; Jgrgensen,
K. A. Angew. Chem., Int. Ed. Endl998 37, 3121-3124.

. Following are the NMR data of a Mukaiyama aldol condensation product involved as an intermediate in the re&tion of

with 4b: 1H NMR (300 Hz, CDC})  7.60 (d,J=12.8 Hz, 1H), 7.30 (br s, 1H), 5.72 (br s, 1H), 5.57 §d12.8 Hz, 1H),
4.62-4.68 (m, 2H), 3.71 (s, 3H), 2.58-2.85 (m, 2H), 2.08 (s, 3H), 0.13 (s, 9H).



2331

9. (a) Maruoka, K.; Itoh, T.; Shirasaka, T.; YamamotoJHAm. Chem. So&988 110, 310-312. (b) Maruoka, K.; Yamamoto,
H. J. Am. Chem. S0d989 111, 789-790. (c) For a recent review on the application of binaphthyl compounds, see: Pu, L.
Chem. Rev1998 98, 2405-2494

10. Maruoka, K.; Itoh, T.; Araki, Y.; Shirasaka, T.; Yamamoto,Bull. Chem. Soc. Jpri988 61, 2975-2976.

11. Cox, P. J.; Wang, W.; Snieckus, Yetrahedron Lett1992 33, 2253—-2256.
12. Characterization dfa:[ ]p= 80.2 €=0.5, THF). Enantiomeric excess: 73%, determined by HPLC (Chiralcel OD column.

Eluent: hexane:isopropanol=75:25. Flow rate: 0.5 mL/min. Retention thags=17.07 min t?nine=19.9 min).*H NMR
(CDCl3, 300 MHz) 7.37 (d, 1H,J=6.2 Hz), 6.88 (br s, 1H), 5.90 (br s, 1H), 5.49 (d, 146.2 Hz), 4.93 (dd,)=13.5,
3.6 Hz, 1H), 4.86 (br s, 1H), 2.58-2.85 (m, 2H), 2.13 (s, 3¢ NMR (CDCk, 75 MHz) 191.4, 169.0, 161.8, 136.7,
107.9,102.4, 79.6, 40.2, 24.5. MS (Cl) m/e 182 ([M+1], 100), 164, 140, 123. The absolute configur&as Ehtatively
assigned to bR on the basis of Yamamoto’s studg®

13. Selected examples on the asymmetric hydrogenation of enamides: (a) Noyori, R.; Ohta, M.; Hsiao, Y.; Kitamura, M.; Ohta,
T.; Takaya, HJ. Am. Chem. S0d986 108 7117-7119. (b) Burk, M. J.; Casy, G.; Johnson, NJBOrg. Chem1998 63,
6084-6085. (c) Zhu, G.; Casalnuovo, A. L.; Zhang,JXOrg. Chem1998 63, 8100-8101. (d) Zhang, F.-Y.; Pai, C.-C.;
Chan, A. S. CJ. Am. Chem. Sod998 120, 5808-5809.

14. (a) Maruoka, K.; Banno, H.; Yamamoto, Hetrahedron: Asymmetr§99], 2, 647-662. (b) Maruoka, K.; Banno, H.;
Yamamoto, H.J. Am. Chem. Sod99Q 112 7791-7793. (c) Maruoka, K.; Hoshino, Y.; Shirasaka, T.; Yamamoto, H.
Tetrahedron Lett1988 29, 3967-3970. (d) Murakata, M.; Jono, T.; Mizuno, Y.; Hoshino,JOAmM. Chem. S04 997, 119,

11713-11714.



