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Abstract—A highly efficient catalytic asymmetric Diels–Alder reaction has been developed by using palladium catalysts with chiral
1,3-oxazoline ligands. Almost complete enantioselectivity was realized in reactions mediated by the palladium catalyst formed
from (PdCl2(CH3CN)2) and (S)-2-[2-(diphenylphosphino)phenyl]-4-t-butyl-1,3-oxazoline in nitroethane at −78°C. © 2002 Elsevier
Science Ltd. All rights reserved.

Catalytic asymmetric Diels–Alder reactions have
received much attention for the stereoselective construc-
tion of six-membered carbocycles.1 To date, a number
of methodologies for catalytic asymmetric Diels–Alder
reactions have been developed with Lewis acidic cata-
lysts such as aluminum,2 silicon,3 titanium,4 boron,5

zinc,6 magnesium derivatives,7 and so on. Currently,
much attention is being focused on catalytic asymmet-
ric Diels–Alder reactions with transition metals
(chromium,8 iron,9 cobalt,10 copper,11 ruthenium,12 and
rhodium catalysts13) and lanthanide catalysts14

(europium and ytterbium compounds). However, there
have been few precedents of asymmetric Diels–Alder
reactions mediated by palladium catalysts.15 We wish to
communicate herein a novel palladium-catalyzed asym-
metric Diels–Alder reaction with a chiral 1,3-oxazoline
ligand, in which almost complete enantioselectivity was
realized.

The palladium complex 2a was prepared by reacting
PdCl2(CH3CN)2 with the chiral 1,3-oxazoline ligand 116

under reflux in methanol for 6 h (Fig. 1). However,
almost no Diels–Alder reaction occurred with catalyst
2a: for example, the reaction of 3a with cyclopentadiene
4 using complex 2a (derived from ligand 1c) at −78°C
for 120 h gave the Diels–Alder cycloadducts 5a and 6a
in very poor yield (10%) with extremely low enantiose-
lectivity (4%). Exchange of the counter-ion with other
anions such as hexafluoroantimonate, perchlorate, or
trifluoromethanesulfonate was required to increase the
reactivity of the complex and the potential for asym-

metric induction. Exchange of the counter ion was
effected by treating the palladium complex 2a in
dichloromethane with either silver hexafluoroanti-
monate, silver perchlorate, or silver trifluoromethane-
sulfonate at room temperature for 1 h.

The Diels–Alder reactions of 3 with cyclopentadiene 4
were carried out at −78–20°C in the presence of the
palladium complexes 2b–d obtained above to afford

Figure 1.

Scheme 1.* Corresponding author.

0957-4166/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
PII: S0957 -4166 (02 )00484 -6



K. Hiroi, K. Watanabe / Tetrahedron: Asymmetry 13 (2002) 1841–18431842

Table 1. Studies on palladium-catalyzed asymmetric Diels–Alder reactions with chiral phosphino–oxazoline ligandsa

Substrate X in 2 Ligand e.e. (%) of 5SolventEntry Temp. (°C) Time (h) Yield (%) endo/exo 5/6
(mol%)

3a SbF6 1a (20)1 CH2Cl2 −78 3.5 88 92/8 82 (2S)
3a SbF6 1b (20)2 CH2Cl2 −78 3.5 91 91/9 91 (2S)
3a SbF6 1b (20) EtNO23 −78 48 68 95/5 94 (2S)
3a ClO4 1b (20) EtNO24 −78 48 45 91/9 91 (2S)
3a OTf 1b (20) EtNO25 −78 48 51 92/8 93 (2S)
3a Cl 1c (20)6 CH2Cl2 −78 120 10 87/13 4 (2S)
3a SbF6 1c (5) CH2Cl27 −78 72 68 89/11 57 (2S)
3a SbF6 1c (10) CH2Cl28 −78 44 70 92/8 81 (2S)
3a SbF6 1c (15) CH2Cl29 −78 3.5 83 93/7 87 (2S)
3a SbF6 1c (20) CH2Cl210 −78 3.5 93 93/7 92 (2S)
3a SbF6 1c (20) Toluene11 −78 48 8 75/25 32 (2S)
3a SbF6 1c (20) CCl412 −20 36 72 85/15 16 (2S)
3a SbF6 1c (20) EtNO213 −78 48 76 97/3 99 (2S)
3a14 ClO4 1c (20) EtNO2 −78 48 43 93/7 84 (2S)
3a OTf 1c (20) EtNO215 −78 48 56 91/9 91 (2S)
3a SbF6 1c (20) THF16 −78 48 29 80/20 20 (2S)
3a ClO4 1c (20) CH2Cl217 −78 3.5 87 94/6 89 (2S)
3a OTf 1c (20) CH2Cl218 −78 4 95 94/6 95 (2S)
3b SbF6 1c (20) CH2Cl219 −78 12 81 91/9 71 (2S,3R)
3b OTf 1c (20) CH2Cl220 −78 12 75 89/11 68 (2S,3R)
3c SbF6 1d (20) CH2Cl221 −78 48 73 89/11 69 (2R,3S)
3c OTf22 1d (20) CH2Cl2 −78 48 61 87/13 64 (2R,3S)

a The palladium complex 2a was prepared by reacting PdCl2(CH3CN)2 (5, 10, or 20 mol%) with the corresponding amount of ligands 1a–d under
reflux in MeOH for 2 h. Conversion of 2a into 2b–d was carried out by treating the palladium complex 2a with AgSbF6, AgClO4, or AgOTf,
respectively, in CH2Cl2 at room temperature for 1 h. The reactions of 3a–c with 4 (5.0 equiv.) were carried out in the presence of the palladium
complexes 2a–d obtained above.

optically active Diels–Alder adducts 5 and 6 (Scheme
1). The results obtained under various reaction condi-
tions are summarized in Table 1.

In all cases, the endo adduct 5a with the same absolute
configuration was preferentially obtained with
extremely high diastereoselectivity.

The effects of the counter ion in the palladium complex
were examined in order to improve the reactivity and
the level of asymmetric induction. Compared to the
chloro palladium complex 2a (entry 6), the hexafluoro-
antimonate 2b, perchlorate 2c, and trifluoromethanesul-
fonate palladium complexes 2d provided high chemical
yields and e.e.s of (S)-5a (entries 10, 17, and 18).

The effects of the catalyst loading on the asymmetric
Diels–Alder reaction were next examined: as shown in
entries 7–10 of Table 1, a loading of 10–20 mol% of the
palladium catalyst was the most effective for comple-
tion of the reaction.

The effects of the solvent were studied by completing
the reaction using dichloromethane, toluene, tetra-
hydrofuran, carbon tetrachloride and nitroethane
(entries 10–13, and 16). Dramatic solvent effects were
observed: The reactions of 3a with 4 in the presence of
the palladium complex 2b (derived from ligand 1c) in
toluene, carbon tetrachloride or tetrahydrofuran gave
(S)-endo-5a as the main product with rather low e.e.
(32, 16, or 20%, respectively). However, the reactions in

dichloromethane or nitroethane provided excellent
enantioselectivity (92 or 99%, respectively). Use of
dichloromethane as the solvent provided high efficiency
both in chemical yield and enantioselectivity (entry 10).
The highest enantioselectivity (99%) of (S)-endo-5a was
obtained from the reaction in nitroethane at −78°C
using 20 mol% of 2b (derived from 1c) with high
diastereoselectivity (entry 13).

The steric effects of the substituents attached to the
stereogenic center of ligands 1 were studied by changing
the steric bulk (i-propyl, methoxy-i-propyl, t-butyl, and
phenyl groups). Extremely high enantioselectivity (over
90%) was observed with ligands 1b and 1c (entries 2–5,
10, 13, 15, and 18).

Introduction of alkyl and aryl substituents in the
dienophiles 3b,c led to a slight decrease in the enan-
tioselectivity. The palladium-catalyzed Diels–Alder
reactions of substrates 3b,c with 4 were carried out in
dichloromethane at −78°C in the presence of 20 mol%
of the palladium complexes 2b,d (derived from ligands
1c and 1d, respectively) to give (2S,3R)-endo-5b, and
(2R,3S)-endo-5c, respectively, with slightly lower enan-
tioselectivity: the reaction of 3b or 3c with 4 using 2b
(derived from ligand 1c or 1d) gave (2S,3R)-endo-5b or
(2R,3S)-endo-5c as the main products with 71 or 69%
e.e. (entries 19 and 21), respectively.

As indicated in this report, the chiral palladium–phos-
phino–oxazoline complex we have reported was very
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Modern Synthetic Methods ; Scheffold, R., Ed.; Springer:
Berlin, 1986; Vol. 4, pp. 261–306; (c) Pindur, U.; Lutz,
G.; Otto, C. Chem. Rev. 1993, 93, 741–761.

2. Rebiere, F.; Riant, O.; Kagan, H. B. Tetrahedron: Asym-
metry 1990, 1, 199–214 and references cited therein.

3. Mathieu, B.; de Fays, L.; Ghosez, L. Tetrahedron Lett.
2000, 41, 9561–9564.

4. (a) Manickam, G.; Sundararajan, G. Tetrahedron: Asym-
metry 1999, 10, 2913–2925 and references cited therein;
(b) Quitschalle, M.; Christmann, M.; Bhatt, U.; Kalesse,
M. Tetrahedron Lett. 2001, 42, 1263–1265; (c) Sundara-
jan, G.; Prabagaran, N.; Varaghese, B. Org. Lett. 2001, 3,
1973–1976.

5. (a) Starmans, W. A. J.; Walgers, R. W. A.; Thijs, L.; de
Gelder, R.; Smits, J. M. M.; Zwanenburg, B. Tetrahedron
1998, 54, 4991–5004 and references cited therein; (b)
Ishihara, K.; Inanaga, K.; Kondo, S.; Funahashi, M.;
Yamamoto, H. Synlett 1998, 1053–1056.

6. Crosigani, S.; Desimoni, G.; Faita, G.; Filippone, S.;
Mortoni, A.; Righetti, P. P.; Zema, M. Tetrahedron Lett.
1999, 40, 7007–7010.

7. Crosignani, S.; Desimoni, G.; Faita, G.; Righetti, P. P.
Tetrahedron 1998, 54, 15721–15730 and references cited
therein.

8. Aikawa, K.; Irie, R.; Katsuki, T. Tetrahedron 2001, 51,
845–851 and references cited therein.

9. Corey, E. J.; Imai, N.; Zhang, H.-Y. J. Am. Chem. Soc.
1991, 113, 728–729.

10. Li, L. S.; Yikang, W.; Hu, Y.-J.; Xia, L.-J.; Wu, Y.-L.
Tetrahedron: Asymmetry 1998, 9, 2271–2277.

11. Johnson, J. S.; Evans, D. A. Acc. Chem. Res. 2000, 33,
325–335 and references cited therein.

12. (a) Faller, J. W.; Smart, C. J. Tetrahedron Lett. 1989, 30,
1189–1192; (b) Mihara, J.; Hamada, T.; Takeda, T.; Irie,
R.; Katsuki, T. Synlett 1999, 1160–1162.

13. Gilbertson, S. R.; Hoge, G. S. Tetrahedron Lett. 1998, 39,
2075–2078 and references cited therein.

14. (a) Bednarski, M.; Maring, C.; Danishefsky, S. Tetra-
hedron Lett. 1983, 24, 3451–3454; (b) Hanamoto, T.;
Furuno, H.; Sugimoto, Y.; Inanaga, J. Synlett 1997,
79–80; (c) Saito, T.; Kawamura, M.; Nishimura, J. Tetra-
hedron Lett. 1997, 38, 3231–3234; (d) Nishida, A.;
Yamanaka, M.; Nakagawa, M. Tetrahedron Lett. 1999,
40, 1555–1558.

15. (a) Oi, S.; Kashiwagi, K.; Inoue, Y. Tetrahedron Lett.
1998, 39, 6253–6256; (b) Ghosh, A. K.; Matsuda, H. Org.
Lett. 1999, 1, 2157–2159; (c) Hiroi, K.; Watanabe, K.
Tetrahedron: Asymmetry 2001, 12, 3067–3071.

16. von Matt, P.; Loiseleur, O.; Koch, G.; Pfaltz, A.; Lefe-
ber, C.; Feucht, T.; Helmchen, G. Tetrahedron: Asymme-
try 1994, 5, 573–584.

useful as a catalyst for asymmetric Diels–Alder reac-
tions, since it provides much higher enantioselectivities
than those observed with other metal catalysts such as
Fe, Cu, and Mg.

The mechanism of asymmetric induction was rational-
ized on the basis of the stereochemical outcome of the
reactions. In the conformational equilibrium of the
six-membered square planar palladium complex, 7b is
favored over 7a because of the existence of steric inter-
ference between the acryloyl group and the diphenyl
substituents on the phosphine moiety in 7a (Scheme 2).
Thus, cyclopentadiene attacks the acryloyl olefin from
the Re-face in 7b preferentially in an endo fashion, to
give (2S)-endo-5a,b and (2R)-endo-5c as the main prod-
ucts with almost complete efficiency.

Thus, a highly enantioselective catalytic asymmetric
method for Diels–Alder reactions has been developed
by using a palladium catalyst derived from the chiral
ligand, 2-[2-(diphenylphosphino)phenyl]-4-t-butyl-1,3-
oxazoline. Almost complete efficiency in chemical yield
and enantioselectivity has been realized using the palla-
dium–hexafluoroantimonate complex as a chiral
catalyst.
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