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Summary: Reaction of diol4 with Ti(0 i-Pr)4 followed by Sic14 results in formation of the Ti 
(IV) complex 5 which is an exceptionally effective catalyst for enantioselective Die/s-Alder 
reactions. The origin of the high enanrioselectivities which have been observed (>95 :5) 
probably lies in attractive K-X interaction between an aromatic group and the dienophile as 
indicated in formula 7. 

One of the most interesting of various known catalytic enantioselective Diels-Alder reactions is that 

reported by Narasaka and colleagues,* as exemplified by equation 1. 23 The structure of the catalyst (2) which 

is supported by 1H NMR data,la,lb and the bidentate nature of the dienophile 1 strongly suggest that the catalytic 

process involves the addition of the diene to an octahedral complex of 1 and 2. Since there are ten possible 

diastereomeric octahedral complexes between 1 and 2, and twice as many if both s-&s and s-trans conformers of 

the dienophile are considered, it is quite remarkable that substantial enantioselectivity was observed.4 Because of 

the importance of understanding the mechanistic and structural basis for such enantioselectivity, and our interest 

in the theory of catalytic enantioselective Diels-Alder processes, 3a,3g,3h the research reported herein was carried 

out. These studies have provided a much improved catalytic system as well as new insights regarding the origin 

of enantioselectivity in the Narasaka experiments. 

At the outset we considered that the most favorable geometry for an octahedral complex of 1 and 2 might 

be one in which the a$-unsaturated carbonyl subunit of 1 and one of the benzhydryl phenyl groups of 2 are in 

proximity and in parallel planes to allow a n-donor-acceptor interaction and that diene addition might occur from 

such a structure, or the corresponding ion pair formed by dissociation of a chloride ion. It was therefore decided 

to study analogs of 2 in which the phenyl groups of the tertiary carbinol subunit are replaced by other aromatic 

groups with varying x-basicity. In addition, gem-diethyl substitution was selected for the ketal moiety of 2 since 

‘PIi ‘Ph 

1 2,O.i equiv 3 

3, R = H: 93% yield, 96 : 4 endo : em, 64% ee (endo) 

3, R = Me: 87% yield, 92 : X endo : em, 9 1 D/c ee (endo) 

3, R = Ph : 120/c yield, 88 : 12 mdo : em, 64% ee (endo) 
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this subunit generates considerable bulk on both faces of the 1,3-dioxolane ring while minimizing the number of 

possible catalytic complexes. The use of aromatic groups, with para-x-donor groups, such as p-methoxyphenyl, 

is precluded because of the acid sensitivity of the corresponding benzhydrols and associated difficulties in the 

formation of analogs of complex 2. Ortho substitution on the benzhydrol subunit is inappropriate for steric 

reasons. Fortunately, the 3,5-dimethylphenyl analog of 2 could be prepared, it was found to be an exceptionally 

effective catalyst for enantioselective Diels-Alder reactions. 

(RJ?)-(+)-Dimethyl tartrate was converted to the 3-pentylidene ketal (3-pentanone, tosic acid, benzene at 

reflux) which upon treatment with the Grignard reagent from 5-bromo-m-xylene (Aldrich) in THF afforded diol 

4 (88%).5 Reaction of 4 with 1 equiv of Ti(0 i-Pr)4 in toluene at 23 “C followed by removal of solvent gave a 

colorless solid which was identified by tH NMR analysis as the complex Ti (4 - 2H) (Oi-Pr)2. This mixed 

titanate ester was converted cleanly to 5 by reaction with 1 equiv of Sic4 in toluene at 23 ‘C followed by 

removal of solvent and ClzSi(O i-Pr)z in vucuo (Method A). The composition of 5 was clear from the 500 MHz 

IH NMR spectrum.6 The reaction of cyclopentadiene and 3-(2.propenoyl)-2-oxazolidinone (1, R = H) in 

toluene at -40 ‘C for 12 h in the presence of 20 mole % of catalyst 5 afforded the Diels-Alder adduct 3, R = H, 

in 80% yield, with 95 : 5 endu-exo selectivity and 97 : 3 enantioselectivity. 7 The results of this and other Diels- 

Alder reactions using catalyst 5 are shown in the Table I. Good enantioselectivity was observed in each case. 

Ar Ar 

Table I. Diels-Alder reactions catalyzed by 5. 

Ri-k,&O + & i-w 
20 mole % 

toluene 

Rt R2 temp, “C; time, h % yield endo : exe % ee (endo) 

H H -40, 12 80 95 : 5 94 
H BnOCH2 -30, 12 83 > 99: 1 95 
Me H -10, 8 92 93 : 7 93 
COOEt H -30, 8 90 81 : 19 91 

The performance of other catalysts in the Diels-Alder reaction of cyclopentadiene and 1, R = H, was 

evaluated to determine the effect of changing the aromatic substituents on the 7-membered chelate ring. The 

results are summarized in Table II. 
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Table II. Effect of catalyst structure on the Diels-Alder reaction of 1, R = H with cyclopentadiene in toluene. 
Ar Ar 

Catalyst, Ar temp, “C; time, h % yield endo : exo % ee (endo) 

Pha -50, 12 IO 93:7 73 

P-Naphtha -50, 36 86 93:7 68 

6-MeO-P-Naphtha -50, 40 76 9O:lO 82 

3,5-diMe-Pha -40, 12 80 95:5 94 

3,5-diCF3-Phb -50, 20 81 92:8 68 

3,5-diCl-Phb -50, 18 75 93:7 44 

aCatalyst prepared by Method A: (1) diol + Ti(Oi-Pr)4; (2) SiC14. Qatalyst prepared from diol and Tic14 in 
ether, removal of solvent in uacuo, addition of toluene and evaporation. 

The catalysts 6, Ar = Ph, and 6, Ar = P-Naphth, are comparable with regard to enantioselectivity, but 6, 

Ar = 6-MeO-P-Naphth, is distinctly better (Table II). On the other hand, replacement of the methyl groups in 6, 

Ar = 3,5-diMe-Ph, (5) by trifluoromethyl or chlorine substituents degrades enantioselection considerably. These 

results indicate that rr-basicity of the aromatic substituent on the 7-membered chelate ring definitely favors 

enantioselectivity. There may also be a beneficial effect of meta substituents on the aromatic ring for steric 

reasons. Well documented instances of attractive rc-interactions during Lewis-acid catalyzed Diels-Alder 

reactions have been observed in this laboratory.3h 

We believe that the highly enantioselective Diels-Alder reactions described above for catalyst 5 are most 

easily understood in terms of the transition state assembly represented by 7. The dienophile is complexed to the 

metal in the s-tram geometry such that the a$-unsaturated carbonyl moiety and the proximate aromatic ring are 

in parallel planes with a spacing of ca. 3 A, the optimum for a-donor-acceptor interaction. Such an arrangement 

provides a reasonable explanation both for the preferred formation of one particular octahedral complex and for 

the absolute stereocourse of the diene addition. Furthermore, it is consistent with our finding of only 14% ee for 

the adduct from cyclopentadiene, 5 and 3-(2-propenoyl)4,4-dirnethyl-2-oxazolidinone, a dienophile for which 

the s-tram geometry is unlikely.* 
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