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The classical Diels-Alder reaction is promoted by a variety of 
Lewis acids, usually derived from the halides of tervalent boron 
and aluminum and from tetravalent titanium and tin. As catalysts, 
these traditional Lewis acids present a number of inherent 
problems which are difficult to circumvent. Among these problems 
are their extreme sensitivity to water, which leads to inactivation 
of the catalyst, and in many, but not all, cases their low turnover 
number. As a consequence, very high catalyst 1oa.dings ranging 
from 10 to 100% have been employed to compensate for adven- 
titious water and to promote the reaction. When these traditional 
Lewis acids are modified for enantioselection by incorporation 
of chiral ligands, new problems arise. Depending on the chiral 
ligand, traditional Lewis acids have a strong tendency to oli- 
gomerize and are subject to disproportionation and to facile ligand 
exchange. Bemuse of this, the identification of the catalytic species 
is made extremely difficult even if the catalyst is isolated. For 
enantioselective transformations, the chiral catalyst is almost 
always prepared in situ, which may lead to a variety of species 
having different selectivities. Moreover, since the parent halide 
is generally more catalytically active than the modified chiral 
catalyst, there is the possibility that much of the catalysis could 
proceed by an achiral path if some of the starting halide remains. 
Despite these difficulties, very high enantiomeric excesses have 
been reported by the use of in situ derived chiral catalysts.’ 

In order to obviate some of these inherent problems associated 
with traditional Lewis acids, we investigated the possibility of 
developing new classes of Lewis acids derived from transition metal 
complexes. These species potentially could provide chiral catalysts 
which are stable, have defined geometries, and may be insensitive 
to water. We describe here such a Lewis acid catalyst and report 
on its effectiveness in catalyzing the classical Diels-Alder reaction. 

We chose the catalyst [Ti(Cp*),(H20),] (CF,S03)22 which is 
readily prepared from [Ti(c~*) ,Cl , ]~ by reaction with AgCF3S03. 
The ligand Cp* is the pentamethylcyclopentadienyl anion. The 
dark-violet crystals of [Ti(Cp*),(H20),] (CF,SO,), are stable and 
can be handled in air. It is soluble in moderately polar solvents 
such as CH2C12 and CH3N02,  but it is not soluble in nonpolar 
solvents such as benzene. We found that CHzC12 and C H 3 N 0 2  
were the most suitable solvents. For catalysis, neither the solvent 
nor the Diels-Alder substrates need to be dried. 

The results of catalysis are collected in Table I. Catalysis was 
carried out using 1 mol % catalyst loading and 1 M concentration 
in each substrate in CD2C12 solution at 25 OC. Included in Table 
I are the times for 90% completion of catalysis and the corre- 
sponding isomer ratios. Also included are the estimated times 
for 90% completion of the thermal reaction and the corresponding 
thermally produced isomer ratios. The thermal times were es- 
timated by extrapolating a second-order plot to 90% reaction. 
Where no thermal reaction was observed after 24 h at  25 OC at 
1 M concentration in each substrate in CD,Cl2 solutions, we 
estimated that the time for 90% completion of the thermal reaction 
was >lo5 h. 
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An inspection of Table I reveals that a t  1 mol % catalyst loading 
catalytic rate accelerations of between 10, and >lo5 are observed 
over the corresponding thermal reaction. Of course, these dif- 
ferences can be accentuated with increased catalyst loading. As 
is nearly always observed, the catalytic reaction increases the 
selectivity. 

The catalysis is remarkably insensitive to the presence of water. 
Thus using the substrates shown in entry 1, we find that the 
catalytic rate is about the same in CD31U02 as it is in CD2Cl,. 
Using 1 mol % catalyst and 1 M in each substrate in CD3N02 
solution, addition of 100 equiv of H 2 0  (1 M), which gives es- 
sentially a saturated CD,NO, solution, slows the rate of catalysis 
by about a factor of 3. Addition of 10 equiv of water has no effect 
on the rate. Further, the present catalyst does not appear to exhibit 
product inhibition which might occur by competitive binding of 
the product to the catalyst. Thus for the Diels-Alder pair shown 
in entry 1, we find that the rate of catalysis is not detectably 
decreased in the presence of 100 initial equiv (1 M) of product. 
It therefore appears that catalysis will continue indefinitely. 

Although the catalyst has these desirable features, it is restricted 
to substrates which are readily catalyzed because it slowly po- 
lymerizes 1,3-dienes. Thus at  l mol 7% catalyst, isoprene and 
cyclohexa-1,3-diene are slowly polymerized over a period of about 
80 h at  25 OC in CD2C12. As a consequence, the catalytic yield 
for Diels-Alder partners which have slow turnover frequencies 
tend to be low because of competitive polymerization. For ex- 
ample, the catalysis of isoprene with crotonaldehyde and cin- 
namaldehyde gave 40% and 11% Diels-Alder product, respectively, 
after 21 h with concurrent polymerization of isoprene. With 
isoprene and 2-cyclopentenone, 2-cyclohexenone, or methyl- 
acrylate, only polymerization was observed. 

The diaquo complexes of bent metallocenes tend to be mod- 
erately strong and it is conceivable that the observed 
catalysis is wholly or partly due to proton catalysis.5 This does 
not appear to be the case because we observe no acid catalysis 
of methyl vinyl ketone with isoprene after 24 h at  25 OC in the 
presence of 1 mol % trifluoroacetic acid (pK, = 0.52)6 in CD2C12 
solution. It is probable that the proton activity of trifluoroacetic 
acid is greater than that of the bound aquo  group^.^ In con- 
currence, we find that the non-acidic species [Ti(Cp*),(di- 
methylformamide),] (CF3S03),’ also catalyzes the Diels-Alder 
reaction, albeit a t  a much slower rate than the diaquo analog. 

That labile ligands are required for catalysis is supported by 
our observation that neither [Ti(Cp*),Cl,] nor [Ti(Cp*),- 
(O,CCF,),] acts as a catalyst. It is probable that catalysis pro- 
ceeds via an intermediate of the type [Ti(Cp*),(H,O)(dieno- 
phile)12+, where the oxygen atom of the dienophile binds to the 
titanium atom. 

A variety of transition metal based Lewis acids have been 
reported: and some have been employed for catalysis? The most 
notable of these in the present context are certain tungsten,I0 
molybdenum,’I and zirconium” complexes which, although water 
sensitive and although some are polymerization catalysts, act in 
catalyzing a number of Diels-Alder reactions. It is clear that the 
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Table I. Diels-Alder Catalysis by [Ti(Cp*)2(H20)2](CF,S03)2 in CD2C12 Solutions at  25 ‘C 
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catalytic reaction thermal reaction 
time for 90% isomer major time for 90% isomer 

dienophilea diene’ reaction (h) ratio product reaction (h) ratio 
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93:7 

66:34 

N D  
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89:ll  

70:30 

N D  
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“Catalysis was carried out at  1 M concentration in each substrate and 1 mol % catalyst except as noted. b 2  mol % catalyst. = not 
determined. “Overlapping signals prevented determination of isomeric ratios. ‘Polymerization observed during the catalysis. ’The isomer ratio 
sequence is cis-1,2:rrans-1,2:cis-l,3:trans-1,3. 
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present catalyst can be transformed readily into chiral catalysts 
of defined structure. 
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The reactions of oxaziridines with various metals, notably iron, 
have been investigated since those heterocycles were first reported 
by Emmons in 1957.l In general, single-electron transfer effects 
N-O bond cleavage to afford nitrogen-centered radical/alkoxide 
pairs, which typically undergo protonation and @-scission or radical 
rearrangement reactions. Given the similarity of these reactions 
to radical-mediated reactions of N-chloroalkylamines2 and con- 
temporary interest in nitrogen-centered radicals in synthesi~,~ an 
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investigation of the intramolecular addition reactions of radicals 
generated from chiral oxaziridines4 was undertaken. Here, we 
report (1) conditions to effect N-O cleavage under nonaqueous, 
neutral conditions; (2) two remarkable, highly stereoselective 
reaction pathways for oxaziridine-derived radicals yielding en- 
antiomerically enriched pyrrolines or aziridines, respectively; and 
(3) that the stereochemistry of the starting oxaziridine profoundly 
affects the course of its reaction. 

A survey of several organometallic reagents showed that 
[Cu(PPh3)Cl],S in THF could conveniently effect the formation 
of nitrogen-centered radicals from oxaziridines.6 Therefore, a 
3-butenyloxaziridine l7 was dissolved in degassed THF with 5 mol 
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