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The ionic Diels-Alder reaction of a,p-unsaturated 
acetals developed by Gassman is a useful method for the 
synthesis of substituted cyclohexenes under mild condi- 
tions and in high yie1d.l We have reported a variation 
of this reaction using chiral acetals derived from 2,4- 
pentanediol which proceeds with good diastereoselection 
to provide enantiomerically-enriched cyclohexene car- 
boxaldehyde derivatives upon hydrolysis of the acetaL2 
This reaction most likely proceeds by acid-catalyzed 
cleavage of the acetal to provide a chiral, acyclic viny- 
loxocarbenium ion which undergoes a diastereotopic face- 
selective Diels-Alder reaction. In this paper, we describe 
an extension of this method which proceeds by way of a 
cyclic oxocarbenium ion. This new method involves the 
generation of an acyclic oxocarbenium ion which is 
attacked by a proximal a,/?-unsaturated carbonyl, pro- 
ducing a new, cyclic oxocarbenium ion bearing an acti- 
vated olefin (eq l13x4 We have examined this method on 

a series of a,/?-unsaturated ketones bearing a'-hydroxy 
substituents that are protected as acetals, and we report 
herein our results which demonstrate that this is a viable 
strategy for effecting asymmetric Diels-Alder  reaction^.^ 

Our initial investigations focused on the efficacy of 
various acids in promoting this reaction (Table 1). We 
chose dienophile l6 and isoprene as a typical set of 
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Table 1 

Entry Acid (equiv) Temp ("C) Time Ratio Yield (Yo) 

I HBF,9Me2(0.02) -45 10h SO: 1 70 
2 Me2AICI (1 .O) -70 2 h  44: 1 75 
3 Sc(0Tf)s (0.1) -20 20 h 5.3: 1 67 
4 BF39Et2 (0.10)' -70 4 h - b 

0 5 Me2AICI (0.25) -70 2 h  - 
6 PPTS(l.l)  rt 24h - OC 

7 Zn(OTf), (0.1) rt 24h - OC 

a All reactions were performed with 1 equiv of dienophile and 
2 equiv of diene. (a) Reaction was conducted in toluene. (b) 
Extensive decomposition was observed. (c) Hydrolysis of the 
starting acetal was observed on workup. 

Table 2a 
U 

1. HBF, (2%) 
A O T O E :  A CH& *dyH 

2. MeOH 
TsOH 

R 

Cmpd R TempYC) Time Ratio Yield (%) 

1 i-Pr -45 10h 9O:l  70 
2 PBu -20 16h 150:l 60 
3 Me -70 2 h 2.7: 1 50 
4 Ph -20 16h 3.0: 1 70 

All reactions were performed with 1 equiv of dienophile and 
2 equiv of diene. 

reactants and examined the reaction in CHzC12' at the 
temperature and time indicated in Table 1. We found 
that the reaction proceeds using stoichiometric amounts 
of MezAlCl or catalytic amounts of S C ( O T ~ ) ~ ~  or HBF4 
(Table 1, entries 1-3). Of these, Sc(OM3 provides lower 
diastereoselectivity (5:l) than MedCl(44:l) or HBF4 (90: 
1). Extensive decomposition of the substrates is observed 
with BF3*OEtz, and little or no reaction is observed in 
CHzClz using catalytic amounts of MezAlCl or Zn(OTQz 
or stoichiometric amounts of PPTS (Table 1, entries 4-7). 
The products of these reactions exist as a 1:l mixture of 
diastereomers at the acetal carbon. To simplify the 
analysis of the products, the acetal was hydrolyzed by 
the addition of p-toluenesulfonic acid and methanol to 
the reaction mixture, and the corresponding alcohol was 
isolated. 

We have examined a series of dienophiles in this 
reaction and have found that the diastereoselectivity is 
dependent on the size of the substituent on the a'-carbon 
(Table 2). Thus, while the HBF4-catalyzed reaction of 
dienophiles 1 (R=i-Pr) and 2 (R = t-Bul9 with isoprene 
proceeds with high levels of asymmetric induction (9O:l 
and 150:1, respectively), dienophiles 3 (R = Me) and 4 

(7) Comparable results were observed in toluene. 
(8) Kobayashi, S.; Hachiya, I.; Araki, M.; Ishitani, H. Tetrahedron 
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information for details. 
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observation that the acetal-protected dienophiles are 
much more reactive than the corresponding silyl-proted- 
ed dienophiles. This is illustrated by the following 
competition experiment. When an equimolar mixture of 
dienophile 2 and dienophile 5, in which the hydroxyl 
group is protected as a TBS ether, is treated with 2 equiv 
of isoprene under our standard reaction conditions, a 70% 
yield of the Diels-Alder adduct derived from 2 is isolated, 
while 90% of 5 is recovered unchanged (eq 2). Under 

1) HBF, / isoprene 
0 OEt OTBS CH2C12-2O0C, 16 h +' + + 2)H+/MeOH 

Table 3" 
0 

1. Acid '..J$OH 
+ Diene - 

R 2. H*/MeOH a R 
1 R=i-Pr R' 
2 R = tert-Butyl 

Entry Cmpd Diene Solvent Conditions Ratio YleM (%) 

A 98: 1 72 
2 1  A 9O:l 70 
3 1  Toluene B 52: 1 72 
4 1  CHaCln B 4 8 : l  72 
5 1 r"\ Toluene C 1.4: 1 72. 
6 1 b/ CH2C12 D 2 :  1 70' 

Toluene C 3 5 : l  80' 7 1  
6 1  
9 2 Toluene B 200: 1 72 

8 CH2Cl2 C 2 4 : l  45' 

10 2 I CH2C12 B 150: 1 60 
11 2 \\ // Toluene B 100: l  68 
12 2 y"( CH2C12 B 7 5 :  1 52 
13 2 Toluene C 50:  1 88' 
14 2 0 CH2C12 C 20: I 58' 
15 2 CH.CI. D 5 : l  - 
16 2 Toluene A 75: 1 62' 
17 2 0 CHPCI~ A 75: 1 74' 

a All reactions were performed with 1 equiv of dienophile and 
2 equiv of diene. Conditions: (A) HBF4.OMe2 (0.02 equiv), -45 
"C, 10 h; (B) HBF4.OMe2 (0.02 equiv), -20 "C, 16 h; (C) M e d C l  
(1.0 equiv), -78 "C, 2 h; (D) HBF4.OMez (0.02 equiv), -78 "C, 2 h. 
(E) Endo/exo ratio > 70:l. 
(R = Ph) provide significantly lower levels (2.7:l and 3:1, 
respectively). We have examined the use of other Lewis 
aciddo with dienophiles 3 and 4 but have not been able 
to improve these ratios. 

We have examined the reaction of dienophiles 1 and 2 
with a representative series of dienes in CH2C12 or 
toluene (Table 3). In most cases, HBF4 is the acid of 
choice, typically providing diastereomeric ratios ranging 
from 50:l to 200:l. However, for reactive dienddieno- 
phile combinations, lower selectivity is observed. This 
is most likely due to protonation of the carbonyl and 
reaction by a simple acid-catalyzed mechanism which 
does not involve the desired cyclic oxocarbenium ion. In 
these cases, better results are obtained with MedC1 
(Table 3, entries 7, 8, 13, and 14), although we were 
unable to obtain good levels of selectivity with cyclopen- 
tadiene and dienophile 1 under any conditions (Table 3, 
entries 5 and 6). Consequently, during the course of 
optimizing this reaction for a particular set of reactants, 
both solvent and Lewis acid combinations should be 
examined. 

We speculate that the mechanism of the reaction is as 
shown in eq 1. This mechanism is supported by the 

(10) In addition to the acids mentioned in Table 1, we also examined 
the use of TMSOTf and various mixtures,of Tic14 + Ti(O-i-Pr)+ In 
these cases lower yields were observed with no improvement in 
selectivity. 

2 5 

&+* \ 
70%, > l a 1  90% recovered 

these conditions, we cannot detect any products derived 
from 6 in the crude reaction mixture. The stereochem- 
istry of the products is as shown in eq 1,11 consistent with 
approach of the diene from the less hindered face of the 
s-cis dienophile. We are uncertain of the origin of the 
lack of selectivity observed with dienophiles 3 and 4. We 
suspect that it is due to a decrease in the face selectivity 
of the olefin; however, it could also be due to a decrease 
in the preference for the s-cis conformation. 

In summary, we have developed a mild method for 
performing asymmetric Diels-Alder reactions which 
proceeds by way of a five-membered cyclic oxocarbenium 
ion. This method is related to that of Masamune in 
which an a$-unsaturated ketone is constrained by 
hydrogen bonding or by Lewis acid complexation to an 
a' hydroxyl group3 The potential advantages of our 
method lie in the fact that the protecting group for the 
hydroxyl serves as the activating group and that cyclic 
vinyl oxocarbenium ions larger than five-membered rings 
should in principle be accessible, affording opportunities 
for remote asymmetric induction in the Diels-Alder 
reaction. We are currently pursuing studies along these 
lines. 
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