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Chiral Sulfinylethenes as Efficient Dienophiles 
for Asymmetric Diels-Alder Reactions 
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University, Sugitani 2630, Toyama 930-01, Japan 
(Received January 22, 1993) 

An overview of our recent studies on asymmetric Diels-Alder reactions of chiral vinyl sulfoxides (= 
sulfinylethenes) is described. For the preparation of sulfinylethenes as Diels-Alder dienophiles, the 
Andersen method as well as a novel route by diastereoselective oxidation of exo-2-hydroxy-lO-bomyI 
vinyl sulfides with 3-chloroperoxybenzoic acid (m-CPBA) is presented. The latter methodology has 
been successfully applied to a facile synthesis of two types of novel sulfoxides, i .e.,  a-sulfiaylmaleate 
and a-sulfinylmaleimide derivatives. These sulfinyl dienophiles effect Diels-Alder reactions with a 
high degree of diastereoselectivity. Especially, the chiral a-sulfinylmaleimides readily react with Diels- 
Alder dienes of rather low reactivity, such as furan, to give the corresponding cycloadducts under 
conventional conditions. Applications of these asymmetric Diels-Alder reactions to natural product 
synthesis are also described. 

Key words: Chiral vinyl sulfoxides, exo-2-hydroxy-10-bonyl group, asymmetric Diels-Alder reaction, 
chral auxiliary. 
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1. INTRODUCTION 

Chiral sulfoxides are useful for asymmetric carbon-carbon bond formation.’ 
Among a number of C-C bond formation reactions, the Diels-Alder reaction is 
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42 Y. ARAI AND T. KOIZUMI 

the most fascinating strategy which enables the construction of up to four chiral 
centers in one step. To effect asymmetric Diels-Alder reactions, novel chiral 
dienophiles and catalysts have been exploited to date.' Among the chiral di- 
enophiles those possessing chirality at a sulfur center could serve as useful aux- 
iliaries for highly specific asymmetric induction reactions. The aim of this report 
is to highllght our recent studies on asymmetric Diels-Alder reactions with chiral 
sulfinylethenes as efficient dienophiles. 

2. DIELS-ALDER REACTIONS OF p T O L n  VINYL SULFOXIDES 

For the preparation of optically active vinyl sulfoxides, the Andersen method 
(= substitution at the sulfur atom of (S)-menthyl p-toluenesulfinate with an 
appropriate organometallic reagent) is favored since it has the advantage that 
the substitution takes place with 100% inversion of configuration (Scheme l).3 
In addition, (q-menthyl p-toluenesulfinate is commercially available .4 

0 11 (-)-menthol - ' ? P R Y  0 

p T o l / ' h  p-TOlwSNOMen I p - T ~ I S s ~ o ~ ~  
- 

j epimerlzation / 
cone. HCI 0 

p-Tate *\A .R 

SCHEME 1 

At the outset, the Diels-Alder reaction of (R)-p-tolyl vinyl sulfoxide (1) with 
cyclopentadiene was envisaged (Scheme 2) .' Unfortunately, the reactivity of the 

90 "C. 19 h" 22% 6% 1 4% 38% 

110"C,lSh6) 28% 8% 2270 42% 

SCHEME 2 

sulfoxide 1 toward cyclopentadiene was poor. Under forced conditions (90 "C, 
19 h) cycloaddition takes place to afford a mixture of all four possible adducts 
in a ratio of 22:6:38:14 in 80% combined yield. Thus, the stereoselectivity (endo- 
sulfinyl vs. em-sulfinyl) is 2852. Both the em- and the endu-diastereoselectivity 
are low (22:6, 38:14). Similar results have been obtained independently by Maig- 
nam6 
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CHIRAL SULFINYLETHENES 43 

The poor diastereoselectivity for the cycloaddition of 1 in the endo and ex0 
modes points to a small difference of the two ground-state conformational ener- 
gies of the dienophile 1. Thus, the sulfoxide 1 assumes both the s-cis and the s- 
trans conformation (Fig. 1). Cyclopentadiene should thus attack the less hindered 
lone-pair side in each mode. As a result, the cycloaddition of 1 in the s-cis 
conformation affords an endo and an ex0 adduct in 14% and 6% yield, respec- 
tively. On the other hand, the cycloaddition of 1 in the s-trans conformation 
gives an endo and an ex0 adduct in 38% and 22% yields, respectively. 

s-cis 1 i s-trans 1 I 
FIG. 1 

To enhance both the reactivity and the diastereoselectivity we undertook the 
preparation of a- and P-alkoxycarbonylvinyl sulfoxides (2, 3, and 4).’ It was 
expected that the dienophilicity would be increased by an additional alkoxycar- 
bony1 group and that the diastereoselectivity might be improved by control of 
the conformational preference due to the dipole-dipole interaction between the 
sulfinyl and the alkoxycarbonyl group. 

As anticipated, these sulfoxides react with cyclopentadiene under milder con- 
ditions. Highly diastereoselective cycloadditions of 2, 3, and 4 are observed 
(Scheme 3). This can be plausibly explained in terms of steric factors by the 
mechanism shown in Fig. 2. 

In the case of 2 conformer B must be more stable than conformer A with the 
sulfinyl group remote from the alkoxycarbpyl fragment due to dipole-dipole 
repulsion. Thus, cyclopentadiene should approach from the less hindered lone- 
pair side of B to give the two major ex0 and endo adducts (5 and 6). The 
absolute configuration of 5 was proven by transformation to a known compound. 
The major endo product 6 is employed as a key precursor in the synthesis of 
( + )-epi-P-santalene.8 

On the other hand, without a Lewis acid, the reaction of 4 and cyclopentadiene 
afforded the adducts 9 and 10 as the major exo- and endo-sulfinyl products. This 
can be reasonably explained by assuming that cyclopentadiene would attack the 
less hindered face of the more stable conformer C of 4, resulting in the formation 
of the two major products 9 and 10. On the other hand, in the presence of a 
Lewis acid (ZnCl,), the two major adducts 11 and 12 were obtained. The che- 
lation of S O  and M with the Lewis acid in the dienophile 4 should freeze 
the rotation around the bond between C=C and S O ,  resulting in the favorable 
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44 Y. ARAI AND T. KOIZUMI 

0 

*;A - 0 &&--;g + &2::: + + +;;El 
SOTO? SOTd Me 

CozEt 949Cd.e. 
H 

P-Tol*r \-FO'" 
Me 90°C,5h 

5 100%d.e. 7 2 

byHPLC 32% - 0% 66% - 2% 
Product ratio 

by isolated yield 31 % 0% 57% 3% - - 
94% d.e. 80% d.e. 

0 

&.$oTOI + & s o ~ ~ l  + 
SOTol + &co2~t 

SOTol C02Et COpEl 

9 709;d.e. 11 l2 84%d.e. 4 

no Lewlsacid 84% - 11% 2% - 23% 
Product ralio 

Lewisackl 2% 77% 19% 2% - - 
94% d.e. 80% d.e. 

SCHEME 3 

conformer D. The em- and endo-sulfinyl adducts 11 and 12 are thus obtained 
as the major products. 

To understand the stereochemical outcome of the Diels-Alder reaction of the 
sulfinyl dienophile, the circular dichroism (CD) spectrum of the vinyl sulfoxide 
is informative. A negative Cotton effect in the CD spectra of 2 and 3 suggests 
that in both cases the favored conformation is s-trum. On the other hand, the 
more stable conformation of 4 should be considered to be s-cis judged by its 
positive Cotton effect. The sulfoxides 2, 3, and 4 are oils; however, benzyl (2)- 
and (E)-3-(p-tolylsulfinyl)propenoate could be obtained as suitable crystalline 
materials for X-ray analysis. The X-ray crystal structures of benzyl (2)- and (E)- 
3 4  p-tolylsulfinyl)propenoate show approximate s-trum and s-cis conformations 
with respect to the S O  and the C=C bonds, respectively. These X-ray struc- 
tures also support the preferred conformation of the Diels-Alder transition state 
proposed by us. 

The stereochemical outcome of Diels-Alder reactions of sulfinyl dienophiles 
has been investigated based upon the computational approach of Hehre and 
Kahn.' However, the theoretical calculations do not lend themselves to ration- 
alizations of all experimental results.lo 
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CHIRAL SULFINYLETHENES 45 

s-cis 2 s-trans 2 I 

I I 
s-cis 4 s-trans 4 

FIG. 2 

3. DIELS-ALDER REACTIONS OF ZPYRIDYL VINYL SULFOXIDES 

We have devised the preparation of novel dienophiles by introduction of an 
alkoxycarbonyl group in the a- or P-position of p-tolyl vinyl sulfoxides. It is 
important to point out here that the alkoxycarbonyl substituent must be intro- 
duced in the a-position or the (Z)-P-position of the vinyl sulfinyl group to effect 
a high asymmetric induction. 

These dienophiles, however, are not sufficiently reactive toward a variety of 
dienes. For example, the sulfoxide 4 does not react with furan under conven- 
tional conditions. This impasse prompted us to seek a highly reactive Diels-Alder 
dienophile toward unreactive dienes such as furan. In a preliminary study, other 
arylsulfinylpropenoates such as (2,4-dinitrobenzenesulfinyl)propenoate were 
shown to effect the Diels-Alder reaction with higher reactivity. Of the arylsulfinyl 
groups investigated, substituted 2-pyridylsulfinyl groups rather than substituted 
benzenesulfinyl groups were found to be effective from the point of view of 
diastereoselectivity. It is easy to understand that a 2-pyridyl group has a good 
electron-withdrawing inductive effect, and we might expect it to activate the 
M bond. 

The menthyl 3-(2-pyridylsulfinyl)propenoates 13 and 14 were envisioned as 
candidate dienophiles and easily prepared by the reaction sequence shown in 
Scheme 4." 
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46 Y. ARAI AND T. KOIZUMI 

0 0 

13 
23% 

14 
10% 

SCHEME 4 

The absolute stereochemistry at the sulfur atom in l3 and 14 was tentatively 
assigned by comparison of their CD spectra with that of (2)-(&)-(p-toluenesul- 
finy1)propenoate. Although the yields of these diastereoisomeric sulfoxides are 
low, the reaction of l3 and cyclopentadiene proceeds smoothly in the presence 
of diethylaluminium chloride at -70 "C to afford a single endo diastereoisomer 
15, whereas, in the absence of a Lewis acid, the reaction produces the four 
adducts l5,16,17, and 18 (Scheme 5). For the Lewis acid-promoted Diels-Alder 
reaction of 14, the adduct 19 was obtained as essentially a single product. 

16 17 18 

Lewls acid 
(Et&ICl) 96% 4% 0% 0% 

Product rallo 

20% 0.05% 4.95% no Lewisacid 6&% 

SCHEME 5 

Both 20 and 21, derived from 1s and l.9, have been transformed to the bicyclic 
lactone 22 which was utilized in the synthesis of (-)-aristeromycin and (-)- 
neplanocin A." An enantioconvergent (strictly speaking, diastereoconvergent) 
synthesis of these carbocyclic nucleosides starting from menthyl 3-(2-pyridyl- 
thio)propenoate is achieved (Scheme 6). 
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CHIRAL SULFINYLETHENES 47 

21 

HO OH 

aristeromycin 
A' : nepianocin A 

SCHEME 6 

Next, we examined the Diels-Alder reaction of l3 with furan which is a poor 
Diels-Alder diene. The Diels-Alder reaction of l3 with furan proceeds at 50 "C 
for 6 days to give the cycloadducts S26, albeit with low diastereoselectivity 
(Scheme 7). Upon addition of a Lewis acid (Et2AlCl) the cycloaddition takes 
place in a highly diastereoselective manner. The dienophile 27, with a trifluo- 
romethyl group in the 3-position of the pyridyl moiety, exhibits high reactivity 

23 24 25 26 

IEtJIICI. r.1.. 7 d) 41% 3% 24% 1% 
Lewis add 

13 

Producr ratio ~ ~ 

no Lewisacid 2796 22% 12% 1% 
(50 'C, 6 d) 

F C  H0Q/"zMe H O e L  
&,&cGwn 

HO OH HO OH HO OH 27 
methyl epCItlikhate glyoxalase inhibitor I Dshowdomydn 

SCHEME 7 
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48 Y .  ARAI AND T. KOIZUMI 

in this cyc10addition.I~ The successful reactions of W and 27 with dienes have 
been applied to the synthesis of biologically important compounds (glyoxalase I 
inhibit~r,'~ methyl S-epi-~hikimate,'~ and D-showdomycinfs). 

Concerning facile Diels-Alder reactions with p-tolyl vinyl sulfoxides, Kagan 
recently reported that p-tolyl vinyl sulfoxide is activated for the Diels-Alder reac- 
tion by transformation into the corresponding sulfonium salt 2816 Also investi- 
gated was the p-tolylsulfinyl maleate 29 for the Diels-Alder reaction (Scheme 
8). " 

.*& Etq pTol W c ,&SOTol + 
+ & + &H 

H SOT01 SOTol -1O0C,60h, 

major 85%d.e. minor major 91%d.e. minor 

Product ratio by 'H NMR 6% 89% 5% 
95% yield 

SCHEME 8 

We have described the Diels-Alder reaction by the use of the p-toluene- and 
the 2-pyridine-sulfinyl group as a chiral auxiliary; however, from the viewpoint 
of asymmetric synthesis there are some instrinsic weak points in the chemistry 
of chiral p-tolyl and 2-pyridyl sulfoxides." i) The production of a 1:l-mixture of 
two diastereoisomeric sulfoxides, e.g., (R)- and (S)-menthyl sulfoxides such as 
W and 14, is inappropriate in asymmetric synthesis, ii) the chiral auxiliary, the 
arenesulfinyl group is lost at a later stage after the asymmetric reaction since the 
sulfinyl group is removed as an unstable sulfenic acid or a sulfinic acid (Scheme 
9), and iii) only a limited range of chiral sulfoxides can be prepared by the 
Andersen method because their synthesis involves carbanionic species such as 
Grignard reagents. 

For the preparation of the chiral sulfoxides, other elegant methods through 
asymmetric oxidation of prochiral sulfides or by separation of diastereoisomeric 
sulfoxides have been reported." Nevertheless, the optical purity of the sulfoxides 
obtained is low in some cases and the absolute configuration at the sulfur center 
appears to be unpredictable except in few cases.zo 

In order to overcome these problems in the chemistry of chiral sulfoxides we 
focused on 10-mercaptoisoborneolzl which has been employed as an Eliel's tem- 
plate.= It occurred to us that the diastereoselective oxidation of exo-Zhydroxy- 
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CHIRAL SULFINYJ-ETfIENES 49 

SCHEME 9 

10-bornyl sulfides could be effected by the directing effect of the hydroxy func- 
tion in an appropriate position. Furthermore, the use of these sulfoxides would 
circumvent the three weak points mentioned earlier. The diastereoselective oxi- 
dation of the sulfides 30 and 31 with m-CPBA has been reported previously 
(Scheme Moreover, similar approaches based on camphor-derived sulfides 
have been employed by other groups." 

(ref. 23a) 
Me0 & mCPBA ' 0  

30 

(ref. 23b) 

4. DIELS-ALDER REACTIONS OF EXO-%HYDROXY-l&BORNYL 
VINYL SULFOXIDES 

4.1. Diustereoselective Oxidation of exo-2-Hydroxy-10-bornyl Sulfides 

The parent sulfides 32 are readily obtained by coupling of 10-mecaptoisoborneol 
with alkyl halides under basic conditions.25 The sulfides 32 thus obtained are 
oxidized with 3-chloroperoxybenzoic acid (m-CPBA) under mild conditions to 
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50 Y. ARAI AND T. KOIZUMI 

give the sulfoxides 33 exclusively. The oxidation with rn-CPBA proceeds with 
high diastereoselectivity (Scheme 11). In a few cases, the lesser amounts of dia- 
stereoisomeric sulfoxides 34 are also obtained in the oxidation. 

32 33 34 

SCHEME 11 

The results are summarized in Table 1. Similar results of diastereoselection in 
the rn-CPBA oxidation of some exo-2-hydroxybornyl sulfides have been reported 
by De Lucchi ef al., Annunziata ef al., T.-K. Yang ef al., and Eschler ef U Z . ~  
The absolute configurations of some sulfoxides thus obtained have been estab- 
lished unequivocally by X-ray analysis; the steric outcome of the oxidation is 
rationalized by a mechanism in which the secondary hydroxyl group in the bornyl 
residue would form a hydrogen bond with the carbonyl group in rn-CPBA and 
control the stereochemistry of the oxidation.* In the case of the "protected" 
sulfide 35, the selectivity of the oxidation is low (d.e. 30%). 

TABLE 1 The m-CPBA oxidation of the sulfides 32 

32(R =) Yield/% Reaction timeh Product ratio (3334) d.e.l% 

Me 95 1 -1oo:o - 100 
Et 95 2 -1oo:o -100 
isoPr 89 2 -1oo:o -loo 
AUyl 90 1 -1oo:o - loo 
CH2Ph 91 1 -1oo:o - 100 
CHkCH2Ph 68 3 - 1oo:o -100 
CH2COPh 66 2 57: 14 73 

It is worth noting that the absolute configuration of the sulfinyl center in the 
sulfoxide obtained by m-CPBA oxidation is predictable. Since the rate of oxi- 
dation of sulfides to sulfoxides is generally high, this method would be applicable 
to the synthesis of chiral sulfoxides with labile groups sensitive to oxidation. 
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CHIRAL SULFINYLETHENES 51 

4.2. Synthesis and Asymmetric Diels-Alder Reactions of a-Sulfinyl Maleate 
Derivatives 

It is well known that the olefin part in a maleic acid diester is quite reactive 
toward Diels-Alder dienes.% We thought that the application of our synthetic 
method would make a facile chiral synthesis of a-sulfinylmaleates possible. 

It should be emphasized that a high level of stereocontrol in Diels-Alder reac- 
tions of vinyl sulfoxides can be achieved only when the additional alkoxycarbonyl 
substituent is incorporated in the a-position or the (2)-P-position with respect 
to the sulfinyl group. In the design of a sulfinyl dienophile with two alkoxycar- 
bony1 substituents, the sulfinylmaleate should be preferable to the fumarate con- 
gener. That is, the (2)-P-alkoxycarbonyl substituent of the sulfinylfumarate 
would allow both the s-cis and the s-trans conformation, whereas the predomi- 
nant conformer of the sulfinylmaleate would be defined as s-cis due to dipole- 
dipole repulsion (Fig. 3). We thus undertook the synthesis of the sulfinylma- 
leates. 

FIG. 3 

4.3. Synthesis of Chiral a-Sulfinyl Maleate?' 

Addition of 10-mercaptoisoborneol to dimethyl maleate gives the sulfide 36 as a 
diastereoisomeric mixture, which upon heating with N-chlorosuccinimide affords 
the maleate 37 and the fumarate 38 in 35 and 11% yield, respectively (Scheme 
12). To optimize the yield of 37, we sought another route. It was found that the 
reaction of dimethyl acetylenedicarboxylate with 10-mercaptoisobomeol in the 
presence of PhzPMe produces predominantly 37 (3738 = 4:l) in 93% yield. 
These isomers are separable by chromatography. Exposure of 37 to m-CPBA 
affords the sulfinyl maleate 39 as the almost single isomer. Interestingly, the 
fumarate 38 reacted with m-CPBA to give the same product 39 exclusively. The 
reason for the geometrical isomerization during the oxidation is unclear at pres- 
ent. In both cases, the structure of the minor product (3% yield) was assigned 
to be 40, not 41, from the 'H NMR spectrum. 
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36 I R' R2 

39 40 41 

SCHEME 12 

4.4. Diels-Alder Reaction of the Surfoxide 39 with Cyclopentadiene 

Table 2 shows the results of the Diels-Alder reaction of 39 with cyclopentadiene 
under various conditions. In the presence of a Lewis acid (= chelation-controlled 
conditions, entries 2-7), the diastereoselectivities (d.e.'s) of the exo- and endo- 
sulfinyl adducts are -100%. In the absence of a Lewis acid the exo-sulfinyl 
adduct 42 is produced predominantly with high diastereoselectivity . Under opti- 
mized conditions (entry 4) the stereoselectivity ((42 + 43)/(44 + 45)) is very 
high (15.3:l) as is the diastereoselectivity for endo addition (42 vs. 43). 

&f+ + &$-R CO Me + C02Me + 
Co2& 

C02Me 
OzMe 

39 - 
42 43 44 45 

SCHEME FOR TABLE 2 

TABLE 2 Diels-Alder reaction of 39 with cyclopentadiene under various conditions 

Entry Lewis acid Solvent "C 42:43:44:45 Yield/% 
Temp./ Product ratio 

1 none mzaz 25 11.7:1:0:2.2 87 
2 znCI2 mzaz 0 07:l:O 69 
3 ZnCh toluene -20 08.8:l:O ND' 
4 ZnCL C H 2 a 2  -20 0:15.3: 1:0 92 
5 ZnCI, mzc12 -50 0:8.2: 1:0 ND' 
6 Z&r2 CH2CL, -20 06.21:O ND' 
7 Et3UCI cH2cIa -20 0:3:1:0 ND' 

"D = not determined 
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CHIRAL SULFINYLETHENES 53 

The stereochemistry of the adducts 4245 was assigned on the basis of the 
mechanism previously proposed by us (Fig. 4).28 The structure of the adduct 43 
was confirmed by single-crystal X-ray analysis as shown in Fig. 5.  

I 
- ZnClp 

+ ZnClz 

- - 

I 
FIG. 4 

FIG. 5 Molecular structure of the adduct 43 

4.5. Application to the Enantioselective Synthesis of Natural Products 

The major Diels-Alder adduct 43 has been converted into the common inter- 
mediate of Ohno’s synthesis of the carbocyclic nucleosides aristeromycin and 
neplanocin A (Scheme 13).29 The reaction sequence in the synthesis involves a 
selective demethylation of 43 by an AIBr3-Me2S system. 

The adduct 42 is reduced with diisobutylaluminium hydride (DIBAL) to give 
the lactone 46 in 61% yield (Scheme 14). Attempts to remove the sulfinyl group 
in 46 with TiC13 resulted only in recovery of 46. Deoxygenation with either PBr3 
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S-R BnBr,NaH 
18-crown-6,86% C02Bn 90% 

C02Me C02Me 
43 - 

(-)-aristeromycin 

(-)-neplanocin A 
I 

Ohno’s intermediate 

SCHEME 13 

or Zn-AcOH was impractical. Finally, samarium-induced reduction of 46 
afforded the lactone ( - )47 with an efficient recovery of the chiral auxiliary, 10- 
mercaptoisoborneol, and the disulfide 48. Without t-butyl alcohol as a proton 
source the sulfide 48 is produced exclusively. In a similar manner, the adduct 43 
is transformed into ( + )-47 by these reductions. Hydrogenation of the lactones 
(+)- and (-)-47 leads to the saturated lactones (+)- and (-)-49 one of which 
have been reported as the key precursor in a synthesis of the natural product.30 
Thus, we achieved an enantiodivergent synthesis of the lactone 47 starting from 
the dienophile 39.3’ The lactone ( + )-47 has been transformed into a biologically 
active terpenoid, ( - )-boschnialactone, by us (Scheme 14).32 

48 

- 7 w- \ I  

--% 

(-)-boschnialactone 
% 

(+)-47 1+b49 

0 ’  
(‘0 

OH 
MOMO ..*,OMOM OH 

MOMO 

SCHEME 14 
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CHIRAL SULFINYLETHENES 55 

4.6. Synthesis and Diels-Alder Reactions of a-Sulfnyl Maleimide Derivatives 

It was found that the dienophile 39 is unreactive toward furan. High-pressure 
methodologf3 and use of high-pressure effects on cycloadditions in the presence 
of an inorganic saltU could possibly effect the Diels-Alder reaction of 39 with 
f ~ r a n . ~ ~  In attempts to carry out the Diels-Alder cycloaddition with furan under 
conventional conditions, and in a practically useful manner, the use of a sulfinyl 
maleimide is an obvious choice since the high reactivityx of the double bond in 
maleimides is well known as illustrated in Table 3. In addition, the conforma- 
tional rigidity of the 5-membered ring and the a-imidocarbonyl group might 
achieve a high level of stereocontrol. 

TABLE 3 Reactivity of dienophiles with cyclopentadiene at 20 "C in dioxane" 

Dienophde 106 - kd[l. mole sec] AH*/[kcal* moll 

N-phenylmaleimide 
maleic anhydride 
N-methyimaleimide 
dimethyl fumarate 
dimethvl maleate 

70500 
55600 
39500 

742 
6.28 

7.5 
8.3 
8.6 

11.2 
14.1 

4.7. Synthesis of Chiral Maleimide Derivatives 

The chiral a-sulfinyl maleimides 50 can be synthesized in excellent yields from 
N-substituted maleimides and 10-mercaptoisoborneol in a 3-step sequence 
(Scheme 15).% Their oxidation with rn-CPBA proceeds with high diastereoselec- 
tivity (d.e. ~100%) giving the sulfoxides 50. Attempts to obtain an N-unsubsti- 
tuted maleimide (50, R' = H) by the oxidation of the corresponding sulfide 
were unsuccessful and resulted in polymerization. 

RS 
EbN oo NCS,CCId 

reflux, 6 h +OH -k N 0-0- 89 - 98% 0 
A1 A1 (I RSH) 

R. 
RS mCPBA **cSAo 

- 0  0 d.e. -100% 0 
88 - 95% 

98 - 100% 
A1 

50 
A1 

a: R' - Me; b: R' = Ph; c: R'  = Bn; d: R' = TBDMS; 
e: R' = prnethoxybenzyl; 1: R' I 3-butynyl 

SCHEME 15 
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4.8. Diels-Alder Reactions of the Dienophiles 50 

As anticipated, the maleimides 50 were found to be quite reactive toward Diels- 
Alder dienes. The results of the Diels-Alder reaction of the N-benzyl derivative 
Joc with cyclopentadiene at a variety of temperatures are shown in Table 4. In 
the presence of ZnCl, the reaction proceeds with high diastereoselectivity (d.s.) 
to produce the adduct 51c. In contrast, in the absence of a Lewis acid, the 
diastereoselectivity is low, and the other adduct 52e is obtained as the major 
product. In no case are the endo-sulfinyl adducts obtained. 

50 51 52 
SCHEME FOR TABLE 4 

TABLE 4 Diels-Alder reaction of Soc with cyclopentadiene 

ZnClz Without Lewis acid 

Reaction 
Temp./ Time/ d s .  Time/ d.s. 

"C min Yield/% Slc:52c min Yield/% 51c:52c 

40 5 91 94:6 5 - 100 3169 
r.t. 20 -100 97:3 60 98 26:74 
0 20 -100 97:3 60 97 28:72 

- 20 20 -100 98:2 60 99 29:71 
- 78 30 97 97:3 60 -100 36:64 

Similar results were observed for the Diels-Alder reaction of the sulfinyl ma- 
leimides 5Oa,b,d with cyclopentadiene. A couple of examples are shown in 
Table 5 .  

TABLE 5 Diels-Alder reaction of 50a.b.d with cvclowntadiene 

Reaction Product ratio Yield 
Dienophile Lewis acid TempPC Timelh by HPLC 1% 

50. none 0 0.5 51..520 (27:73) 99 
50. ZnClz 0 0.5 5k.52a (94:6) 95 

Sob ZnClz 0 0.5 51b52b (9O:lO) 97 
5od ZnClZ -80 0.5 51d52d (99:<0.5) 93 

5ob none 0 0.5 5W52b (27:73) 98 

The adducts 51c and 52c are both transformed to the known endo-imidocar- 
bony1 compound 53 by the action of SmL, with recovery of the chiral auxiliary 
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CHIRAL SULFINYLETHENES 57 

(Scheme 16). The adduct 51c, whose structure was confirmed by X-ray crystal- 
lography (Fig. 6), is likewise transformed to the chiral lactam 54. 

C 

c22 

FIG. 6.  Molecular Structure of Slc 

The results of the Diels-Alder cycloaddition of 5Oc with furan are summarized 
in Table 6. It was found that the product ratio of the adducts derived from the 
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TABLE 6 Diels-Alder reaction of Sk with furan 

Additive Temp. T h d  PrOdUCt Isolated 
Entry (1.5 equiv.) PC h (ratio) yield% 

6 
7 

8 

ZnCIZ 

ZnCI2 
ZnClp 
ZnCI* 

ZnC12 
none 

none 

-20 

0 
0 

10 

10 

25 
0 

25 

62 

0.5 
60 
1 

56 

20 
24 

5 

55:56:sI:58 
(49:26:11:15) 
55:s (71:29) 
55:s (68:32) 
Ss:56DS 
(799:7:5) 
55:s:sI:Sa 
(80:8:4:8) 
55:n (55:45) 
55:56:sI:58 
(2922:29:20) 
5556m:58 
(22:32:24:22) 

66 
72 
56 

68 

56 
56 

54 

reaction with furan varied depending on the reaction temperature. The reaction 
conducted at 0 "C (entries 2 and 3) produces a single diastereoisomer each of 
both the endo- and the exo-sulfinyl adducts, 55 and 56. The reaction at room 
temperature (entry 6) results in exclusive formation of the endo-sulfinyl adducts 
55 and 57 which reveals that the exo-sulfinyl adducts 56 and 58 undergo iso- 
merization to the thermodynamically more stable endo-sulfinyl adducts 55 and 
57 by dissociation and recombination. It is noteworthy that the reaction con- 
ducted at 10 "C (entries 4 and 5 )  affords the best result with high diastereose- 
lectivity with respect to the endo-sulfinyl adducts (55 vs. 57) and high exo/endo 
stereoselectivity ((55 + 57) vs. (56 + 58)). 

The adduct 55 is converted to 59 by NaBH4 reduction under acidic conditions 
(Scheme 17). On the other hand, reduction with NaBK under basic conditions 
results in the exclusive formation of 60. The regioselectivity in the NaBK reduc- 
tion of the imido carbonyl in a rigid tricyclic system such as 55 can be explained 
by steric factors," in contrast to bicyclic anhydrides and succinimides.38 The lac- 
tams 59 and 60 are desulfinylated with Sm12 to 61 and 62, respectively. 

It was found that the dienophiles 50 react with butadiene, anthracene, and 
cyclohexadienes to give the corresponding cycloadducts with high diastereoselec- 
tivity . 
4.9. Application to Natural Product Synthesis 

The chiral lactams 54, 61, and 62 would be useful precursors for the synthesis 
of nitrogen-containing natural products on the basis of N-acyliminocyclization 
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H o H  2 0 H O H  
NaBH4 

55 ~ N B n S m 1 2 , H M P A  mr 
60 

/'R 
62 

SCHEME 17 

strategy.* The application of this methodology has culminated in the enantio- 
selective synthesis of bicyclic alkaloids (Scheme 18). The Diels- Alder reaction of 
the N-butynyl-maleimide 50d with cyclopentadiene, followed by reduction affords 
the lactam 63. The chiral amides 64 and 65, obtained from 63, have been further 
transformed to the tetracyclic amides 66 and 67 by N-acyliminocyclization. 

fA n n 
h 

SCHEME 18 

Finally, an enantioselective synthesis of ( + )-laburnine and ( + )-8-coniceine has 
been accomplished from 66 and 67 by flash vacuum pyrolysis (J?VP).@ 

Starting with the adduct 51d derived from the Lewis acid-promoted Diels- 
Alder reaction of N-TBDMS-maleimide 5Od with cyclopentadiene, we succeeded 
in the enantioselective synthesis of ( + )-elaeokanine A and ( + )-elaeokanine C 
via flash vacuum pyrolysis (Scheme 19).41 

We also attempted the enantioselective synthesis of bicyclic alkaloids on the 
basis of the strategy involving retro-Diels-Alder cycloreversion by flash vacuum 
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50d 

(+)-elaeokanine C 

SCHEME 19 

(+)-elaeokanine A 

pyrolysis. However, th., method was unsuitable for inae preparation of chiral 
monocyclic amides because we observed that the FVP of the tricyclic lactam 68 
obtained from 54 led to the pyrrolidinone 69 only with a moderate enantiomeric 
excess (e.e. 74%). The low e.e. in this reaction must be due to the high reaction 
temperature (>450 "C) in the FVP. In order to obtain optically pure pyrrolidi- 
nones we envisioned the use of the Diels-Alder adduct with furan. As expected, 
in contrast to Diels-Alder adducts with cyclopentadiene, the use of a Diels-Alder 
adduct with furan obviated drastic reaction conditions such as FVP in the retro- 
Diels-Alder cycloreversion. Treatment of 60 with acidic EtOH, followed by 
desulfinylation (SmI,), leads to the chiral lactam 70 (Scheme 20).42 The treatment 
of 70 with p-toluenesulfinic acid in the presence of CaC12 gives the sulfone 71. 

70 71 

SCHEME 2Q 

- 
72 

An N-acyliminium addition of heptylmagnesium bromide to the sulfone 71 in the 
presence of ZnBr2 produces the lactam 72 exclusively. The retro-Diels-Alder 
reaction of 72 by heating in xylene (160 "C, 45 min) proceeds to give 69 of high 
optical purity (e.e. 93%), which would be a useful precursor for alkaloid 
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syntheses." The strategy based upon the retro-Diels-Alder reaction of adducts 
with furan should thus be applied in synthetic approaches to pyrrolidine alkaloids 
in optically pure form. 

5. CONCLUSIONS 

We have presented our studies over the past several years of asymmetric Diels- 
Alder reactions with chiral sulfinyl dienophiles. It has been demonstrated that a 
high level of stereocontrol in the Diels-Alder reaction can be attained by virtue 
of the conformational rigidity of a sulfinyl group in the dienophile. It should be 
emphasized that our conceptual approach to designing efficient dienophiles which 
combine high asymmetric induction with high reactivity has culminated in the 
synthesis of two types of novel sulfoxides, the sulfinyl maleates and the sulfinyl 
maleimides. The methodology of using chiral vinyl sulfoxides will continue to 
add a useful new features to the usefulness of asymmetric Diels-Alder reactions. 
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