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Abstract.- Chirel butenolldes sre revealed to be good dienophiles in Diels-Alder 
reactions with cyclopentadiene, affording endo and exe adducts. whose fully charac- 
terizetlo" is provided. Selectivity of these cycloaddition reactions has been shown 
to be temperature dependent not 88 s result of a thermodynamic equilibrium between 
the isomers, but due to a klnetlcally controlled process. 

IWl'RODDCTION 

Diels-Alder reactions of cyclopentadiene and open-chain~carbonyl disnophilss has bss" ex- 

te"slvely studied and there are many data in the literature about the reactivity and selectivity of 

acrylic and crotonic acids and derlvatives. 192 However, results related to pentagonal cyclic dieno- 

phlles are scsrce. Therefore, following our research program on the beheviour of chlrsl a,+buts"- 

olldes I" Duels-Alder cycloaddltlons, we decide to study the reactions of such la&ones with cyclo- 

pentadiene, devoting our attention to the endo/exo selectlvlty and the synthetic applications of 

the adducts. Thus, we have reported in s previous communication3 that choral butenolides (2(5lj)-fu- 

ranones) react smoothly with cyclopentadiene giving enantiomerically pure endo and exe adducts in 

good yields, the observed selectivrty being temperature dependent. These compounds are potent chl- 

ral building blocks, since all of them have unequivocally controlled five asymmetric centers in 

addition to a versatile functionalizatlon. I" effect. these kind of sdducts have already been 

used I" the preparation of some natural products such es santalene, 4 and 3-alkyl-5-methyl-2(5H)-fu- 

ranones. These last compounds have been synthesized in our laboratory through a sequence that in- 

valves cycloaddltron-alkylatlon-cycloreversion. 5 

We report I" this article that the observed increase of the relative amounts of exe adducts 

wrth the increaslng temperature does not result from s" equilibrium process to give thethermodyna- 

micelly more stable isomers, but selectivity is determined by the energy gsp between the TS's lea- 

ding to the endo and sxo isomers respectively. through a kinetically controlled process. 

RBSDLTS ANDDISCDSSION 

1. Endo and sxo adducts: their formation and structural aseigmen t. 

Cycloadditions of butenolides 1, 6 2. 3 end 47 with (I large sxcsss of cyclopentadiene, et 

100° C for 20 hours, lead to tricyclic endo (5. 7. 9. 11) end exe (6, 8. 10. 12) adducts in about 

60% overall yield (Scheme 1). All these compounds (5-12) could be isolated by column chmmstography 

and characterized by the usual spectroscopic methods. Specific proton sssignment. endo/exo, and 

facial diastereoisomerism were elucidated in 7 through a 400 Hiis 2-D COSY pmr %=trum, that 
allowed the assignment of all signals end couplings (Fig. 1 and Table 1). Since a" excellent corre- 

lation wes found for the chemxal shifts of all the protons attached to the tricyclic skeleton in 

the endo and in the exe series. ss show" on Table 2. the structure of all adducts was thus veri- 
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CHs 5 

C HzOCH2Ph 7 

CHsOCH, 9 

CH,OH 11 

Scheme 1 

Table 1. Analysis of the 400 MHz pmr spectrum 

of adduct 7 in CDC13. 

Proton 6 Signals and J's(Hz) 

Hl 3.28 m 

H2 3.25 m 

H5 4.02 dd, J = 7.3; 3.8 

H6 
2.94 ddd. J = 7.3; 4.2; 2.1 

H7 3.08 m 

H8 6.22 dd, J = 5.0; 2.7 

H9 6.28 dd. J = 5.0; 2.7 

H 10a 1.41 d, J = 8.2 

HIOb 1.60 d, J = 8.2 

H 1l.a 3.52 dd, J 9.3; 3.8 = 

Hllb 3.58 dd. J = 9.3; 3.8 

H12a 4.50 d, J = 11.1 

H12b 4.56 d. J = 11.1 

Ph 7.24-7.36 complex absorption 

6 

8 

10 

12 

Ph 2”H,, 

r 

Flgl. 400 MHz 2-D COSY spectrum of adduct 7 

H I2 

Fig 2. n.0.e. between H6/Hlo and H5/H8 zn adduct 7 



Choral butenohdes with cyclopentadlene 

Table 2. pmr Chemrcal shifts (6 scale) in adducts 6-12. 
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endo isomers exe isomers 

Z 
CH3 

CH20Bn CH20CH3 CH20H 
CH3 

CH20Bn CH20CH3 CH20H 

H1 3.3 3.3 2.7-3.3 3.2 3.3 3.2-3.3 3.2 3.2 

"2 3.4 3.2 2.7-3.3 3.2 2.7 3.2-3.3 2.6 2.3 

"5 4.1 4.0 4.0 4.0 4.3 4.2 4.2 4.2 

*6 2.6 2.9 2.7-3.3 3.1 2.1 2.2-2.9 2.3 2.3 

H7 3.1 3.1 2.7-3.3 3.1 2.9 2.2-3.0 2.9 2.8 

"6' H9 6.2 6.2 6.2 6.3 6.2 6.1 6.1 6.2 

H "lob 10a' 1.5 1.5 1.5 1.6 1.5 1.5 1.5 1.3 

C!3 1.4 1.4 

CE20CH2Ph 3.5 3.6 

CH20Ci2Ph 4.5 4.5 

Cii20CH3 3.5 3.5 

CH20Ci3 3.4 3.4 

Ct120H 3.3 3.7 

J 
fied. Moreover dlfferentlal n.0.e. experiments performed on these products gave complementary con- 

firmatlon of the endo or exe stereochemurtry. Thus, a 4.5% n.0.e. was observed on H5 from H 6. and 
on HIOa from H6 I" adducts ldentifled as endo isomers, while this effect did not exist in exe ste- 

reo1somers. (Fig. 2). 

The optxal purity of these products was establlshed using the chiral shift reagent tris- 

)3-heptafluorobutu-yl-d-camphorato~europ~um(III): only one set of pmr signals was vlslble for each 

adduct in the presence of 0.6 eq. of lanthanlde, while the spectra of racemic mixtures, obtained 

from racemx butenolldes, 6.9 exhlbited duplication of some slgnals in the same condltions. 

2. Endo/exo selectivity. 

Reaction of butenolides l-4 with cyclopentadxne were performed at different temperatures 

lo order to study the varlatwn of the endo/exo ratlo of adducts. 

Hydroxymethylbutenollde 4 was revealed not to be a good model to study the selectivity of 

the process .wnce the dlstrzbutlon of endo and exe isomers became muleading due to a pyrolytic 

ellmlnatlon of water from 4 UI the reactloo conditions leadlng to byproducts. 
10 

Cycloaddltlon reactloos wele very slow at low temperatures. E.g. a 3.5:1 mlxtura of com- 

pounds 9 and 10 was obtained in only 30% yield when butenollde 3 was reacted uth cyclopentadiene 

at 30° C for 4 days. The ratio of endo/exo zsomers prepared from lactones l-3 resulted to be tempe- 

rature dependent, the proportion of the obtalned exe nomers ncreaslng at high reaction tempera- 

tures. Thus, mixtures of (3-2.5):1 endo/exo adducts were formed in a temperature range from 60° C 

to 1200 c. 

In general, exe Duels-Alder adducts are the thermoQnamically more stable isomers. The XI- 

crease of the relative amount of such compounds at high temperatures has been Justified in many 

occasslons as the result of an equllbrlum from the knetically more favored endo isomers probably 

VLS a retro-cycloadditlon assuming the reversibility of the reaction. 
11 

- In our case, when endo ad- 

duct 7 was heated at 155' C for 21 hours neither butenolide 2 nor exe 6 were detected. Furthermore. 

we have found that similar adducts. bearing an alkyl substrtuent at the a-carbonyl position C-2, 

need temperatures higher than 225" C to undergo retro-Diels-Alder reactlon. 5 Then. having thermo- 

dynamic equlibnum belng precluded, it seemed that kinetic control of the reaction in the studied 

range of temperatures could govern the attack of the diene, either to an endo or to an exe orienta- 

t1on. 
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Table 3. Endo/exo ratio and activation parameters in the Diels-Alder reaction of 

butenolide 3 with cyclopentadiene. 

r ~~ ~~~ 

3.54 3.17 2.85 2.70 2.33 -O.99~.01 -0.9e*o.O4 -0.72iO.l 

Therefore, a kinetic study of the reaction at different temperatures between cyclopenta- 

diene and the methoxymethylbutenolide 3, chosen aa a representative model, was realized using a 

large excess of diene (about forty times the smount of dienophile In moles). First it was confirmed 

that the isomer proportions remained constant throughout the course ofeach reaction. This result 

indicates that neither of the isomeric tricycles suffers endo-exo isomerization during the process 

and that nerther isomer edduct was consumed by preferential reaction with excess cyclopentadlene. 

Measurements of the relative yields of the product isomers were made at different tempera- 

tures. The results are summarized in Table 3. Accepting a kinetic control of the product mixtures 

in this reaction, the product ratio endo/exo, N/X, was considered to be equal to the ratio of the 

specific rate coefficients kN/kX. The differences in the activation parameters for the two reac- 

tion courses were evaluated from the plots of ln(N/X) against l/T. The results are shown on Table 3 

and give an energy gap of about 1 kcal mol 
-1 

. This value IS in good accordance with literature data 

concerning kinetic parameters in the reactions of open-chain acrylic and crotonic acid derivatives 

with cyclopentadiene. le2 (Table 4). 

Table 4. Kinetic parameters for the Diels-Alder reaction of cyclopentadiene 

with the butenolide 3 and some acrylic acid derivatives. 

Dienophile 

Butenolide 3 

CH2=CH-CoOH 

(Z)-CH3CH=~~~N 

(z)-CH,CH=CHCOOH 

Endo/exo ratio' 
‘a(N) - Ea(jl) 
(kcal mol- ) 

3.54 -0.9~0.01 

4.36 -o.gc 

3.67 

5.13 

A4 - hip 
(kcal mol-') I 

AS{ - AS? 
(eu) 

-0.98fO.M -0.72+0.10 

-0.65tO.01 -0.59f0.03 

-1.Olf0.09 

aAt 25O C but for butenolide 3 at 30° C 
b 
Data from ref. 2 

%ef. 1 

In conclusion, kinetic control of the steric course of the cycloaddition reactions leading 

to isomerx endo/exo adducts has been confirmed. Moreover, we have found that the best range of 

reaction temperatures to obtain Diels-Alder adducts with a good selectivity and optimal yields is 

comprised between lOO-120' C for butenolides l-4. 

The use of these tricycle compounds in enantio- and diastereoselective synthesis is curren- 

tly under investigation in our laboratory. 

KXF'EBINBNTAL SBCl'ION 

Melting points have been determined on a Kofler hot stage and are uncorrected. Optical ro- 
tations were obtained from chloroform solutions on a Prop01 polarimeter, model Dr. Kernchen. Dls- 
tillation of small amounts were effected on a rotational distillator BUchi. model KBV 65/30 (only 
external or oven temperature given). The 70 eV electron Impact ma88 spectra were recorded on a Hew- 
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