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SUMMARY: 2-Phenylthio-1,3-butadiene (1) and 2-phenylseleno-l,3-butadiene (2) have been 
generated in situ from their SO~ add-ucts and reacted with a series of unsymmetrical 
dienophiles-:'- T e~egiochemical results have been analyzed in terms of qualitative perturbation 
theory. 

Whereas the Diels-Alder reaction provides a facile means of constructing six-membered 

rings 1, i ts  greatest synthetic potential l ies in the regioselectivity accompanying the 

cycloaddition of unsymmetrically substituted dienes and dienophiles. In particular, the use of 

unsymmetrical functionally masked reaction partners provides useful entries into multistep 

syntheses of complex molecules. 

The understanding of the regiochemistry accompanying cycloaddition reactions has been 

approached experimentally as well as theoretically. 2"8 A wide variety of 1,3-butadienes 

substituted at the 1- or 2-positions have been reported. Most of these studies, however, have 

been concerned with f i r s t  row substituents - carbon, nitrogen and oxygen. In contrast, very few 

regiochemical results have been published concerning corresponding second and third row 

substituents. 6,9-12 As a consequence, 2-phenylthio-l,3-butadiene (__1) and 2-phenylseleno-1,3- 

butadiene (2) were chosen as synthetically and theoretically useful models. Because of the 

tendency of these dienes to undergo facile polymerization reactions upon purification or 

storage, they were generated in situ from their SO 2 adducts in the presence of the 

dieneophile. 11,13 The syntheses of the SO 2 adducts are outlined in Scheme I.  The yields, 

regiochemical results and relative rates of reaction with a variety of dienophiles are 

summarized in Table I.  Control experiments indicate that the results are independent of the 

Reagents: 

Scheme I 
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1. Ph-SH, NCS, CH2CI 2, r . t . ,  24 hrs.; 2. (C2 5 _ H  )3N, CH2CI 2, 
r . t . ,  24 hrs.; 3.- PB-Se-CI, CHpCIp, Argon, r . t . ,  24 hrs.; 
4. (C2H5)3N, r . t . ,  24 hrs.; 5.- DBU, HCCI 3, -23 ° , I hr.; 6. 
HCI, N~HCO 3. 
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presence of SO 2. The isolated yields of cycloaddition products are consistently excellent for 

both 1 (90-97%) and 2__ (80-95%). In general, __1 reacts almost twice as fast as 2 with a given 

dienophile. In addition, the regiochemical results indicate that the sulfur substituent has a 

strong directive effect and is somewhat better than the corresponding selenium substituent. 

+ D i e n o p h i l e  a P h - X  P h - X  

0,4] 

Dienophile 

0 
I I  

CH2=CH-C-CH 3 

0 
I I  

HC=C-C-OC2H 5 

0 

TABLE 1 

t I /2 (hrs.) Isolated Yield [1,4] (%) [1,3] (%) 
(%) 

S Se S Se S Se S Se 

2.9 5.25 97 96 91 82 9 18 

5.0 7.6 93 79 83 72 17 28 

II 
CH2=CH-C-OC2H5 5.0 7.5 95 94 91 80 9 

CH2=CH-CN 6.7 13.25 90 81 >95 >95 <5 

a. 110°C, dry toluene, dark, Argon atm., I% hydroquinone. 

20 

<5 

The regiochemical results in Table I are consistent with f ront ier molecular orbital 

theory. I t  is instructive to visualize this without performing detailed computer 

calculations. The polarization of the highest occupied molecular orbital of the 2-substituted 

diene may be qual i tat ively determined from perturbation theory by evaluating the orbital mixings 

obtained from the interaction of the electron-pair on the heterosubstituent with the 2-position 

of the butadiene n-system. Consider, for example, the analysis of the highest occupied 

molecular orbital of 2-phenylthio-l,3-butadiene (_1). The n-system of this molecule may be 

disected into two fragments, one consisting of the n-system of 1,3-butadiene and the other a 

pair of electrons in a p-orbital of sulfur conjugated to a phenyl ring. At an i n f i n i t e  

separation there is no interaction between the two fragments. However, as they are brought 

together and joined at the 2-position of 1,3-butadiene, the orbitals of each perturb one another 

and produce diene n-polarization. In order to analyze this system using perturbation theory, 

the molecular orbital wave functions (nodal properties) for each fragment must be known as well 

as their relative energy levels. The energy levels for the fragments comprising __1 are 

i l lustrated in Figure I .  14 The highest occupied molecular orbital of the the two fragments 

is ~PhS' and therefore, i t  is the sum of the f i rst-order mixings of ~PhS with each of the 

molecular orbitals of the diene system (~1' ¢2' ¢3 and ~4 ) (not equally weighted) which 

primarily determines the net polarization of the diene II-HOMO. 15 The quali tat ive individual 
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f i rst-order mixings are i l lust rated in FiQure 2. I f  one considers only the polarization of the 

diene portion of the molecule, i t  is obvious that this sum of f i r s t  order interactions (not 

equally weighted) places the largest HOMO coefficient at the terminal position closest to the 

sulfur substituent. Thus, this position is the leading center in bonding with the dienophile 

center having the coefficient of greatest magnitude in the LUMO. This analysis is consistent 

with the predominence of the 1,4-products in the reported Diels-Alder reactions. The energy of 

the lone pair on selenium in the phenylseleno substituent is at -8.0 ev and the qualitative 

perturbational analysis for 2 is identical to that of the sulfur counterpart. 16 

/ - ' - ' - - ~  4 2 .8  ev / 

,'C/F'--"-'qJ3 0 . 8 2  e v  
/ / 

/ / j /  
/ /  

/ /  
/ /  

"--L..... : :  ~ 2  - 8 . 0 7  ev 
I |  ~ 1  - 1 1 . 4  ev 

F igure  I 

q PhS 
- 8 . 0 2  ev 

qJphs'~-q~ s qJp.8-l-qJ4 

qjphs_qJ1 qJp.s--qJ2 
Figure 2 

Since the electron pairs on sulfur and selenium are at essential ly the same energy, the 

greater directive effect and the greater react iv i ty of PhS- compared to PhSe- must arise in part 

from the larger resonance integral describing the interaction of a 3p-x orbital on sulfur with a 

2p-~ orbital on carbon as compared to a 4p-~orbital  on selenium with a 2p-~ on carbon. 17 The 

larger the resonance integral, the greater the n-polarization of the diene portion of the 

molecule and the less negative the HOMO energy. The former results in a greater di f ferent iat ion 

between the coefficients on the terminal atoms of the diene (greater regioselectivity) while the 

lat ter  results in a smaller f ront ier energy gap with respect to the LUMO of a given dienophile 

(greater react iv i ty) .  

In conclusion, the combination of high isolated yields and excellent regiochemical control 

makes I and 2 excellent masked carbonyl Diels-Alder reaction partners. In addition, the use of 

latent dienes, in the form of crystal l ine,  easily prepared and stable SO 2 adducts make both 1 

and 2 potential ly useful reagents in synthesis. Final ly,  the regiochemical results are ent i re ly 

consistent with qualitative perturbational analysis and front ier molecular orbital theory. 
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