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Communications to the Editor 

Dimerization of Butadiene 

Sir: 

The dimerization of 1,3-butadiene has occupied a promi­
nent position in many studies of the Diels-Alder reaction. 
Controversy in this area has centered around two limiting 
mechanisms: a concerted »4S + T2S cycloaddition and path­
ways involving the intermediacy of bisallyl diradicals.1 Esti­
mates of the highest energy point along the diradical path­
way are within 1-2 kcal/mol of the observed activation en­
ergy for the dimerization. Unfortunately the errors associ­
ated with such thermochemical estimates are also 1 -2 kcal/ 
mol, and firm mechanistic conclusions by this method are 
untenable in the present case. We have chosen to use the 
sensitive probe of stereochemistry to study this simple 
Diels-Alder reaction, and we wish to report here our analy­
sis of the thermal dimerization2 of m,m-l ,4-dideuter io-
1,3-butadiene.3 The relative deuterium stereochemistry in 
the major (92%) product, vinylcylohexene, has been deter­
mined. Neither limiting mechanism is supported by our re­
sults, and we shall argue that the best explanation of the 
data consists of a mixture of both allowed and forbidden 4 
+ 2 cycloadditions. 

Products anticipated from reaction by both concerted 
and diradical mechanisms are shown4 in Figure 1. Reten­
tion of the cis configuration at the terminal vinyl group is 
predicted by each mechanism and is observed.5 Absence of 
scrambling at this center indicates that there is no isomer-
ization of the butadiene before dimerization. This is con­
firmed by noting that butadiene recovered after dimeriza­
tion and analyzed3a by Raman spectroscopy is isomerically 
unchanged. 

To determine the relative deuterium stereochemistry at 
the other three centers, the vinylcyclohexene was converted6 

(Figure 2) to ejco-2-hydroxy-7-oxabicyclo[3.2.1]octane (1). 
In the presence of 60 mol % Eu(DPM)3 the 1H N M R spec­
trum of 1 is adequately resolved over 15 ppm. Integration of 
the spectrum of 1, obtained ultimately from the products of 
the dimerization of m,c«-dideuteriobutadiene, gives infor­
mation concerning the endo to exo ratio (He and Hf) and 
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Figure 1. Anticipated products from concerted and diradical reactions. 
Only a single enantiomer for each product is shown. To simplify the 
drawing the Ci and C4 deuteria in the diradical products are also omit­
ted.4 

1) m-Chloroperbenzoic 
acid (1 equiv.) 

2) 03/CH3OH 

3) NaBH11ZCH3OH 
4) K-0-tBu/t-BuOH 

Figure 2. Conversion of vinylcyclohexene to exo-2-hydroxy-7-oxabicy-
clo[3.2.1]octane(l). 
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Figure 3. The three isomeric diradicals from butadiene. 

Table I. Expected and Observed 1H NMR Integrated Intensities for 
1 Originating from cw.c/s-Dideuteriobutadiene 

He Hf Hi Hk 
Exo concerted 1.0 0.0 1.0 0.0 
Ehdo conceited 0.0 1.0 1.0 0.0 
Freely rotating diradical b b 0.5 0.5 
Observed" 0.5 0.5 0.9 0.1 

a Observed in the presence of 60 mol % Eu(DPM)3. * See ref 4. 

C5-C6 bond rotation (H; and Hk). The predicted and ob­
served values for proton integration are given in Table I. 
The results indicate no particular preference for endo or exo-
pathways.7 Of greater significance is the observation8 of 
10% stereoisomeric scrambling between C5 and C6. 

A simple explanation for these results might be formulat­
ed in terms of a mixture of diradical and concerted mecha­
nisms. The results would then require 20% of a diradical 
species if rotational equilibration about C s - Q occurs be­
fore ring closure or an even higher proportion of a diradical 
if ring closure and C5-C6 bond rotation are competitive. 

This interpretation can be discounted as inconsistent with 
the product ratio for the dimerization. To illustrate, butadi­
ene can dimerize to three isomeric diradicals depending on 
the conformation of the reacting species (Figure 3). Cyclo-
hexene products can be formed only if at least one of the 
allyl units is in the cis conformation; the trans,trans diradi­
cal can only lead to cyclobutane products. In all cases, prod­
uct formation from the diradical is kinetically favored over 
reversion to butadiene.1 The chemical consequences which 
could then be associated • with the trans,trans diradical9 

amount to less than 8% of the product mixture. If one 
makes the well-precedented assumption10 that the 
trans,trans diradical is the most rapidly formed of the three 
diradical species, then an explanation of the scrambling of 
stereochemistry based on diradicals becomes unsatisfactory. 
It is inconsistent to require that more than 20% of the vinyl­
cyclohexene be formed from the cis.trans and cis.cis diradi­
cals while less than 8% of the product arises from the most 
easily formed trans.trans diradical. 

The results require mechanisms which will account for 
the high reactivity of cisoid butadiene while allowing some 
scrambling of stereochemistry. These requirements are 
most easily accommodated by invoking both the suprafacial 
(90%) and antarafacial (10%) participation of the dieno-
phile in concerted reactions. Operationally this allows bond 
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Figure 4. A comparison of the motion required for inversion of configu­
ration at C6 in the divinylcyclobutane pyrolysis and the butadiene di­
merization.'3 

formation between Ci and C6 with both retention and in­
version of stereochemistry at C6, while the continuous over­
lap of orbitals provides a rationale for the high cisoid buta­
diene reactivity. 

Since endo and exo products cannot be separated, the 
mode of cycloaddition to the diene cannot be distinguished. 
The requirement of 10% antarafacial addition to the dieno-
phile is thus consistent with either allowed T4a + T2a or for­
bidden T4S + x2a reactions. 

While the doubly antarafacial mechanism cannot be 
eliminated, this result would be without precedent.11 On the 
other hand, analogous mixtures of allowed and forbidden 
processes are already documented for the CsHn surface. 
Pertinent to the present work are Berson's studies of di­
vinylcyclobutane pyrolyses.12 Migration of C6 to Ci in 
/rfl«j-divinylcyclobutane occurs with both inversion (al­
lowed) and retention (forbidden) of configuration at C6. 
The inversion involves rotation about C5-C6 a motion simi­
lar to that required for the stereoisomeric scrambling ob­
served in the dimerization13 (Figure 4). 

This reaction joins a now substantial number of transfor­
mations for which thermochemical analysis suggests ener­
getically accessible diradical surfaces, but which possess 
weak bonding interactions which control the product ra­
tios.12 A feature which may be general to such situations is 
the existence of both allowed and forbidden mechanisms 
which are favored energetically relative to diradicals.15 

Many 1,3-sigmatropic migrations are thought to exhibit 
this property, and we believe such an explanation forms the 
best basis for understanding the butadiene dimerization. 
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Stereochemistry of the Diels-Alder Dimerization of 
rrans,rrans-Penta-l,3-diene- 1-d1 

Sir: 

A mechanistic energy surface based upon the thermo­
chemical and kinetic data for the formation of 4-vinylcyclo-
hexene (2) by the thermal rearrangement of trans-l,2-di-
vinylcyclobutane (1) and by the Diels-Alder dimerization 
of buta-l,3-diene (3) proposes2'3 that neither reaction is 
concerted, but that each is a stepwise process passing over a 
common biradical intermediate. Hypothetically, this biradi-
cal would be formed by cleavage of the C1-C2 bond of 1, or 
by juncture at Ci of two molecules of 3. Another analysis of 
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the data leads to the conclusion, "It is clear that the magni­
tude of concert in this Diels-Alder reaction, if it be not 
zero, is at best small."4 If concert is weak in the diene di-
merizations, a concerted mechanism with an orbital topolo­
gy other than 2S + 4S or a biradical mechanism might result 
in a violation7'8 of the familiar9'10 suprafacial-on-the-dieno-
phile, suprafacial-on-the-diene rule. 

The exo and endo dimers of ?ra/2s-piperylene (4a, trans-
penta-l,3-diene) are separable diastereomers (5a and 6a), 
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