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ELECTROCYCLIZATIONS and many related stereo- 
specific reactions have found a common interpreta- 
tion in the form of the Woodward-Hoffmann 
rules. The essential feature of the interpretation 
is the symmetry of the molecular orbitals involved 
in the reaction process. The importance of 
symmetry was first suggested in a paper by 
Havinga and Schlatmann,l but the general nature 
of the principle was formulated by Woodward and 
Hoff mann .2 

In  spite of this interpretation many aspects of 
reaction mechanisms remain unexplained of which 
the photochemical cyclization of butadiene to 
cyclobutene is an example. Dauben3 has pointed 
out that since the ground state of cyclobutene is 
ca. 20 kcal./mole less stable than butadiene, the 
spectroscopic singlet of cyclobutene is ca. 50-60 
kcal./mole higher than that for butadiene, and he 
concluded that the formation of the former singlet 
from the latter is improbable. The question is: 
what is the driving force of the reaction 

and what is the actual path along which the final 
state is reached? 

Energy levels have been calculated for the ground 
state and excited states of butadiene, of cyclo- 
butene, and of a large number of intermediate 
configurations resulting in potential surfaces 
essential for a detailed discussion of the course of 
the reaction. 

The energies of ground and excited states are 
calculated as a function of the three angles 4, x, 
and 8.t 4 is the angle between C(2)-C(3), C(1)- 
C(2), and C(3)-C(4); it is directly related to the 
ring closure and has been varied from 125" to 90". 
x describes the rotation of the $-orbitals on C(1) 
and C(4) ; it has been varied from 0 to 90". In the 
conrotatory process the p orbitals are rotated in 
the same direction, in the disrotatory process in 
the opposite direction. 8 is a measure for the 
rotation about C(2)-C(3) ; it has been varied from 
-90 to +goo. 

The distances C(l)-C(2), C(2)-C(3), and C(3)- 
C(4) have been kept constant and C( l )  and C(4) 
were supposed to retain their trigonal hybridiza- 
tion in all the configurations. These simplifications 

of the model make it somewhat unrealistic in 
the neighbourhood of the cyclobutene. By use of 
this simplified model the total number of nuclear 
configurations for which the energies have been 
calculated still amounts to 4408. 

Calculations were performed with a valence- 
bond method by use of the modifications introduced 
by Pariser and ParrI4 and P ~ p l e . ~  Since i t  is a 
four-electron-four-orbital problem, complete calcu- 
lations involve twenty singlet valence-bond struc- 
tures (covalent and ionic structures), all of which 
were essential for good agreement with the first 
absorption band of trans-butadiene ; details of this 
method have been published.6 

To the energy of the four electrons, two energy 
terms were added: the interaction between non- 
bonded hydrogen atoms and the angle strain on 
C(2) and C(3) caused by the change of 4 from 
equilibrium. The parameters for these two terms 
were taken from Gleicher and Schleyer.7 

For each combination of 4 and x the value of 8 
which gives the lowest energy for that combination 
has been selected for the ground state as well as 
3or the excited states and thus 8 can be eliminated 
as an independent variable. Then for each state 
two-dimensional graphs can be made of the energy 
as a function of 4 and x. From these potential 
surfaces6 probable paths of the thermal and photo- 
induced reaction are determined. 

The first two excited states of butadiene differ 
little in energy, since there is an antisymmetric 
excited state a t  5-4 ev and a symmetric one a t  
6.1 ev. The transition to the antisymmetric level 
has a calculated oscillator strength of 0.31 whereas 
the transition to the symmetrical level is forbidden. 
The energies of these two states along the probable 
reaction paths are shown in the Figure together 
with the energy of the ground state as a function 
of the angle 4. 

Although in the ground state the disrotatory 
process of ring closure is impossible since an 
activation energy of ca. 100 kcal./mole is required, 
in the conrotatory process there is no activation 
energy at  all. As described already the simplifica- 
tion makes the results of the calculations rather 
inaccurate for low values of 4 when the cyclobutene 
is nearly formed. 

t All calculations were performed on the computer of the University of Leiden, an  IBM 360-50. 
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U.V. irradiation of cis-butadiene gives the anti- 
symmetric excited state. At 4 - 116’ the anti- 
symmetric and symmetric energy levels intersect, 
but in nuclear configurations which deviate from 
twofold symmetry the degeneracy is lifted and the 
levels no longer cross. In this manner the mole- 
cule proceeds into the symmetric excited state 
initiating a disrotatory ring closure. From this 
state the molecule is supposed to reach the lower 
potential surface of the ground state. The 
mechanism of this transition is unknown but is 
connected with radiationless processes in molecules. 
It may well be that collisions with other molecules 
are essential for the completion of the ring 
closure. 
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the ground state and two 
excited states during-the reactions. 

Thus, it is insufficient to restrict the considera- 
tions to the antisymmetric excited state, as has 
been done by many a ~ t h o r s , ~ A ~  since this state is 

scarceIy relevant to the course of the photoinduced 
reaction. 

A comparison of the potential surfaces from our 
calculations with those of Longuet-Higgins and 
AbrahamsonlO shows that their correlation dia- 
gram pertaining to the disrotatory mode for the 
interconversion of butadiene and cyclobutene is 
similar to our potential surfaces since it also reveals 
a potential well in a symmetric excited state 
situated above a high potential barrier in the 
ground state. We stress, however, a dissimilarity 
to the present results. Our calculations show, in 
contrast with the qualitative diagram of Longuet- 
Higgins, that the energy of the symmetric excited 
state during the photoinduced reaction reaches a 
lower value than the energy of the antisymmetric 
excited state. The importance of this well in 
providing the driving force to the photochemical 
reaction cannot be derived from a qualitative 
description. 

An interpretation in terms of valence-bond 
structures is surprisingly simples as the occurrence 
of a high potential barrier in the ground state and a 
potential well in the symmetric excited state in the 
disrotatory process is a result of the noncrossing 
rule. Similar results have been obtained from 
calculations on the ring closure of allylic systems. 

The results suggest a statement which could be 
generally applicable. 

I f  a conrotatory (disrotatory) process i s  un favow-  
able in the ground state it implies the presence of a 
higlz potential barrier. From general principles i t  
follows that there will be another Potential surface of 
the same symmetry which has a well not f a r  above 
this barrier. The photoinduced reaction “nay profct 
f rom this eneygy well to bring about ring closure OY 
opening by a conrotatory (disrotatory) process 
opposite to the reaction in the ground state. 
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The transition into the symmetric excited state provides an explanation for the absence of fluorescence and 
phosphorescence in dienes. 
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