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The potential energy surfaces for electrocyclic reactions of hexa-1,3,5-triene were calculated by ab initio
molecular orbital methods. The transition states of two electrocyclic reaction pathways (conrotatory and
disrotatory) for hexa-1,3,5-triene were obtained. Both transition states are a true transition state. The transition
state of the disrotatory pathway is about 11 kcal/mol lower in energy than that of the conrotatory pathway.
The reaction path through eidrans isomerization from cZc-hexa-1,3,5-triene to cyclohexa-1,3-diene was
proposed. The conrotatory and the disrotatory reaction pathways were also characterized by the CiLC-IRC
method.

1. Introduction the electrocyclic isomerization of cyclohexa-1,3-diene to hexa-
1,3,5-triene by ab initio MO methods. They pointed out that

organic reactions. The mechanisms of these reactions have bee g;g‘éigi?&g?%gg&lgg ;IT(SVSIOZ%V?/:/;G tﬁ%agcr)?ﬁlog;?e
the subject of the most heated and interesting controversies. The ' ' Y

bt Smmety s uch as he Woodwabfiman e =actr EAh and the afference of snery barrer Heghts
and the frontier orbital theofydefined the concept of a pericyclic y yp y ’

. Sl - r knowl nknown.
reaction. The rules served not to settle mechanistic questlonsou owledge, unkno

but to raise the stakes on what were already lively controversies., N the present paper, we report the potential energy surfaces

In our previous paper&S the electrocyclic reaction mech- for the disrotatory and the_conrotatory pathways of electrocy_cllc
anisms for butadiene and disilylbutadiene were reported. From "6actions of hexa-1,3,5-triene by the CASSCF MO calculation
the analysis of these reaction paths by a configuration interaction/€Vel- These electrocyclic reaction pathways are also analyzed
(Cl)-localized molecular orbital (LMO) CASSCF calculation PY CILC-IRC methods.
along the IRC pathway (CI-LMO-CAS//IRC: CiLC-IRC), the
differences between the conrotatory and the disrotatory mech-2. Methods of Computation
anisms were explained by the biradical character of the terminal
atoms. For the transition states on the conrotatory and the
disrotatory pathways, the energy difference from the orbital
phase (orbital symmetry rules) was estimated for butadiene (10.6
kcal/mol) and 1,4-disilylbutadiene (3.4 kcal/mol). The com-
parison of the conrotatory and the disrotatory mechanisms for
diene and triene is interesting in the characterization of a
electrocyclic reaction.

It is known that the electrocyclic reaction for hexa-1,3,5-
triene occurs through the disrotatory paths 6ymmetry) for
thermal excitation and not through the conrotatory paih (
symmetry).

Pericyclic reactions may be the most important class of

Geometries of all stationary points were optimized at a
complete active space (CAS) self-consistent-field (SCF) méthod
with a 6-31G(d,p) basis s€t'using the Gaussian94 program
packag® and were characterized as minima or saddle points
by calculation of the harmonic vibrational frequencies using
analytical second derivativé&1*For the CASSCF calculation,
six active spaces corresponding to threandz* orbitals for
hexa-1,3,5-triene and related systems were included. All con-
figurations in active spaces were generated. Single-point energies
were determined at a multiconfigurational second-order Mgller
Plesset perturbation (MP2/CAS) methodith a 6-31H-G(d,p)
basis séf using the CASSCF-optimized structures. The intrinsic

Di reaction coordinate (IR€}*8was followed from the transition

isrotatory
(C, Symmetry) state toward both reactants and products.

To interpret the mechanisms of the disrotatory and the
conrotatory pathways, a configuration interaction (Cl), localized
molecular orbital (LMO) CASSCF calculation along the IRC
pathway (CiLC-IRC) was carried out following a method
described elsewhet&®-21 with the 6-31G(d,p) basis set. (1) The
CASSCEF is calculated to obtain a starting set of orbitals for the
localization procedure. (2) After the CASSCF procedure is
carried out, the CASSCF-optimized orbitals are localized. The

Conrotatory six CASSCF-optimized MOs are subjected to the Boys localiza-
(C, Symmetry) tion procedure. The calculated localized orbitals are very atomic
in nature. (3) By use of the localized MOs as a basis, a full CI
The groups of Houk’ and Baldwif have calculated the  with determinants level is used to generate electronic structures
transition-state geometry of the disrotatory reaction pathway for and their relative weights in the atomic orbital-like wave
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Figure 1. Stationary point geometries (in A and deg) for electrocyclic reaction of hexatriene at the CAS/6-31G(d,pp lsvitle dihedral angle
between planes of £C,—C; and G—C3—C, or between planes of &£ Cs—C4 and G—C,—C.

functions. The calculated total energy by the Cl method in the  The calculations of the CiLC-IRC analysis were performed
process corresponds to that by the CASCF calculation. The  with the GAMESS program packageé.

calculation procedures are repeated along the IRC pathway, . i
which we call a CILC-IRC analysis for the procedures. From - Results and Discussions

the analysis of the results, we can see the change of electronic 3.1. Reaction PathwaysThe stationary point geometries for
state on the basis of atomic-like orbitals. electrocyclic reactions of hexatriene are shown in Figure 1, and
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TABLE 1: Total Energies (in hartree) for Stationary Points for Electrocyclic Reaction of Hexatriene

CAS/6-31G(d,p) MP2/CAS/6-31G(d,p) CAS/6-3tG(d,p) MP2/CAS/6-3111HG(d,p)
cZc-hexatrieneGy) —231.890 56 —232.609 06 —231.93371 —232.773 48
cZc-hexatrieneQy) —231.888 54 —232.607 65 —231.93197 —232.772 06
cZt-hexatriene —231.897 64 —232.615 40 —231.940 94 —232.779 75
cyclohexadiene@,) —231.917 10 —232.647 48 —231.958 23 —232.811 02
cyclohexadieneGy) —231.914 25 —232.643 54 —231.955 06 —232.806 23
TS1 (rotation) —231.888 86 —232.607 26 —231.932 39 —232.772 02
TS2 (conrotatory) —231.816 06 —232.53312 —231.857 99 —232.697 60
TS3 (disrotatory) —231.832 00 —232.550 58 —231.874 47 —232.714 14

46.75 0.2
CASSCF/6-31G(d,p) 47.66
[MPz/CAS/s-s]G(d,p) 47.52 }
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Figure 2. Potential energy profile along the minimal energy pathway .3 .2 -1 0 1 2 3
for the cyclic reaction of hexatriene. The energy values are in given in Product Reactant
kcal/mol at the CAS/6-31G(d,p), MP2/CAS/6-31G(d,p), CAS/6-8GL IRC Path

(d,p), and MP2/CAS/6-312G(d,p) levels. Figure 3. Square of Cl coefficients of the CIiLC-IRC along the

. . . . conrotatory pathway for electrocyclic reaction of hexatriene. The unit
total energies are listed in Table 1. These potential energy ;¢ |rc is B/Of]rx an%/l}/z. 4

surfaces are also depicted in Figure 2. For cZc-hexa-1,3,5-triene,

two structures were obtained wi@p andCs symmetries by the of the disrotatory and the conrotatory pathways, the transition
CAS/6-31G(d,p) calculation level. The calculated hexatriene state withCs symmetry is a midway point of the reaction from
with C, symmetry is a real minimum structure, and the structure alternation of the €C bonds; the largest difference in the bond
of hexatriene withCs symmetry has one negative eigenvalue distances of € C,, C,—Cs and G—Cs is only 0.02 A length.

(45 cnmh) with &' symmetry for the force-constant matrix. The  On the other hand, the transition state with symmetry is a
structure of hexatriene wits symmetry leads to cZt-hexatriene later point in the reaction. The largest difference in the bond
without an energy barrier and is the transition state for the distances of €-C,, C,—C3; and G—C, of the transition state
rotations of G—Csz and of G—Cs bond axes. The energy  with C; symmetry is 0.08 A length.

difference between cZc-hexatriene with symmetry and cZt- For cyclohexadiene, two structures withandCs symmetries
hexatriene is 4.8 kcal/mol at the MP2/CAS/6-31G(d,p) level. were obtained, respectively. The structure wthsymmetry
The transition state between cZt-hexatriene and cZc-hexatrienehas one negative eigenvalue for the force-constant matrix and
with C; symmetry is TS1, which has an energy barrier of 4.9 is the transition state for the interconversion of cyclohexadienes
kcal/mol above cZt-hexatriene by the MP2/CAS/6-30(d,p) with C; symmetry. The structure wit@s symmetry is 3 kcal/
calculation level. The total energy of TS1 is almost the same mol higher in energy than that witG, symmetry.

as that of cZc-hexatriene wit@s symmetry. The structure of As a result, the reaction pathway (disrotatory) with the lower
cZc-hexatriene witlC, symmetry is about 4.0 kcal/mol higher  energy barrier allowed by the orbital symmetry rules leads to
in energy than that of cZt-hexatriene. Accordingly, the energy the reactant and the product wifli symmetry. However, both

barrier height from cZc-hexatriene with, symmetry to cZt- the reactant and the product are unstable. On the other hand,
hexatriene is only 0.9 kcal/mol at the MP2/CAS/6-313(d,p) the reaction pathway (conrotatory) with the higher energy barrier
calculation. Consequently, geometry alternation betvi&end leads to the stable reactant and product.

Cs symmetry types for cZc-hexatriene occurs easily through cZt-  3.2. CiLC—IRC Analysis. To study the reaction mechanisms
hexatriene. for the disrotatory and the conrotatory pathways, the CiLC-

For the electrocyclic reaction of hexatriene, two transition IRC analysis was performed. The weights of CI coefficients
states TS2 and TS3 were found G (conrotatory) andCs by the CiLC-IRC method for the conrotatory and the disrotatory
(disrotatory) symmetries by the CAS/6-31G(d,p) method, re- pathways are displayed in Figures 3 and 4, respectively. Some
spectively. Both structures of TS2 and TS3 are real transition configurations for the large weights of Cl coefficients in Figures
states and have only one negative eigenvalue for the force-3 and 4 are shown in Figure 5. From Figures 3 and 4, the
constant matrix. The transition state of the disrotatory pathway weights of configurations 2, 3, and 4 decrease from the reactant
(Cs symmetry) is about 10.4 kcal/mol lower in energy than that side to the transition state (the product side), and the weights
of the conrotatory pathwayC; symmetry). This energy differ-  of configurations 69, 70, and 141 increase from the transition
ence corresponds to the energy (10.6 kcal/mol) arising from state (the reactant side) to the product side. Then two groups of
the orbital phase for the electrocyclic reaction of butadiene. From these configurations cross at the vicinity of the transition states.
a comparison of the geometry parameters for the transition statesThat is, configurations 2 and 3 could be described as the
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0.2 could be described asandg spins located alternately on each
carbon atom of hexatriene. On the conrotatory path, configu-
ration 1 is located in a small interval in the vicinity of the
transition state along the IRC pathway. That is, other configura-
tions (2, 3, 4, 69, 70, 141, etc.) decrease “suddenly” in the small
interval of the IRC pathway. On the other hand, the weight of
configuration 1 along the disrotatory pathway changes slowly.
Of course, the small peak of the weight of configuration 1 for
the disrotatory pathway locates at the vicinity of the transition
state. Nevertheless, the height of the peak for the disrotatory
pathway is naturally less than that for the conrotatory pathway.
From the comparison of the CiLC-IRC analysis for both reaction
pathways, the conrotatory reaction wi@ symmetry occurs
with a sudden variation of the spin-state rearrangement.

0.1
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Conf.69 and 70 i

Coefficients**2

| Conf.117 and 118
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Product IRC P Reactant The potential energy surfaces for the electrocyclic reactions
ath . S
Figure 4. Square of CI coefficients of the GILC-IRC along the of hexatriene were calculated by the ab initio MO methods.
disrotatory pathway for electrocyclic reaction of hexatriene. The unit Two reaction pathways Were found:  disrotatory Wlm'.
of IRC is bohrx amui2 symmetry and conrotatory witi, symmetry. The energy barrier

height of the transition state for the disrotatory pathway is about

10 kcal/mol lower than that for the conrotatory pathway. The
transition state for the disrotatory pathway links the two
transition structures ofCs symmetry. The reactant (cZc-
hexatriene withCs symmetry) is the transition state of €is
trans isomerization to cZt-hexatriene, and the product (cyclo-

hexadiene withCs symmetry) is also the transition state of
Conf. 1 Conf. 2 Conf. 3 conversion to cyclohexadiene wi@ symmetry. Consequently,
the lowest energy path of the electrocyclic reaction is the

disrotatory type and occurs through the¢isgans-isomeization
(cZt-hexatriene).

The CIiLC-IRC analysis was performed for the disrotatory
and the conrotatory reaction pathways. The conrotatory pathway,
which is symmetry forbidden from the orbital symmetry rules,
is characterized by “sudden variation” of the configurations.

Conf. 4 Conf. 69 Conf. 70

Conclusion
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