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The potential energy surfaces for the electrocyclic reactions ofo-xylylene to benzocyclobutene were calculated
by ab initio molecular orbital methods. The transition states of two reaction pathways, conrotatory and
disrotatory, for the electrocyclic reaction ofo-xylylene were obtained. The difference of energy barriers on
the conrotatory and the disrotatory pathways is extremely low: 7.4 kcal/mol as determined by complete
active space self-consistent field (CASSCF) calculations and 8.0 kcal/mol as determined by complete active
space second-order Møller-Plesset perturbation (CAS-MP2) calculations. The energy difference due to the
orbital phase such as the orbital symmetry rules was also estimated: 3.5 kcal/mol at the CAS-MP2 calculations.
These mechanisms along the conrotatory and the disrotatory reaction pathways were analyzed by the
configuration interaction (CI)-localized molecular orbital (LMO)-CASSCF along the intrinsic coordinate
(IRC) pathway (CiLC-IRC) method.

1. Introduction

Pericyclic reactions are the most important organic reactions.
The mechanisms of these reactions have been the subject of
the most heated and interesting controversies.1,2 The orbital
symmetry rules, such as the Woodward-Hoffmann rule3 and
the frontier orbital theory,4 defined the concept of a pericyclic
reaction. The rules served not to settle mechanistic questions
but to raise the stakes on what were already lively controversies.

In our previous papers, the electrocyclic reaction mechanisms
for butadiene,5 disilylbutadiene,5 and hexatriene6 were reported.
Analysis of these reaction paths by a configuration interaction
(CI)-localized molecular orbital (LMO)-complete active space
self-consistent field (CASSCF) calculation along the intrinsic
reaction coordinate (IRC) pathway (CI-LMO-CAS//IRC;
CiLC-IRC) indicates that the difference between the conrota-
tory and the disrotatory mechanisms is explained by the biradical
character of the terminal atoms. For the transition states on the
conrotatory and the disrotatory pathways, the energy difference
of both transition states was estimated for butadiene (19.5 kcal/
mol), 1,4-disilylbutadiene (4.2 kcal/mol), and hexatriene (10.4
kcal/mol). The energy differences due to the orbital phase for
butadiene and 1,4-disilylbutadiene were 10.6 and 3.4 kcal/mol,
respectively. For the electrocyclic reaction ofo-xylylene, the
comparison of the conrotatory and the disrotatory mechanisms
to be regarded formally as either a 4π- or an 8π-electron process
is interesting in the characterization of a electrocyclic reaction.

It is known7 that the electrocyclic reaction foro-xylylene
occurs through the conrotatory path (C2 symmetry) for thermal
excitation and not through the disrotatory path (Cs symmetry).

Houk and co-workers7 have calculated the transition state
geometry on the conrotatory reaction pathway for the electro-
cyclic isomerization ofo-xylylene to benzocyclobutene by ab
initio MO methods. They pointed out that the activation energy
for the ring closure is 40 kcal/mol at the HF/3-21G calculation
level. However, the disrotatory reaction path and the difference
of energy barrier heights between the conrotatory and the
disrotatory pathways are, to our knowledge, unknown.

In this paper, we report the potential energy surfaces for the
conrotatory and the disrotatory pathways of electrocyclic
reactions ofo-xylylene at the CASSCF MO calculation level.
These electrocyclic reaction pathways are also analyzed by
CiLC-IRC methods.

2. Methods of Computation

All equilibrium and transition state geometries for electro-
cyclic reactions ofo-xylylene to benzocyclobutene were deter-
mined with analytically calculated energy gradients by the
CASSCF method8 with the 6-31G(d,p) basis set.9,10 For the
CASSCF calculation, eight active spaces corresponding to four
π and π* orbitals for o-xylylene and related systems were
included. All configurations in active spaces were generated.
Single-point energies were determined at a multiconfigurational
second-order Møller-Plesset perturbation (CAS-MP2)11 with
the 6-311+G(d,p) basis set12 using the CASSCF-optimized
structures. The IRC13,14 was followed from the transition state
toward both reactants and products.

To interpret the mechanisms along the reaction pathways, a
CiLC-IRC analysis with the 6-31G(d,p) basis set was carried
out with the following method that has been described elsewhere:
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5,6,15-19 (1) The CASSCF is calculated to obtain a starting set
of orbitals for the localization procedure. (2) After the CASSCF
procedure is carried out, the eight CASSCF-optimized orbitals
are localized by the Boys localization procedure.20 The localized
orbitals are atomic in nature. (3) Using the localized MOs as a
basis, a full CI at the Slater determinants level is used to generate
electronic structures and their relative weights in the atomic
orbital-like wave functions. The calculated total energy by the
CI method in the process corresponds to that determined by
the CASSCF calculation. The calculation procedures are
repeated along the IRC pathway, which we call a CiLC-IRC
analysis for the procedures. From the analysis of the results,
we can see the change of electronic state on the basis of atomic-
like orbitals. The CiLC method is used as a kind of valence
bond explanation21-23 of the CASSCF wave function.

The CiLC-IRC calculations were performed with the
GAMESS program package.24 The other calculations were
carried out with the Gaussian98 program.25

3. Results and Discussion

3.1 Reaction Pathways.The optimized geometries ofo-
xylylene, the conrotatory transition state, the disrotatory transi-
tion state, and benzocyclobutene are shown in Figure 1. In
Figure 1, to compare with the cyclic reactions of butadiene,
the corresponding geometry parameters of butadiene systems
are in given in parentheses. The total energies and the relative
energies are listed in Table 1.

The optimized geometry ofo-xylylene is a planar at the CAS-
(8,8)/6-31G(d,p) calculation. The geometry ofo-xylylene cal-
culated by the HF/6-31G(d,p) and density function (B3LYP/
6-31G(d,p)) methods indicate a nonplanar structure with aC2

symmetry. The dihedral angle of C1-C2-C7-C8 is 21.8° and
15.5° degree as determined by the HF/6-31G(d,p) and the
B3LYP/6-31G(d,p) methods, respectively. The energy difference
between the planar and nonplanar geometries is only 0.3 and
0.1 kcal/mol as determined by the HF/6-31G(d,p) and the
B3LYP/6-31G(d,p) methods, respectively. The experimental
observation26-31 from the strong fluorescence characteristic of
o-xylylene suggests nearly planar geometry and corresponds to
the results of our CASSCF calculation. The geometrical variation
of planar and nonplanar is loose because the twisting mode
corresponding to the dihedral angle of C1-C2-C7-C8 is very
small (20 cm-1) according to the CAS(8,8)/6-31G(d,p) calcula-
tion. The bond alternation of CsC and CdC as a Kekule´
structure for the geometry of the calculatedo-xylylene is seen,
which is quite marked.

For the conrotatory transition state, the dihedral angle of
C1-C2-C7-C8 is 17.5°, which corresponds to that (18.8°
degree) of the conrotatory transition state for the cyclization of
butadiene.5 Although the bond length of C2-C7 of o-xylylene
is 0.13 Å longer than that of C1-C2 (or C7-C8), the bond length
of C2-C7 of the transition state is 0.06 Å shorter than that of
C1-C2 (or C7-C8). Accordingly, from the comparison of the
bond lengths of C2-C7 and C1-C2 (or C7-C8), the transition
state is “ a late transition state”. We will discuss the late
transition state in the following section. The activation energy
calculated by the CAS-MP2 method for the cyclization of
o-xylylene is 34.9 kcal/mol, which is 5 kcal/mol smaller than
the experimental value (39.9 kcal/mol).32-34 The heat of reaction
for the cyclization reaction ofo-xylylene is exothermic by 8
kcal/mol, which is also 5 kcal/mol smaller than the experimental
values (13 kcal/mol).32-34 Comparing the conrotatory cyclic
reaction ofo-xylylene with that of butadiene, the activation
energy for the reaction ofo-xylylene is about 14 kcal/mol lower

than that of butadiene at the CAS-MP2 calculation level. This
energy difference may come from the aromatic energy of the

Figure 1. Stationary point geometries (in Å and degrees) for
electrocyclic reaction ofo-xylylene at the CAS/6-31G(d,p) level. (a)
The corresponding geometry parameters of butadiene systems are in
given in parentheses.
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benzene part because the largest difference in all C-C bond
lengths of the benzene-ring part ofo-xylylene is 0.14 Å between
C2-C7 and C3-C4 (or C5-C6) bonds. For the conrotatory
transition state, this difference is 0.026 Å between C4-C5 and
C3-C4 (or C5-C6) bonds. Therefore, the benzene ring part of
o-xylylene corresponds to a Kekule´ structure and that of the
conrotatory transition state may be an aromatic structure.

For the disrotatory pathway, the transition state has two
negative eigenvalues for the force-constant-matrix determined
by the CAS/6-31G(d,p) method. The eigenvector of one negative
eigenvalue corresponds to the reaction coordinate with a′
symmetry. The other eigenvalue is 202 cm-1 with a′′ symmetry
as determined by the CAS/6-31G(d,p) method. The a′′ negative
eigenvalue is directed toward each of the two conrotatory

TABLE 1: Total Energies (Hartree) and Relative Energies (kcal/mol) for the Electrocyclic Reactions ofo-Xylylene and the
Corresponding Relative Energies for Electrocyclic Reaction ofcis-Butadienea

compound CAS/6-31G(d,p) CAS-MP2/6-31G(d,p) CAS/6-311+G(d,p) CAS-MP2/6-311+G(d,p) Expb

o-Xylylene -307.66678 -308.58198 -307.72177 -308.79569
(0.0) (0.0) (0.0) (0.0) (0.0)

Conrotatory TS -307.60814 -308.52614 -307.66259 -308.74003
(36.8) (35.0) (37.1) (34.9) (26.9)

Disrotatory TS -307.59651 -308.51327 -307.65091 -308.72732
(44.1) (43.1) (44.5) (42.9)

Benzocyclobutene -307.66966 -308.59625 -307.72218 -308.80836
(-1.8) (-9.0) (-0.3) (-8.0) (-13)

cis-butadienec (0.0) (0.0)
Conrotatory TSc (49.3) (49.0)
Disrotatory TSc (68.6) (68.5)
Cyclobutenec (9.2) (9.9)

a The relative energies are given in parentheses.b Experimental observation of refs32-34. c Reference 5.

Figure 2. Square of CI coefficients by the CiLC-IRC along the conrotatory pathway for electrocyclic reaction ofo-xylylene. The unit of IRC is
bohr amu1/2.
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transition states corresponding to the two alternatives of
clockwise and counterclockwise rotation of the CH2 groups. The
disrotatory double-saddle point is therefore a hill in the broader
valley of the potential energy surface formed by the two
equivalent conrotatory transition states. Consequently, the
transition state on the disrotatory pathway is not a real transition
state as is the disrotatory transition state for cyclization of
butadiene. The energy difference between the conrotatory and
the disrotatory transition state is only 7.4 kcal/mol as determined
by the CASSCF method and 8.0 kcal/mol according to the CAS-
MP2 calculations. The energy differences are very small in
comparison with those for cyclization of butadiene: 13.3 kcal/
mol according to the CASSCF calculation and 19.6 kcal/mol
according to the CAS-MP2 calculations. This small difference
comes from the benzene ring because the C-C bond distances
of benzene ring for the disrotatory transition state are almost
the same lengths. In fact, the largest differences in the all C-C
bond lengths of the benzene ring are 0.012 Å for the disrotatory
transition state and 0.026 Å for the conrotatory transition state.
Therefore, for the disrotatory transition state, the six-membered
ring stabilizes with aromatic energy because the terminal carbon
atoms have a bi-radical nature, as shown in the previous paper,5

for the cyclic reaction of butadiene.

The orbital symmetry rule characterizes the reactions of the
conrotatory and the disrotatory pathways as allowed and
forbidden reactions with the orbital phase. On the other hand,
the calculated two transition states have different dihedral angles
of the C1-C2-C7-C8: 17.5° for the conrotatory and 0.0° for
the disrotatory. Thus, the difference of the activation energies
for the conrotatory and disrotatory pathways includes not only
the effects of the orbital phase but also the geometry effects.
To obtain the difference of energy barriers due to the orbital
phase for both reaction pathways, the transition state of the
conrotatory type with the restriction of dihedral angle (C1-
C2-C7-C8) of 0.0° was also calculated at the CAS/6-31G(d,p)
level. The two carbon atoms (C3 and C6) bonding to C2 and C7

atoms were also located in the C1-C2-C7-C8 plane. The
energy barrier height of the restricted transition state is 40.0
kcal/mol above the reactant (o-xylylene) at the CAS/6-31G-
(d,p) level, and the difference of the energy barriers between
the restricted transition state of the conrotatory type and the
transition state of the disrotatory type is 4.1 kcal/mol at the CAS/
6-31G(d,p) level. According to our best calculation, CAS-MP2/
6-311+G(d,p), the difference of the energy barriers is 3.5 kcal/
mol. Therefore, about half of the energy difference of the
transition states on the conrotatory and disrotatory pathways

Figure 3. Square of CI coefficients by the CiLC-IRC along the disrotatory pathway for electrocyclic reaction ofo-xylylene. The unit of IRC is
bohr amu1/2.
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comes from the orbital phase and the other half of the energy
comes from the geometrical effects.35 The relation of the orbital
phase and the geometrical effects is the same as that of the cyclic
reaction of butadiene; namely, for the cyclic reaction of
butadiene, the difference (19.5 kcal/mol) of the energy barriers
between the transition states of the conrotatory and the disro-
tatory pathways includes about half (10.6 kcal/mol) of them
from the orbital phase effects.

For benzocyclobutene, all C-C bond lengths of the six-
membered ring are almost the same lengths. The largest
difference in these bond lengths is only 0.015 Å between C2-
C3 (or C2-C7, C6-C7) and C3-C4 bonds. Accordingly, the six-
membered ring part may be aromatic benzene.

3.2 CiLC-IRC Analysis. To study the electronic mecha-
nisms on the conrotatory and disrotatory pathways for the cyclic
reactions ofo-xylylene, the CiLC-IRC analysis was performed.
The weights of CI coefficients by the CiLC-IRC method for
the conrotatory and disrotatory pathways are displayed in
Figures 2 and 3. In these figures, the reactant side (o-xylylene)
of the IRC corresponds with positive values of the coordinate
and the product side (benzocyclobutene) corresponds with
negative values. The configurations with the small values
(<0.005) for the maximum weight of each configuration were
neglected in Figures 2 and 3. Some configurations for the large
weights of CI coefficients in Figures 2 and 3 are shown in Figure
4. For the reactant side,o-xylylene, in Figure 2 or 3, the
configurations 2, 3, 4, and 5, could be described as the singlet
coupling terms of C7-C8, C1-C2, C5-C6, and C3-C4 bonds,
respectively. The sets of two configurations of 8 and 14, 9 and
15, 11 and 12, and 10 and 13 could be described as the
polarization terms for C7-C8, C1-C2, C5-C6, and C3-C4

bonds, respectively. Therefore, the sets of the configurations
of {2,8,14}, {3,9,15}, {4,11,12}, and{5,10,13} can be described
as the π bonds of C7-C8, C1-C2, C5-C6, and C3-C4,
respectively. In fact, theπ bonding of ethylene can be described
as the singlet coupling between pπ orbitals plus two polarization
terms, as shown next.

The configurations 6 and 7 mean that the electronic state of
o-xylylene is not the coupling of two butadiene types as C3-
C4-C5-C6 and C1-C2-C7-C8 or C1-C2-C3-C4 and C5-
C6-C7-C8. The configuration 6 also means the separation for
four bonds of C1-C2, C3-C4, C5-C6, and C7-C8. The weights
of the other configurations are smaller than those of the
aforementioned configurations. Therefore,o-xylylene is a typical
Kekuléstructure (1). The weights of the configuration of Kekule´
structure (2) are very small. Accordingly, the six-membered ring

of o-xylylene does not have aromatic nature, which corresponds
to the bond alternation of six-membered ring for the geometry
in Figure 1.

On the other hand, for the benzocyclobutene product side,
the configuration 146 could be described as the singlet coupling

term of C1-C8. The configurations 320 and 321 could be
described as the polarization terms of C1-C8. Therefore, the
configuration set of{146,320,321} can be described as theσ
bond of C1-C8. In the same way as for the aforementioned
configurations ofo-xylylene, the configuration sets of{138,-
55,69}, {139,56,70}, and{111,57,58} indicate theπ bonds of
C2-C3, C6-C7, and C4-C5, respectively. For the benzocy-
clobutene product size, the weights of the six configuration sets
{2,8,14}, {3,9,15}, {4,11,12}, {5,10,13}, {138,55,69}, {139,-

Figure 4. Some electronic configurations of the electrocyclic reactions
of o-xylylene for CiLC-IRC analysis.
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56,70}, and {111,57,58} show almost the same values. The
weights of other higher excited configurations for the six-
membered ring are small at the product side. Therefore, the six-
membered ring of benzocyclobutene is described as the con-
figuration sets of sixπ bonds of C2-C3, C3-C4, C4-C5, C5-
C6, C6-C7, and C7-C2. This description is the same in case of
the aromatic structure that was shown in the previous paper18,19

that compared the Kekule´ structure with the aromatic structure
for benzene.

For the conrotatory pathway withC2 symmetry in Figure 2,
the crossing between the singlet coupling terms of C1-C2 (or
C7-C8)) and C1-C8 occurs at the reactant side of∼0.8 bohr
amu1/2 on the IRC pathway. The crossing between the polariza-
tion terms of C1-C2 (or C7-C8) and C1-C8 also occurs at the
reactant side of 0.2-0.5 bohr amu1/2. Therefore, the bond
exchange of the oldπ bonds of C1-C2 (and C7-C8) and the
newσ bond of C1-C8 occurs before the transition state, which
corresponds to the “late transition state” described in the
previous section. The weights of the configuration sets of{4,-
11,12} and{5,10,13} decrease drastically in the region between
0.5 and-0.5 bohr amu1/2 on the IRC pathway. Therefore, the
π bonds of C3-C4 and C5-C6 are weak in the vicinity of the
transition state. To the contrary, the weights of the configuration
sets of C2-C3, C4-C5, C6-C7, and C2-C7 of the benzene ring
increase in the vicinity of the transition state. To make more
clear a scheme of mechanisms just presented, the sums for the
weights of the CI coefficients of the singlet coupling and
polarization terms for each bonds along the conrotatory pathway
are displayed in Figure 5. As seen in Figure 5, the crossing
between the bonds of C1-C8 and C1-C2 (or C7-C8) occurs at
∼0.5 bohr amu1/2. At the transition state on the conrotatory
pathway, the weights of the bonds of C3-C4 and C5-C6 are
still larger than those of the bonds of C2-C3, C4-C5, and C6-
C7. Consequently, the six membered ring of the conrotatory
transition state is not the complete aromatic structure.

For the disrotatory pathway withCs symmetry, as shown in
Figure 3, the crossing between the singlet coupling terms of
C1-C2 (or C7-C8) and C1-C8 occurs also at the reactant side

of ∼1.3 bohr amu1/2 on the IRC pathway. The crossing between
the polarization terms of C1-C2 (or C7-C8) and C1-C8 occurs
in the vicinity of ∼0.5 bohr amu1/2 on the IRC pathway. The
weights of these polarization terms are almost zero at the
crossing points. This result means that the reaction occurs
through the bi-radical character at the C1 and C8 atoms in the
vicinity of 0.5 bohr amu1/2 on the IRC pathway. The bi-radical
character at the terminal atoms is similar to that of the disrotatory
reaction of butadiene. To make more simple the scheme of the
mechanisms, the sums for the weights of the CI coefficients of
single coupling and polarization terms for each bonds along
the disrotatory pathway are shown in Figure 6. As seen in Figure
6, the crossing between the bonds of C1-C8 and C1-C2 (or
C7-C8) occurs at∼0.9 bohr amu1/2, and this crossing point is
earlier than that of the conrotatory pathway. At the transition
state on the disrotatory pathway, the weights of the C3-C4, C5-
C6, C2-C3,C4-C5, and C6-C7 are almost the same values. On
the other hand, at the transition state on the conrotatory pathway,
the weights of the C3-C4 and C5-C6 are obviously larger than
those of the C2-C3, C4-C5, and C6-C7. Thus, the relative
relation for the weights of eachπ bond of benzene-ring at the
disrotatory transition state is different from those at the
conrotatory transition state. Therefore, the benzene ring of the
disrotatory transition state shows much more aromatic nature
than that of the conrotatory transition state, which corresponds
to the small difference between the energy barriers of the
conrotatory and disrotatory transition states.

4. Conclusion

The potential energy surfaces for cyclic reactions ofo-
xylylene to benzocyclobutene were calculated by the ab initio
CASSCF MO method. The transition state on the conrotatory
pathway is 8.0 kcal/mol lower in energy than that on the
disrotatory pathway. About half of the energy difference for
both transition states comes from the orbital phase effects.

The six-membered ring part ofo-xylylene shows the typical
Kekulé structure (bonds alternation), and that of benzocy-
clobutene shows the aromatic structure. From the CiLC-IRC
analysis, the bond exchange of theπ bonds of C1-C2 (and C7-

Figure 5. Sum of the weights of CI coefficients of the singlet coupling
and polarization terms of the CiLC-IRC along the conrotatory pathway
for the electrocyclic reaction ofo-xylylene. The unit of IRC is bohr
amu1/2.

Figure 6. Sum of the weights of CI coefficients of the singlet coupling
and polarization terms of the CiLC-IRC along the disrotatory pathway
for the electrocyclic reaction ofo-xylylene. The unit of IRC is bohr
amu1/2.
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C8) and newσ bond of C1-C8 occurs before the transition states,
on the o-xylylene side, for both reaction pathways of the
conrotatory and the disrotatory. For the disrotatory pathway,
the bond exchange of theπ bonds of C1-C2 (and C7-C8) and
the newσ bond of C1-C8 occurs through the bi-radical character
at the C1 and C8 atoms. At the transition state on the conrotatory
pathway, the benzene ring part still has the nature of the Kekule´
structure. On the other hand, the benzene ring part of the
disrotatory transition state has the nature of the aromatic
structure. The difference of the nature of the Kekule´ and the
aromatic structures for both transition states is the reason for
the small difference between the activation energies of both
reaction pathways.
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