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The potential energy surfaces for the electrocyclic reactionsgtylene to benzocyclobutene were calculated

by ab initio molecular orbital methods. The transition states of two reaction pathways, conrotatory and
disrotatory, for the electrocyclic reaction ofxylylene 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 Mgller-Plesset perturbation (€EMB2) 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 (Ctylocalized molecular orbital (LMG)YCASSCF 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 N
the most heated and interesting controversfe$he orbital o®
symmetry rules, such as the Woodwatdoffmann rulé and P
the frontier orbital theory,defined the concept of a pericyclic Cl’-'
reaction. The rules served not to settle mechanistic questionsq\ Crzg,
but to raise the stakes on what were already lively controversies. ¢

In our previous papers, the electrocyclic reaction mechanisms G,
for butadiené, disilylbutadiene’, and hexatrierfewere reported. ’%,o
Analysis of these reaction paths by a configuration interaction ’J'(O
(Cl)—localized molecular orbital (LMO}complete active space 2 Dy
self-consistent field (CASSCF) calculation along the intrinsic "’0{,.
reaction coordinate (IRC) pathway (€ELMO—CAS//IRC;
CiLC—IRC) indicates that the difference between the conrota-
tory and the disrotatory mechanisms is explained by the biradical X .
character of the terminal atoms. For the transition states on theconrotatory and the disrotatory pathways of elgctrocycllc
conrotatory and the disrotatory pathways, the energy difference '62ctions ofo-xylylene at the CASSCE MO calculation level.
of both transition states was estimated for butadiene (19.5 kcal/ 11€S€ electrocyclic reaction pathways are also analyzed by
mol), 1,4-disilylbutadiene (4.2 kcal/mol), and hexatriene (10.4 CiLC—IRC methods.
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 @kylylene, the All equilibrium and transition state geometries for electro-
comparison of the conrotatory and the disrotatory mechanismscyclic reactions ob-xylylene to benzocyclobutene were deter-
to be regarded formally as either a-br an 8r-electron process  mined with analytically calculated energy gradients by the
is interesting in the characterization of a electrocyclic reaction. CASSCF methotl with the 6-31G(d,p) basis s&t® For the

In this paper, we report the potential energy surfaces for the

2. Methods of Computation

It is knowrY that the electrocyclic reaction far-xylylene CASSCEF calculation, eight active spaces corresponding to four
occurs through the conrotatory patb,(symmetry) for thermal sz and 7* orbitals for o-xylylene and related systems were
excitation and not through the disrotatory pafi §ymmetry). included. All configurations in active spaces were generated.

Houk and co-workershave calculated the transition state Single-point energies were determined at a multiconfigurational
geometry on the conrotatory reaction pathway for the electro- second-order MgllerPlesset perturbation (CAS-MP2)with
cyclic isomerization ob-xylylene to benzocyclobutene by ab the 6-313-G(d,p) basis sét using the CASSCF-optimized
initio MO methods. They pointed out that the activation energy structures. The IRE4was followed from the transition state
for the ring closure is 40 kcal/mol at the HF/3-21G calculation toward both reactants and products.
level. However, the disrotatory reaction path and the difference  To interpret the mechanisms along the reaction pathways, a
of energy barrier heights between the conrotatory and the CiLC—IRC analysis with the 6-31G(d,p) basis set was carried
disrotatory pathways are, to our knowledge, unknown. out with the following method that has been described elsewhere:
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56,1519 (1) The CASSCF is calculated to obtain a starting set O
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 procedtft&he localized y
orbitals are atomic in nature. (3) Using the localized MOs asa ™

1.351 (D 1468
basis, a full Cl at the Slater determinants level is used to generate \@/ @» 1.356
electronic structures and their relative weights in the atomic (1.342)
orbital-like wave functions. The calculated total energy by the 1459 L49L o-xylylene
Cl method in the process corresponds to that determined by (1.478)
the CASSCF calculation. The calculation procedures are ‘@’ \@’ :

O

repeated along the IRC pathway, which we call a GiLlRC
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 O
bond explanatioti—22 of the CASSCF wave function.
The CIiLC-IRC calculations were performed with the (>

GAMESS program packagé.The other calculations were
carried out with the Gaussian98 program.

1.387 \(a’ 1.409

3. Results and Discussion y C
1.456 onrotatory

i 2396 Transition
109.3 "+ 2.234)" State
(106.6)

3.1 Reaction Pathways.The optimized geometries ai-

(
xylylene, the conrotatory transition state, the disrotatory transi- 1.413 1'3953
tion state, and benzocyclobutene are shown in Figure 1. In (1.362)
Figure 1, to compare with the cyclic reactions of butadiene, 43/ @,
the corresponding geometry parameters of butadiene systemg \@,

are in given in parentheses. The total energies and the relative
energies are listed in Table 1.

The optimized geometry axylylene is a planar at the CAS- O
(8,8)/6-31G(d,p) calculation. The geometry mkylylene cal-
culated by the HF/6-31G(d,p) and density function (B3LYP/
6-31G(d,p)) methods indicate a nonplanar structure wi@p a
symmetry. The dihedral angle ofi€C,—C;—Cg 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 1484 & 00
0.1 kcal/mol as determined by the HF/6-31G(d,p) and the (1.482), Disrotatory

. a age
B3LYP/6-31G(d,p) methods, respectively. The experimental 1.393 1;’:35,, %12606)5 (2.848)" Transition
observatioff~3! from the strong fluorescence characteristic of (1.341) g State
o-xylylene suggests nearly planar geometry and corresponds to ‘@’ '

1.400 @, 1.395

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 - €C,—C;—Cg is very

small (20 cnt?) according to the CAS(8,8)/6-31G(d,p) calcula- »

tion. The bond alternation of €C and C=C as a Kekule
structure for the geometry of the calculataylylene is seen,
which is quite marked.

For the conrotatory transition state, the dihedral angle of
C;—C,—C;—Cg is 17.5, which corresponds to that (18.8

degree) of the conrotatory transition state for the cyclization of \@/ @/
butadiené. Although the bond length of £-C7 of o-xylylene

is 0.13 A longer than that of £ C, (or C;—Cg), the bond length 1.402 1.388

of C,—C;7 of the transition state is 0.06 A shorter than that of (1.360)*
C;—C; (or C;—Cg). Accordingly, from the comparison of the (a, @,
bond lengths of &-C; and G—C; (or G;—Cg), the transition @/

€D 1353 (15167

state § “ 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/mé#)34 The heat of reaction ~ Figure 1. Stationary point geometries (in A and degrees) for
for the cyclization reaction ob-xylylene is exothermic by 8  &lectrocyclic reaction ob-xylylene at the CAS/6-31G(d.p) level. (a)
kcal/mol, which is also 5 kcal/mol smaller than the experimental The corresponding geometry parameters of butadiene systems are in
& A . given in parentheses.
values (13 kcal/mol§?—34 Comparing the conrotatory cyclic
reaction ofo-xylylene with that of butadiene, the activation than that of butadiene at the CAS-MP2 calculation level. This
energy for the reaction af-xylylene is about 14 kcal/mol lower  energy difference may come from the aromatic energy of the
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TABLE 1: Total Energies (Hartree) and Relative Energies (kcal/mol) for the Electrocyclic Reactions ob-Xylylene and the
Corresponding Relative Energies for Electrocyclic Reaction otis-Butadiene?

compound CAS/6-31G(d,p) CAS-MP2/6-31G(d,p) CAS/6-8GKd,p) CAS-MP2/6-31+G(d,p) Exp
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-butadiené (0.0) (0.0)
Conrotatory TS (49.3) (49.0)
Disrotatory TS (68.6) (68.5)
Cyclobutené 9.2) (9.9)

aThe relative energies are given in parenthe&&xperimental observation of re2—34. ¢ Reference 5.
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Figure 2. Square of CI coefficients by the CiLRC along the conrotatory pathway for electrocyclic reactiow-af/lylene. The unit of IRC is

bohr am2.

benzene part because the largest difference in alC®ond
lengths of the benzene-ring partakylylene is 0.14 A between
C,—C7; and G—C4 (or Gs—Cg) bonds. For the conrotatory
transition state, this difference is 0.026 A between-Cs and
C3—C4 (or Cs—Cs) bonds. Therefore, the benzene ring part of
o-xylylene corresponds to a KeKulructure 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 ¢rwith &’ symmetry
as determined by the CAS/6-31G(d,p) method. Thaegative
eigenvalue is directed toward each of the two conrotatory
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Figure 3. Square of CI coefficients by the Cil-dRC along the disrotatory pathway for electrocyclic reactiom-ofylylene. The unit of IRC is
bohr am&2.

transition states corresponding to the two alternatives of The orbital symmetry rule characterizes the reactions of the
clockwise and counterclockwise rotation of the Zifoups. The conrotatory and the disrotatory pathways as allowed and
disrotatory double-saddle point is therefore a hill in the broader forbidden reactions with the orbital phase. On the other hand,
valley of the potential energy surface formed by the two the calculated two transition states have different dihedral angles
equivalent conrotatory transition states. Consequently, theof the G—C,—C;—Cg: 17.5 for the conrotatory and 0°Cfor
transition state on the disrotatory pathway is not a real transition the disrotatory. Thus, the difference of the activation energies
state as is the disrotatory transition state for cyclization of for the conrotatory and disrotatory pathways includes not only
butadiene. The energy difference between the conrotatory andthe effects of the orbital phase but also the geometry effects.
the disrotatory transition state is only 7.4 kcal/mol as determined To obtain the difference of energy barriers due to the orbital
by the CASSCF method and 8.0 kcal/mol according to the CAS- phase for both reaction pathways, the transition state of the
MP2 calculations. The energy differences are very small in conrotatory type with the restriction of dihedral angle{C
comparison with those for cyclization of butadiene: 13.3 kcal/ C,—C;—Cg) of 0.0° was also calculated at the CAS/6-31G(d,p)
mol according to the CASSCF calculation and 19.6 kcal/mol level. The two carbon atoms ¢@nd G) bonding to G and G
according to the CAS-MP2 calculations. This small difference atoms were also located in the;-6C,—C;—Cg plane. The
comes from the benzene ring because theChond distances  energy barrier height of the restricted transition state is 40.0
of benzene ring for the disrotatory transition state are almost kcal/mol above the reactant-kylylene) at the CAS/6-31G-
the same lengths. In fact, the largest differences in the-allC  (d,p) level, and the difference of the energy barriers between
bond lengths of the benzene ring are 0.012 A for the disrotatory the restricted transition state of the conrotatory type and the
transition state and 0.026 A for the conrotatory transition state. transition state of the disrotatory type is 4.1 kcal/mol at the CAS/
Therefore, for the disrotatory transition state, the six-membered 6-31G(d,p) level. According to our best calculation, CAS-MP2/
ring stabilizes with aromatic energy because the terminal carbon6-3114+G(d,p), the difference of the energy barriers is 3.5 kcal/
atoms have a bi-radical nature, as shown in the previous paper, mol. Therefore, about half of the energy difference of the
for the cyclic reaction of butadiene. transition states on the conrotatory and disrotatory pathways
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Conf. 8 Conf. 14

comes from the orbital phase and the other half of the energy
comes from the geometrical effeétsThe 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 bond lengths of the six-
membered ring are almost the same lengths. The largest :
difference in these bond lengths is only 0.015 A betwegn C Conf. 3 Conf. 9 Conf. 15
Cs (or C;—Cy, Cs—C7) and G—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 ob-xylylene, the CiLC-IRC analysis was performed. @L@

The weights of ClI coefficients by the CiL&IRC method for
the conrotatory and disrotatory pathways are displayed in

Figures 2 and 3. In these figures, the reactant Seeylylene) ;
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 Conf. 13 Conf. 146 Conf. 320 Conf. 321
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 sideg-xylylene, in Figure 2 or 3, the
configurations 2, 3, 4, and 5, could be described as the singlet
coupling terms of @-Cg, C;—C,, Cs—Cg, and G—C4 bonds,
respectively. The sets of two configurations of 8 and 14, 9 and  Conf. 138 Conf. 55 Conf. 69 Conf. 139
15, 11 and 12, and 10 and 13 could be described as the

polarization terms for €-Cs, C;—C,, Cs—Cg, and G—C4
bonds, respectively. Therefore, the sets of the configurations %
of{2,8,14,{3,9,18, {4,11,12, and{5,10,13 can be described :
as the s bonds of G—Cg, C;—C; Cs—Cs, and G—C,,

respectively. In fact, the bonding of ethylene can be described
as the singlet coupling betweep @rbitals plus two polarization

Conf. 11 Conf, 12 Conf. 5 Conf. 10

Conf. 56 Conf. 70 Conf. 111 Conf. 57

singlet coupling polarization polarization Conf. 58 Conf. 231 Conf. 87 Conf. 88
The configurations 6 and 7 mean that the electronic state of

o-xylylene is not the coupling of two butadiene types as-C

C,—Cs—Cs and G—C,—C;—C3 or C;—C,—C3—C,4 and G—

Cs—C7—Cs. The configuration 6 also means the separation for Conf. 104 Conf. 105

four bonds of G—C;, C3—C4, Cs—Cs, and G—Cg. The weights

of the other configurations are smaller than those of the @%@ @@
aforementioned configurations. Therefavesylyleneis atypical ~ Q™ W) W7 U /\
Kekulestructure 1). The weights of the configuration of KeKule

structure ) are very small. Accordingly, the six-membered ring NV 3 %

Conf. 6 Conf. 7 Conf. 16
= Figure 4. Some electronic configurations of the electrocyclic reactions
of o-xylylene for CiLC-IRC analysis.

X term of G—Cg. The configurations 320 and 321 could be

described as the polarization terms of«Cg. Therefore, the
Kekule structure (1) Kekule structure (2) configuration set of 146,320,321 can be described as the
bond of G—Cs. In the same way as for the aforementioned
of o-xylylene does not have aromatic nature, which corresponds configurations ofo-xylylene, the configuration sets ¢fL38,-
to the bond alternation of six-membered ring for the geometry 55,6%, {139,56,709, and{111,57,58 indicate ther bonds of
in Figure 1. C,—Cs, Cs—Cy, and G—Cs, respectively. For the benzocy-
On the other hand, for the benzocyclobutene product side, clobutene product size, the weights of the six configuration sets
the configuration 146 could be described as the singlet coupling{2,8,14, {3,9,1%, {4,11,12, {5,10,13, {138,55,69, {139,-
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Figure 5. Sum of the weights of CI coefficients of the singlet coupling
and polarization terms of the Cil-dRC along the conrotatory pathway
for the electrocyclic reaction ad-xylylene. The unit of IRC is bohr
amu’2,
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56,7¢, 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 co
figuration sets of sixr bonds of G—Cgz, C3—C4, C4—Cs, Cs—
Cs, Cs—C7, and G—C,. This description is the same in case o
the aromatic structure that was shown in the previous pager
that compared the Kekukructure with the aromatic structure
for benzene.

For the conrotatory pathway witl, symmetry in Figure 2,
the crossing between the singlet coupling terms pf G, (or
C;—Cg)) and G—Cg occurs at the reactant side 0.8 bohr
amu2 on the IRC pathway. The crossing between the polariza-
tion terms of G—C; (or C;—Cg) and G—Cg also occurs at the
reactant side of 0-20.5 bohr am¥2 Therefore, the bond
exchange of the oldr bonds of G—C; (and G—Cg) and the
newo bond of G—Cg occurs before the transition state, which
corresponds to the “late transition state” described in the
previous section. The weights of the configuration set§4of
11,12 and{5,10,13 decrease drastically in the region between
0.5 and—0.5 bohr ami? on the IRC pathway. Therefore, the
a bonds of G—C4 and G—Cs are weak in the vicinity of the
transition state. To the contrary, the weights of the configuration
sets of G—C;3, C4;—Cs, Cs—Cy, and G—C; of the benzene ring
increase in the vicinity of the transition state. To make more

f
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Figure 6. Sum of the weights of CI coefficients of the singlet coupling
and polarization terms of the CiLRC along the disrotatory pathway
for the electrocyclic reaction ad-xylylene. The unit of IRC is bohr
amu’2,

IRC Pathway

of ~1.3 bohr amif2 on the IRC pathway. The crossing between
the polarization terms of £-C, (or C;—Cg) and G—Cg occurs

in the vicinity of ~0.5 bohr ami{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 &d G atoms in the
vicinity of 0.5 bohr am&/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 ClI 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 af-Cg and G—C; (or
C;—Cg) occurs at~0.9 bohr amif2, and this crossing point is
earlier than that of the conrotatory pathway. At the transition
state on the disrotatory pathway, the weights of tge ©;, Cs—

Cs, C;—C3,C4—Cs, and G—C; are almost the same values. On
the other hand, at the transition state on the conrotatory pathway,
the weights of the €-C4 and G—Cg are obviously larger than
those of the @-C;, C4—Cs, and G—C;. Thus, the relative
relation for the weights of each 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

clear a scheme of mechanisms just presented, the sums for th&onrotatory and disrotatory transition states.

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;€Cg and G—C; (or C;—Cg) occurs at
~0.5 bohr amli2. At the transition state on the conrotatory
pathway, the weights of the bonds 0§-€C4, and G—Cs are
still larger than those of the bonds 0$-€C;3, C4—Cs, and G—
C;. Consequently, the six membered ring of the conrotatory
transition state is not the complete aromatic structure.

For the disrotatory pathway wit@s symmetry, as shown in
Figure 3, the crossing between the singlet coupling terms of
C;—C; (or CG;—Cg) and G—Cg occurs also at the reactant side

4. Conclusion

The potential energy surfaces for cyclic reactions oef
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 ofxylylene shows the typical
Kekule structure (bonds alternation), and that of benzocy-
clobutene shows the aromatic structure. From the GilRIC
analysis, the bond exchange of théonds of G—C, (and G—
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Cg) and news bond of G—Cg 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 thebonds of G—C, (and G—Cg) and

the newo bond of G—Cg occurs through the bi-radical character
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