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Abstract The mechanisms of [2 + 2 + 2] reactions of
three ethynes and monosilaethylenes to form benzene and
1,3,5-trisilacyclohexane were studied by ab initio MO
methods. The reaction mechanisms were analyzed by
configuration interaction/localized molecular orbital/
CASSCEF calculations. Although the [2 4+ 2 + 2] reaction
of ethyne is typically “homologous” concerted, that of
monosilaethylene is polarized (ionic-cyclic) one-step
reaction. In addition, the aromaticity along the intrinsic
reaction coordinate pathway was studied using the index of
deviation from aromaticity. Although the transition state of
trimerization of ethyne does not have an aromatic nature
for the o- and m-bonds formation system, the crossing point
of the o-bond formation and n-bond breaking shows an
aromatic nature.

Keywords [2 + 2 + 2] peri cyclic reaction mechanism -
Aromaticity - Ab initio MO

1 Introduction

The trimerization of ethyne to yield benzene is a proto-
typical [2 + 2 + 2] cyclic addition and is classified as a
thermally allowed reaction on the basis of Woodward—
Hoffmann rules [1]. Despite being extremely exothermic,
the reaction occurs only to a small extent at temperatures in
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excess of 400 °C. Since the reaction’s discovery in 1866 by
Berthelot and co-workers [2, 3], its mechanisms attracted
much theoretical and experimental interest [4—17].
Recently, Santos and co-workers [17] evaluated the energy
barrier of trimerization of ethyne as 53.1 kcal/mol by the
CCSD(T)/6-311G(d,p) level. The trimerization of ethyne to
form benzene is also interesting because of its “aromaticity”
via the concerted pathway that passes through the transition
state with the (4n + 2) electrons resonance state. However,
there is some debate over the ¢ and 7 contributions to the
possible aromaticity at the transition state. Jiao and
Schleyer [9] concluded from the nucleus-independent
chemical shifts (NICS) values that both ¢ and 7 electrons
made significant contributions to the diatropic ring current
at the transition state. Mora and Cossio [10] concluded
from a study of the height profile of NICS values that there
is no m aromaticity in the transition state. By analysis of
current density maps, Havenith et al. [14] showed an
induced circulation of ¢ electrons but no n contribution at
the transition state. Santos and co-workers [15] also studied
the aromaticity along the reaction pathway by the electron
localization function (ELF) and pointed out a low o-elec-
tron delocalization at the transition state. Thus, the evalu-
ation of aromaticity at the transition state depends on the
measurement indices of aromaticity. In previous papers
[18-20], we proposed a new index of aromaticity, the index
of deviation from aromaticity (IDA), on the basis of con-
figuration interaction/localized molecular orbital/CASSCF
(CiLC) analysis. The IDA indicates [21, 22] an excellent
relationship between aromaticity and stabilization energy
for many polycyclic and/or nonplanar compounds, whereas
an index based on magnetic diatropic ring current, for
example, the NICS values sometimes incorrectly estimate
[21, 23] some species, e.g., polycyclic and nonplanar
compounds. Therefore, it is important to evaluate the
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reaction mechanisms and aromaticity along the reaction
pathways.

The [2 4+ 2 + 2] cyclic reaction composed of polarized
7 orbitals is also interesting in comparison with the
mechanism of homologous 7 orbitals as ethyne. Therefore,
we studied the [2 + 2 + 2] cyclic reaction of Si—C g—bond
formation from © bonds. Although monosilaethylene has
the structure similar to ethyne, the geometry is different.
The geometry of ethyne is linear, but that of monosila-
ethylene is not linear from the calculation by the B3LYP
method. Schaefer and co-workers [24] showed trans-bent
structure for monosilacthylene by CI calculation level.
Thus, monosilaethylene does not have m bond composed
from only two p orbitals. On the other hand, monosila-
ethylene has the © bond similar to that of ethyne. There-
fore, to study the difference in the [2 + 2 4 2]
mechanisms between homologous 7 bonds and little
polarized m bonds, the trimerization of monosilaethylene is
treated here.

In this paper, we report the reaction mechanisms and
aromaticity along the reaction pathways of the trimeriza-
tion of ethyne and monosilaethylene by using CiLC anal-
ysis and IDA calculations.

H~cr—=cz—" H=c1—sp=H
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D3}, symmetry C5p, symmetry

2 Theoretical treatments

The equilibrium- and transition-state geometries for the
reactions treated here were determined using a CASSCF
MO method [25] and/or the B3LYP density functional
method [26, 27] with analytically calculated energy gra-
dients. For the reaction of three ethynes, two types of active
spaces for the CASSCF calculation were treated, because
the two groups of the orbitals are orthogonal to each other.
One is six active orbitals with six electrons relating to
direct formation of ¢ bonds from 7 orbitals (defined as side
7) of ethyne for a Dj;, symmetry structure. The other is six
active orbitals with six electrons relating to m-bond for-
mation of benzene from m orbitals of ethyne. The first
treatment of CASSCF calculation was used for the deter-
mination of geometry, the estimation of energy, and the
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CiLC analysis. The second treatment was used for the
CiLC analysis. For the CASSCF calculation of trimeriza-
tion of monosilacthylene, the same active spaces were
chosen as for the first treatment of ethyne. All configura-
tions in active spaces were generated, and a vibrational
analysis was performed at each stationary point to confirm
its identity as either an energy minimum or a transition
state structure. Additional calculations were made to obtain
improved energy comparison calculations for CASSCF-
optimized structures with electron correlation incorporated
through the multiconfigurational second-order perturbation
theories (MRMP2) [28] with the 6-31G(d) and
6-311+G(d,p) basis sets [29-31]. The intrinsic reaction
coordinate (IRC) [32, 33] was followed from the transition
state toward both reactants and products.

To interpret the mechanisms of the reactions, a CiLC
analysis was performed following a method described
elsewhere [34-38]. First of all, the CASSCEF calculation is
made for the active orbitals. After carrying out the
CASSCEF procedure, the CASSCF-optimized orbitals are
localized by the Boys localization procedure [39, 40]. The
calculated localized orbitals are very atomic in nature. By
using the localized MOs as a basis, a full CI with the
determinant level is used to generate electronic structures
and their relative weights in the atomic orbital-like wave
functions. Then, we obtain many coefficients, which cor-
respond to each configuration. But it is not easy to find the
relation between the obtained coefficients (or weights: the
square of coefficients) and the chemical bonds and/or the
chemical reactions. So we think that the obtained config-
urations are constituted from the configurations represented
each bond state and the reference state (alternative spin for
neighboring orbitals). Then, we introduce one hypothesis:
the configurations of one bond are presented roughly as one
singlet-coupling (covalent) term and two polarization
(ionic) terms. The singlet-coupling term has alternative
spin in the pair orbitals of the bond, and the pair orbitals
have same spin with the neighboring orbitals of each side.
All orbitals except the pair orbitals of the bond have
alternative spin for neighboring orbitals. The polarization
(ionic) terms mean one electron movement in the pair
orbitals of the bond. The other configurations are consid-
ered as the higher order excited states or the mix states for
the configurations of the bonds. It is also considered that
the weight of the reference configuration, which has usu-
ally the largest coefficient, does not affect the variation in
geometry. Here, we think the region of the neighboring
orbitals with same spin is similar to the concept of the
phase of anti-bonding orbital. In figure, the circle with solid
line indicates an atomic-like orbital obtained by the
localization process in the CiLC calculations and the circle
with dotted line means a bond.



Theor Chem Acc (2011) 130:901-907

903

Polarization B
(PB)

Polarization A

(S) (PA)

Singlet Coupling

The representation with three terms (one singlet-cou-
pling (covalent) and two polarization (ionic) terms) for a
bond has successfully explained [35-38, 41-46] bond
formation and breaking along a chemical reaction path.

The criterion of aromaticity was defined [18-20]
according to the following conditions on the basis of the
CiLC calculations: (a) each weight of the singlet-coupling
(covalent) and polarization (ionic) terms is equal for all
bonds and (b) the difference between the weights of the
singlet-coupling and polarization terms for each bond is
small. The first criterion is general and more expanded
representation of “the bond length equalization [47]”,
which is one of many proposed aromatic criterions. The
second means much resonance stabilization energy for
each bond. Namely the aromaticity defined here demands
the same electronic state for all bonds and the much res-
onance energy for each bond. From the two criteria of
aromaticity, the IDA for an n-cyclic ring can be defined by
equations (1-4):

IDA:DS+DP+Gsp (1)
(=)

e (2)

n PA; — Py|+ |PB; — Py,

<Zi:1 %)

Dp = ; (3)
(o, mrales—rl)

Gsp = ; | (4)

where S; is the weight of the singlet-coupling term for the
ith bond, §,, is the average of the weights of the singlet-
coupling terms for all bonds, PA; and PB; are the weights of
the polarization terms for the ith bond, P,,, is the average of

the weights of the polarization terms for all bonds, and 7 is
the number of bonds in the ring. Here, D, and D), are the
ratios of deviation from the average weights of the singlet-
coupling and polarization terms, respectively, and they
correspond to the requirement of criterion (a). The term Gy,
denotes the average ratio of the difference between the
weights of the singlet-coupling and polarization terms on
the basis of the average singlet coupling.

The calculations of the CiLC analysis and MRMP2
method were made using the GAMESS program package
[48, 49], and the other calculations were made using the
Gaussian03 program package [50].

3 Results and discussion
3.1 Trimerization of ethyne

The transition state geometries of [2 4+ 2 4 2] type
trimerization of ethyne were obtained by the B3LYP/
6-31G(d) method, the CASSCF(6,6)/6-31G(d), and CASS-
CF(6,6)/6-3114+-G(d,p) calculation levels (Fig. 1).

The C—C bond distances obtained by the B3LYP method
are slightly longer than those obtained by the CASSCF
levels. The transition state with one negative eigenvalue for
the force-constant matrix has D3, symmetry at the methods
used here, and the activation energy barriers are 42.1 kcal/
mol, 68.6 kcal/mol, and 73.4 kcal/mol by the B3LYP/6-
31G(d), CASSCF/6-31G(d), and CASSCF/6-3114+G(d,p)
methods, respectively. Although the activation energy
barriers obtained by the CASSCF calculations are larger
than those obtained by the B3LYP and CCSD(T) methods,

B3LYP/6-31G(d)
CASSCF/6-31G(d)
CASSCF/6-311+G(d,p)

Fig. 1 Geometric parameters of the transition state of trimerization
of ethyne. Bond lengths are in A
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Fig. 2 Weights of o-side 7 bonds of CiLC calculation along the IRC
pathway of trimerization of ethyne. The units at the abscissa are
bohr amu'’?

the energies including dynamical correlation obtained by
the MRMP2/6-31G(d) and MRMP2/6-311+G(d,p) meth-
ods are 42.1 kcal/mol and 41.4 kcal/mol, respectively.

To study the electronic states of each bond along the
reaction path, the weights of the singlet-coupling and
polarization terms of each o-bond formation from the side
7 orbitals along the IRC pathway (obtained by the B3LYP
level) are shown in Fig. 2; S(x-y) and PAB(x-y) indicate
the weights of the singlet-coupling and polarization (PA
and PB) terms between x and y atoms (orbitals).

The crossing point between the side m-bond breaking
(C]—Cz, Cc*-C* and - bonds) and the o-bond forma-
tion (C?—C>, C*-C>, and C°~C' bonds) is located slightly
toward the product side (about —0.5 bohr amu'’? from the
transition state). The variation in these bonds along the IRC
pathway is a typical “homologous concerted mechanism”.
From the variations in these terms, the process of the side ©
breaking and new g-bond formation occurs in the area from
1 bohr amu'’? to —2 bohr amu'’* along the IRC pathway.

The weights of the singlet-coupling and polarization
terms of each m bond relating to 7 orbitals of benzene along
the IRC pathway are shown in Fig. 3.

The weights of the singlet-coupling and polarization
terms of the old 7 bonds (Cl—Cz, C3—C4, and CS—C6) and
the new 7 bonds (C2—C3, ct-c? , and C6—C1) approach each
other in the area of —8 bohr amu'/* along the IRC pathway.
The variable decrease in the old 7 bonds is an interesting
point. Although the polarization terms of the old 7 bonds
decrease smoothly, the weights of the singlet-coupling
terms of the old m bonds is a maximum at approximately
—3 bohr amu'’? along the IRC pathway. This means the
reorganization from the =m orbitals of ethyne to the =«
orbitals of benzene occurs after the exchange between the
side m orbitals and the new ¢ orbitals through the transition
state.
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Fig. 3 Weights of © bonds of CiLC calculation along the IRC
pathway of trimerization of ethyne. The units at the abscissa are
bohr amu'/?

The IDA values for o- (side 7) and w-bond formations
along the IRC pathways are shown in Figs. 4 and 5.

The minimum value of IDA for o-bond formation is
approximately —0.5 bohr amu'/? along the IRC pathway
and corresponds to the crossing point between old m-bond
breaking and new o-bond formation (Fig. 2). The IDA
value at the transition state is 2.159 that indicates non-
aromaticity [51]. The nature of aromaticity at the transition
state corresponds to the results of the current density map
analysis [14]. The IDA value at the crossing point (—0.5
bohr amu'’?) is 0.356 that indicates aromatic nature. The

12
-
]
=
=
>
- -
=2
==
i
£
=]
e
<
-3 -2 -1 0 1 2 3
product side TS reactant side

IRC

Fig. 4 IDA values of o-side = bonds along the IRC pathway of
trimerization of ethyne. The units at the abscissa are bohr amu'’?
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Fig. 5 IDA values of © bonds along the IRC pathway of trimerization
of ethyne. The units at the abscissa are bohr amu'”?

aromatic nature at the crossing point indicates a “homol-
ogous concerted mechanism”, and it is similar to the
Diels—Alder reaction. The IDA value [22] at the transition
state of the Diels—Alder reaction of butadiene and ethylene
is 0.268, where the crossing point between the weights of
the breaking and formation bonds of the Diels—Alder
reaction corresponds [37] to the transition state. For the
aromaticity of the m-bond formation, the IDA values
decrease from the reactant side to the product side (Fig. 5)
and approach almost the IDA value (0.047) [18] of benzene

—8 bohr amu'? of the IRC pathway. The IDA value at
the transition state is extremely large and suggests a non-
aromatic nature of © bonds.

3.2 Trimerization of monosilaethylene

The transition state for trimerization of monosilaethylenes
was calculated by the CASSCF/6-31G(d) level. The dis-
tances of the intramolecular and intermolecular C-Si of the
transition state are 1.739A and 2.896A lengths, respectively.
Although the transition state was also tried to obtain by the
B3LYP method, it could not be found. Therefore, we used
the transition state geometry and the IRC pathway obtained
by the CASSCF method for the analysis of the mechanism.
The transition-state structure has Cjz, symmetry. The acti-
vation energy barrier is 6.3 kcal/mol by the CASSCF(6,6)/
6-31G(d) level and disappears by the MRMP2 calculation
levels with 6-31G(d) and 6-3114G(d,p) basis sets. The
energy barrier is much lower than that of the trimerization
reaction of ethyne or ethylene (energy barrier 42.1 kcal/mol
for ethyne and 49.7 kcal/mol for ethylene [52] at the
B3LYP/6-31G* level). The weights of singlet and
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Fig. 6 Weights of bonds of CiLC calculation along the IRC pathway
of trimerization of monosilaethylene. The units at the abscissa are
bohr amu'/?

polarization terms of each bond along the IRC pathway for
trimerization of monosilaethylene are shown in Fig. 6.

In the figure, PA(x—y) means the electron pairs polarized
to an x atom (orbital), and PB(x—y) means the electron
pairs polarized to a y atom (orbital). The crossing points of
the weights of the terms of the breaking and the formation
of bonds are located in the region —0.5 bohr amu'’? of the
products side, and the locations of the crossing points are
similar to those of ethyne (Fig. 2). However, the 7 elec-
trons of the Si—C bond are extremely localized on the C
atom. At the crossing points, the weights of the polarization
terms localized on the C atom are larger than those of the
singlet-coupling terms, and those localized on the Si atom
are extremely small.

Y
=

\\
\

Polarized one-step
Mechanism

homologous Concerted
Mechanism

The reaction occurs through the “polarization” (ionic-
cyclic) mechanism. To compare the “homologous concerted”
and “polarization one-step” mechanisms, the diradical and
polarized state of ethylene and monosilaecthylene were

@ Springer



Theor Chem Acc (2011) 130:901-907

906
-
o
=
|
>
r A
U
- a
0 -
E C—
=]
b
<
0 T
-3 -2 -1 0 1 2 3
product side TS reactant side

IRC

Fig. 7 IDA values of 7 bonds along the IRC pathway of trimerization
of monosilaethylene. The units at the abscissa are bohr amu'?

calculated by the CASSCF level, assuming twisted structures
with an angle of 90° with the C—C or C-Si bond axis.
Although the diradical state of ethylene is approximately
78 kcal/mol lower than the polarization state, the diradical
state of monosilaethylene is approximately 7 kcal/mol higher
than the polarization state. Thus, the energy comparison of
the diradical and polarization states corresponds to the
polarization one-step mechanism of the trimerization of
monosilaethylene.

To study the aromaticity along the IRC pathway of tri-
merization of monosilaethylene, the IDA values are shown
in Fig. 7.

The minimum IDA value is located in the region around
—0.5 bohr amu'’? along the IRC pathway and corresponds
to the crossing point between the breaking and the for-
mation of bonds, as shown above. The IDA value at —0.5
bohr amu'”? along the IRC pathways is 1.258, and at the
transition state is 2.360. The IDA values of both points are
larger than those of the trimerization of ethyne and indicate
nonaromatic nature. The IDA value (1.258) at the crossing
point is slightly smaller than the IDA value (1.345) [21] at
the transition state of the “symmetry forbidden” cyclic
reaction of 1,3,5-hexatriene.

4 Conclusions

The trimerization mechanisms of three ethynes and mo-
nosilaethylenes were studied by the CASSCF MO and
B3LYP methods. The mechanisms and the aromaticity
were analyzed by the CiLC method and IDA calculations.

For the trimerization of ethyne, the reaction is a typical
homologous concerted mechanism. The crossing points
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between the side m-orbital breaking and the o-bond for-
mation occur after the transition state. Although the large
IDA value indicates the transition state is nonaromatic, the
crossing point shows aromatic nature. On the other hand,
the m-bond formation proceeds monotonically, and the
region around the transition state has a large IDA value.

For the reaction of monosilaethylene, the reaction
mechanism is not homologous concerted, but polarized
one-step. The mechanism corresponds to the IDA values at
the transition state and/or the crossing point between bond
breaking and formation. Specifically, the IDA values at
both points of the transition state and the crossing point are
large and indicate nonaromatic nature. The difference
between the mechanisms of trimerization of ethyne and
monosilaethylene probably relates closely to the activation
energy barriers.
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