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The reaction pathways for the thermal additions of disilacyclobutenes and acetylene are
discussed from B3LYP density-functional-theory computations. Butadiene is more stable in
energy than cyclobutene, the corresponding ring compound, whereas disilabutadiene is less
stable than disilacyclobutene. From detailed analyses of the potential energy surfaces,
disilabutadienes formed by thermal ring opening of disilacyclobutenes are confirmed to play
a central role in the addition reactions as intermediates in a manner similar to the Diels—
Alder reaction. The activation energies for the symmetry-allowed conrotatory ring opening
of 1,2-disilacyclobut-3-ene, 1,1,2,2-tetramethyl-1,2-disilacyclobut-3-ene, and 3,4-benzo-1,1,2,2-
tetramethyl-1,2-disilacyclobutene are 41.5, 46.7, and 61.9 kcal/mol, respectively, and the
activation energies for the Diels—Alder coupling reactions with acetylene are 1—4 kcal/mol
when measured from the disilabutadiene intermediates at the B3LYP/6-31G** level of theory.
Therefore the ring opening should be the rate-determining step in these reactions; once the
four-membered ring of disilacyclobutene is opened by heat treatment, the addition reactions
should readily take place, leading to six-membered ring products. The transition state for
the addition of 1,4-disila-1,3-butadiene and acetylene is symmetrical with respect to the
Si—C bonds being formed, whereas those of 1,1,4,4-tetramethyl-1,4-disila-1,3-butadiene and
acetylene and of 1,2-bis(dimethylsilylene)cyclohexa-3,5-diene and acetylene are not sym-
metrical. There are good reasons that such asymmetrical transition states occur in these
Diels—Alder reactions; one is the asymmetrical frontier orbitals in the methyl-substituted

4637

disilabutadienes, and the other is just a steric effect of the methyl groups.

Introduction

Carbon compounds and their silicon analogues show
strikingly different features in structure, stability, and
reactivity, despite the similar electronic configurations.
It is very interesting to investigate whether the stereo-
chemistry in carbon compounds applies to reactions of
silicon compounds. The issue that we address in this
paper is the reaction pathways for the thermal additions
of disilacyclobutenes and acetylene. In 1976 Barton and
Kilgour! demonstrated that heat treatment of 1,1,2,2,3,4-
hexamethyl-1,2-disilacyclobutene (1a) in the presence
of 2-butyne and 3-hexyne gives 1,1,2,3,4,4,5,6-octa-
methyl-1,4-disilacyclohexa-2,5-diene (2a) and 2,3-di-
ethyl-1,1,4,4,5,6-hexamethyl-1,4-disilacyclohexa-2,5-di-
ene (2b) in low yields, respectively, as indicated in
Scheme 1. They proposed that this thermal reaction
should proceed via 1,1,2,3,4,4-hexamethyl-1,4-disila-
buta-1,3-diene (3a) as a possible reaction intermediate
in a manner similar to the Diels—Alder reaction, the
mechanism of which is well understood in terms of
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Fukui’'s frontier orbital theory and the Woodward—
Hoffmann rules.2—4

Sakurai et al.® reported that 1,1,2,2-tetramethyl-3,4-
diphenyl-1,2-disilacyclobutene (1c) reacts with di-

(2) Fukui, K. In Molecular Orbitals in Chemistry, Physics, and
Biology; Léwdin, P.-O., Pullman, B., Eds.; Academic Press: New York,
1964; p 525.

(3) Hoffmann, R.; Woodward, R. B. J. Am. Chem. Soc. 1965, 87,
2046.
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1975.
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phenylacetylene at 350 °C to lead to 1,1,4,4-tetramethyl-
2,3,5,6-tetraphenyl-1,4-disilacyclohexa-2,5-diene (2c¢) in
a similar fashion. One can thus agree with Barton and
Kilgour?! that disilabutadienes should be responsible for
these Diels—Alder reactions as intermediates. However,
these possible intermediates are energetically not stable,
in contrast with their carbon analogues, i.e., butadienes,
and therefore direct evidence that these reaction inter-
mediates have relevance to these interesting thermal
reactions has not yet been found.

Ishikawa et al.®” have studied thermal, photochemi-
cal, and transition-metal-catalyzed reactions of 3,4-
benzo-1,1,2,2-tetraethyl-1,2-disilacyclobut-3-ene (4). This
silicon compound is thermally rather stable at room
temperature, but makes various reactions with substi-
tuted acetylenes at 250 °C, leading to 1,4-disilacyclo-
hexa-2,5-dienes (5), as shown in Scheme 2.

In such thermal reactions, one can also consider that
1,2-bis(diethylsilylene)cyclohexadiene (o-quinodisilane)
(6) should play a central role as a reaction intermediate.
Moreover, Ishikawa et al.” have carried out thermal
reactions of the benzodisilacyclobutene in the presence
of alcohol, aldehyde, or ketone to obtain more detailed
information on the reaction intermediate that is con-
sidered to be involved in the thermal reactions. All these
reactions were confirmed to give final products that
suggest the involvement of o-quinodisilane as a reaction
intermediate.

In considering the mechanism of the [4 + 2] cyclo-
additions of the silicon compounds mentioned above, we
should note that butadiene and its silicon analogue are
strikingly different in energetical stability. Butadiene
is more stable in energy than the corresponding ring
compound, cyclobutene, whereas disilabutadiene is less
stable than disilacyclobutene. We expect that this
difference in the stability of starting material should
significantly affect the energetics of the reaction path-
ways. In carbon systems we know in detail how dienes
and dienophiles behave throughout the reactions in
terms of orbital interactions,2=4 and extensive ab initio
computational studies®=24 have been carried out so far
concerning many types of Diels—Alder reactions of
carbon compounds. Digermacyclobutene and digerma-

(6) Ishikawa, M.; Sakamoto, H.; Tabuchi, T. Organometallics 1991,
10, 3173.

(7) A review on the reactivity of benzodisilacyclobutene and o-
quinodisilane: Ishikawa, M.; Naka, A. SYNLETT 1995, 794.

(8) (a) Houk, K. N.; Li, Y.; Evanseck, J. D. Angew. Chem., Int. Ed.
Engl. 1992, 31, 682. (b) Houk, K. N.; Gonzalez, J.; Li, Y. Acc. Chem.
Res. 1995, 28, 81. (c) Goldstein, E.; Beno, B.; Houk, K. N. 3. Am. Chem.
Soc. 1996, 118, 6036.

(9) (a) Bach, R. D.; McDouall, J. 3. W.; Schlegel, H. B. Wolber, G. J.
J. Org. Chem. 1989, 54, 2931. (b) Malcolm, N. O. J.; McDouall, J. J.
W. J. Phys. Chem. 1994, 98, 12579.
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butadiene and their interconversion have been also
studied from molecular orbital computations.2> How-
ever, our knowledge on the Diels—Alder reactions of the
silicon analogues?®?7 is still lacking from the viewpoints
of mechanism, stereochemistry, and energetics. We thus
decided to perform detailed computational analyses on
the thermal reactions of disilacyclobutenes and acety-
lene using the density functional theory. In the theoreti-
cal analyses, we consider the disilacyclobutenes indi-
cated in Chart 1 as starting materials for the Diels—
Alder reactions of the corresponding disilabutadienes
and acetylene. Disilacyclobutenes studied in this paper
are 1,2-disilacyclobut-3-ene (7), 1,1,2,2-tetramethyl-1,2-
disilacyclobut-3-ene (8), and 3,4-benzo-1,1,2,2-tetra-
methyl-1,2-disilacyclobutene (9); the corresponding di-
silabutadienes are 1,4-disila-1,3-butadiene (7'), 1,1,4,4-
tetramethyl-1,4-disila-1,3-butadiene (8'), and 1,2-bis-
(dimethylsilylene)cyclohexa-3,5-diene (9'); the final acety-

(10) (a) Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.;
Sieber, S.; Morokuma, K. J. Phys. Chem. 1996, 100, 19357. (b) Froese,
R. D. J.; Coxon, J. M.; West, S. C.; Morokuma, K. J. Org. Chem. 1997,
62, 6991.

(11) (a) Barone, V.; Arnaud, R. Chem. Phys. Lett. 1996, 251, 393.
(b) Barone, V.; Arnaud, R. J. Chem. Phys. 1997, 106, 8727.

(12) Pancir, J. 3. Am. Chem. Soc. 1982, 104, 7424.

(13) Bernardi, F.; Bottoni, A.; Field, M. J.; Guest, M. F.; Hillier, 1.
H.; Robb, M. A.; Venturini, A. 3. Am. Chem. Soc. 1988, 110, 3050.

(14) Charlton, J. L.; Plourde, G. L.; Penner, G. H. Can. J. Chem.
1989, 67, 1010.

(15) Coxon, J. M,; Grice, S. T.; Maclagan, R. G. A. R.; McDonald, D.
Q. J. Org. Chem. 1990, 55, 3804.

(16) Getty, S. J.; Borden, W. T. J. Am. Chem. Soc. 1991, 113, 4334.

(17) Bachrach, S. M.; Liu, M. J. Org. Chem. 1992, 57, 6736.
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1223.
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1995, 60, 1154.
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1997, 119, 11100.
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1998, 120, 3975.
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(25) (a) Jouany, C.; Mathieu, S.; Chaubon-Deredempt, M.-A.; Trin-
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lene adducts are 1,4-disilacyclohexa-2,5-diene (7"), 1,1,4,4-
tetramethyl-1,4-disilacyclohexa-2,5-diene (8"), and 2,3-
benzo-1,1,4,4-tetramethyl-1,4-disilacyclohexa-2,5-
diene (9").28

Method of Calculation

We considered the reaction pathways for the reactions of
disilacyclobutenes and acetylene. Detailed analyses for the
reactants, products, and transition states (TSs) of the interest-
ing thermal reactions were carried out using a hybrid Har-
tree—Fock/density-functional-theory (HF/DFT) method (the so-
called B3LYP method).?*3° This method consists of the nonlocal
exchange functional of Becke's three-parameter set?® and the
nonlocal correlation functional of Lee, Yang, and Parr.* It has
been successfully applied to the Diels—Alder reaction of
butadiene and ethylene,® providing much better results than
the Mgller—Plesset perturbation theory method, concerning
molecular structures and energetics. We used the 6-31G**
basis set, a standard double-¢ basis set with polarization
functions.! Vibrational mode analyses were systematically
carried out to confirm that on a potential energy surface all
optimized geometries correspond to a local minimum that has
no imaginary frequency mode or a saddle point that has only
one imaginary frequency mode. Corrections of zero-point
vibrational energies were taken into account in all stationary
structures discussed. The Gaussian 98 ab initio program was
used.*?

Results and Discussion

Ring Opening of Disilacyclobutene. We first show
how the relative energies of cyclobutene and 1,2-
disilacyclobut-3-ene (7) change as a function of the
dihedral angles C—C—C—C and Si—C—C-Si. Figure 1
presents computed relative energies of 1,3-butadiene
and 1,4-disila-1,3-butadiene (7') as a function of the
dihedral angle at the B3LYP/6-31G** level of theory.
As mentioned earlier, butadiene is 9.6 kcal/mol more
stable than cyclobutene, whereas 7' is 38.9 kcal/mol less
stable than 7, which can determine the general features
of the Diels—Alder reactions of this carbon system and
of its silicon analogue. This is partly because the Si—Si
bond (~2.4 A) is longer than the C—C bond (~1.55 A),
so that the coordination environments at the central
carbon atoms of 7 are favorable with respect to the sp?
bonding characters. Thus, strain energy in the Si,C,
four-membered ring is reduced. In both butadienes the
s-trans form is the most stable structure and the gauche

(28) The butadiene form of 3,4-benzo-1,2-disilacyclobutene is very
unstable, and an H atom transfer occurs on computations, leading to
the formation of SiH and SiH; groups despite our best computational
efforts. Now we believe that the butadiene form of 3,4-benzo-1,2-
disilacyclobutene is less stable in energy than the silylene form of CgHa-
SiHSIH3.

(29) (a) Becke, A. D. Phys. Rev. A 1988, 38, 3098. (b) Becke, A. D. J.
Chem. Phys. 1993, 98, 5648.

(30) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(31) (@) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972,
56, 2257. (b) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973,
28, 213. (c) Gordon, M. S. Chem. Phys. Lett. 1980, 76, 163.

(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.;
Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford,
S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma,
K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C;
Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M.
W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.
Gaussian 98; Gaussian Inc.: Pittsburgh, PA, 1998.
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Figure 1. Relative energies of cyclobutenes toward buta-

dienes as a function of the dihedral angle X—C—-C—X at
the B3LYP/6-31G** level.

|

form is the quasi-stable structure, and the s-cis form is
the transition state that connects the two equivalent
gauche forms. The rotational barrier is predicted to be
7.6 and 11.4 kcal/mol in butadiene and 7', respectively;
therefore interconversion between the gauche and the
s-trans forms is thermally accessible in these com-
pounds.

The Woodward—Hoffmann rules®42 tell us from or-
bital symmetry relationships that in the carbon system
cyclobutene is smoothly transformed into butadiene in
a conrotatory process by heat treatment. How this ring-
opening reaction proceeds from disilacyclobutenes to-
ward disilabutadienes is a very interesting subject from
the viewpoint of orbital symmetry conservation. We thus
computed the reaction pathway for the ring opening of
7. Optimized structures of 7, 7', and the transition state
(TS1) that connects these silicon compounds are shown
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Figure 2. Optimized geometries of 1,2-disilacyclobut-3-ene (7), 1,4-disila-1,3-butadiene (7'), and their transition state

(TS1) at the B3LYP/6-31G** level. Bond lengths are in A.
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in Figure 2. The larger balls stand for silicon atoms, and
the smaller balls carbon atoms. We confirmed from
vibrational analyses that the two stable structures have
no imaginary frequency mode and that the transition
state has a single imaginary frequency mode. The
arrows in the transition state indicate the imaginary
vibrational mode of 283.0 cm™1, which suggests pre-
ferred nuclear motions corresponding to a conrotatory
process along the reaction coordinate. DFT computa-
tions predict that 7 should be transformed into 7' in the
conrotatory process with a large activation energy of
41.5 kcal/mol; thus high-temperature treatment should
be required for this ring opening to be facile.:> Disila-
butadiene thus formed lies 38.9 kcal/mol above disila-
cyclobutene at the B3LYP/6-31G** theory.

Let us next turn our attention to the ring opening of
1,1,2,2-tetramethyl-1,2-disilacyclobut-3-ene (8) and 3,4-
benzo-1,1,2,2-tetramethyl-1,2-disilacyclobutene (9). Com-
puted Mulliken charges of 7, 8, and 9 are indicated in
Chart 2. The silicon atoms are positively charged, and
the carbon atoms are negatively charged. Optimized
structures of the disilacyclobutenes, the corresponding
disilabutadienes (8’ and 9'), and their transition states
(TS1) are shown in Figure 3. These processes are also
predicted from computations to be symmetry-allowed
with activation energies of 46.7 and 61.9 kcal/mol for 8
and 9, respectively, and the disilabutadienes, 8 and 9',
thus formed lie 41.7 and 61.7 kcal/mol above 8 and 9,
respectively. We therefore predict that the thermal ring
opening of 9 should be difficult compared to that of 7
and 8. Judging from the sequence of the activation
energies for 7 and 8, the steric repulsion between methyl
groups is unlikely to play a role in determining the high
activation barrier for the ring opening of 9. To find a
reason that 9 has such a high activation energy, let us
compare the optimized structures of 7, 8, and 9. The
Si—Si distances of these compounds are nearly equal,
approximately 2.35 A; the frequencies of the Si—Si
bonds are 426.8 cmm~1 for 7, 400.6 cm~1 for 8, and 395.8
cm™?® for 9. From these results we cannot find a good
reason that the activation energy for the ring opening
of 9 is larger than those of 7 and 8. A possible reason is
the loss of aromatic stabilization energy in the benzene

ring of 9. Despite the high activation energy, 4 makes
various reactions with substituted acetylenes at 250 °C,
leading to 5 in high yields.®7 Later in this paper we will
discuss why thermal treatment of benzodisilacyclobutene
leads to final acetylene adducts in high yields despite
the high activation energy for its ring opening.

Ishikawa et al.3 recently performed an X-ray struc-
tural analysis of trans-3,4-benzo-1,2-di(tert-butyl)-1,2-
dimethyl-1,2-disilacyclobut-3-ene; the Si—Si distance of
this disilacyclobutene is 2.383(9) A, and the two Si—C
distances are 1.890(9) and 1.888(9) A. Our computa-
tional results for 9 indicated in Figure 3 are in excellent
agreement with the X-ray structure of this benzodi-
silacyclobutene.

Diels—Alder Reaction of Disilabutadiene and
Acetylene. Having described the ring-opening reactions
of the three disilacyclobutenes in the previous section,
we next address the Diels—Alder reactions of the
disilabutadienes thus formed and acetylene. Let us first
look at the reaction of 7' and acetylene. A computed
potential energy profile, including zero-point energy
corrections, along the two-step concerted reaction path-
way for the addition of 7 and acetylene is presented in
Figure 4. The relative energies indicated are measured
from the dissociation limit, 7 and acetylene. The first
transition state (TS1) in this illustration is concerned
with the ring opening of 7 discussed above, and the
second transition state (TS2) is concerned with the
Diels—Alder reaction of 7' and acetylene. The activation
energy for TS2 is predicted to be 0.9 kcal/mol when
measured from the intermediate 7'; we thus expect that
this reaction should readily take place if the four-
membered ring of 7 is opened by heat treatment. The
activation barrier measured from 7 amounts to 39.8
kcal/mol. Since the product of this Diels—Alder reaction,
1,4-disila-cyclohexa-2,5-diene (7'""), lies 60.3 kcal/mol
below the reactants, this reaction is considered to be
irreversible. We confirmed from vibrational analyses
that 7' is a local minimum point on the potential energy
surface, suggesting that this unstable reaction inter-
mediate is responsible for the thermal addition. This
reaction intermediate is so high in energy that the
activation energy of this Diels—Alder reaction is much
smaller than those of the well-known Diels—Alder
reactions of butadiene and ethylene (24.8 kcal/mol at
the B3LYP/6-31G* level®®) and of butadiene and acety-
lene (25.0 kcal/mol at the B3LYP/6-31G* levell®),
Disilabutadiene 7' is unstable in energy, but should
exist without doubt as an unstable reaction intermedi-
ate, i.e.,, a local minimum on the potential energy
surface. In theoretical chemistry we are able to strictly
distinguish between reaction intermediate and transi-

(33) Ishikawa, M.; Naka, A. To be published.
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Figure 3. Optimized geometries of 1,1,2,2-tetramethyl-1,2-disilacyclobut-3-ene (8), 1,1,4,4-tetramethyl-1,4-disila-1,3-
butadiene (8'), 3,4-benzo-1,1,2,2-tetramethyl-1,2-disilacyclobutene (9), 1,2-bis(dimethylsilylene)cyclohexa-3,5-diene (9'), and
the transition states (TS1) for the ring opening at the B3LYP/6-31G** level. Bond lengths are in A.
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7 (Cyy) + CoH,
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Figure 4. Computed energy diagram for the addition of 7 and acetylene leading to the final product 7" via the intermediate
7'. Bond lengths are in A.

tion state in terms of vibrational analyses. Since this be impossible to experimentally observe this species
species has no imaginary frequency mode, it is a stable judging from the energetics of the reaction pathway
point on the potential energy surface. However, it may presented in Figure 4.
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Energies in kcal/mol

8' (C,) + CoH, Tsic-c-si=37.3°

8" (Dzn)

8"

Figure 5. Computed energy diagram for the addition of 8 and acetylene leading to the final product 8" via the intermediate

8'. Bond lengths are in A.

Figure 4 also shows optimized geometries of the
reaction species along the reaction pathway for the
thermal reaction of 7 and acetylene. The transition state
for the Diels—Alder reaction TS2 conserves Cs sym-
metry, and therefore it is symmetrical with respect to
the Si—C bonds being formed. The distance of these
Si—C bonds is predicted to be 3.102 A, which is about
1.6 times as long as the Si—C bond distances of the
stable structures. The arrows in the transition state
indicate the imaginary vibrational mode of 146.0 cm™1;
this transition vector is of course symmetrical and
conserves Cgs symmetry, suggesting preferred nuclear
motions along the reaction coordinate. Thus, the transi-
tion-state structure is quite appropriate for this syn-
chronous concerted process. We know from the transi-
tion vector in TS2 that the configuration of the H atoms
at the silicon atoms is not conserved during this thermal
process.

Diels—Alder Reaction of Substituted Disilabuta-
dienes and Acetylene. Let us next look at the reactiv-
ity of methyl-substituted disilabutadienes, 8 and 9'. We
present in Figure 5 a computed two-step reaction
pathway for the thermal addition of 8 and acetylene.
The general profile of this diagram is identical to that
of the reaction of 7 and acetylene shown in Figure 4.
The activation barrier for the ring opening of 8 is 46.7
kcal/mol, and that for the Diels—Alder addition of 8" and
acetylene is 3.9 kcal/mol. The activation barrier meas-
ured from 8 amounts to 45.6 kcal/mol, and therefore
higher temperature should be required for this reaction

to be facile. Optimized geometries of TS2 and the final
product 1,1,4,4-tetramethyl-1,4-disilacyclohexa-2,5-di-
ene (8") are also shown in Figure 5. In remarkable
contrast to the TS2 for the thermal addition of 7' and
acetylene in Figure 4, this transition state is not
symmetrical with respect to the Si—C bonds being
formed. The shorter Si—C bond is 2.820 A, and the
longer one is 3.417 A. Such an asymmetrical transition-
state structure can be ascribed to either a nonsynchro-
nous concerted transition state or a nonconcerted step-
wise transition state. We will give some comments on
this problem later in this paper.

We finally describe the reaction pathway for the
Diels—Alder reaction of 9' and acetylene. Figure 6
presents a computed energy diagram for the two-step
reaction pathway for the thermal addition of 9 and
acetylene. The profile of this diagram is essentially
identical to that of the reaction of 8 and acetylene shown
in Figure 5. The activation barrier for the ring opening
of 9 is 61.9 kcal/mol, and that for the Diels—Alder
addition of 9" and acetylene is 2.6 kcal/mol. The activa-
tion barrier measured from 9 amounts to 64.3 kcal/mol,
and therefore high-temperature treatment is also re-
quired for the reaction to be facile. Since the final
acetylene adduct, 2,3-benzo-1,1,4,4-tetramethyl-1,4-di-
silacyclohexa-2,5-diene (9"), is very stable in energy, the
ring opening is also likely to be the rate-determining
step in this thermal reaction. The ring opening of 3,4-
benzo-1,1,2,2-tetraethyl-1,2-disilacyclobut-3-ene (4) has
been reported to take place at 250 °C.,%7 as con-



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on October 9, 1999 on http://pubs.acs.org | doi: 10.1021/0m990316j

Thermal Addition of Disilacyclobutenes

TS1 (C,) 60.9i cm’”

Organometallics, Vol. 18, No. 22, 1999 4643

64.3
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TS2 (Cy) 109.1i cm’™

9"

Figure 6. Computed energy diagram for the addition of 9 and acetylene leading to the final product 9" via the intermediate

9'. Bond lengths are in A.

firmed from many Kkinds of reactions that suggest the
involvement of o-quinodisilane as a reaction intermedi-
ate.

Optimized geometries of TS2 and the final product
are presented in Figure 6. This transition state is also
not symmetrical with respect to the Si—C bonds being
formed. The shorter Si—C bond is 3.082 A, and the
longer one is 3.800 A. The shorter bond is in good
agreement with the corresponding Si—C bonds of the
symmetrical TS2 in Figure 4, but the longer bond is not.
We first recognized that this transition state should be
the one for a nonconcerted stepwise Diels—Alder reac-
tion, but this view may be incorrect. This asymmetrical
transition-state structure is quite reasonable from the
viewpoint of the asymmetrical frontier orbitals of 9
indicated in Chart 3. The methyl-substituted silylene
groups are not planar, and as a consequence sp orbital
mixing reasonably occurs at the silicon atoms. Therefore
the orbital at one silicon is directed upward and that
at the other silicon is directed downward with respect
to the cyclohexadienyl (benzene) ring. When 9’ interacts
with acetylene in the initial stages of this Diels—Alder
reaction, one silylene group should play a more domi-

Chart 3

nant role and the other one a less dominant role, which
can lead to this asymmetrical transition-state structure
with shorter and longer Si—C bonds. However, accord-
ing to the B3LYP computations of Goldstein, Beno, and
Houk,8¢ the difference in the free energy of activation
for the concerted versus the two-step diradical mecha-
nism for the Diels—Alder reaction of butadiene and
ethylene has been predicted to be small (2.3—7.7 kcal/
mol). It is therefore difficult to determine whether the
asymmetrical transition-state structures in Figures 5
and 6 are those for a nonsynchronous concerted transi-
tion state or a nonconcerted stepwise transition state
because this could also be a question of lifetimes. The
asymmetrical transition-state structures presented in
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Figure 7. Computed energy diagram for the self-condensation of 7. Bond lengths are in A.

Figures 5 and 6 may simply come from a steric effect of
the methyl groups.

Self-Condensation of Disilabutadiene and Disila-
cyclobutene. As indicated earlier in this paper, heat
treatment of a disilacyclobutene (1a) in the presence of
2-butyne and 3-hexyne gives 2a and 2b, respectively;
however the yields are low. On the other hand, a
benzodisilacyclobutene (4) reacts with substituted acety-
lenes leading to 5 in high yields. This experimental
contrast is curious considering our prediction that the
thermal ring opening of disilacyclobutene should take
place more easily than that of benzodisilacyclobutene
judging from their energetics. Let us consider why
disilacyclobutene and acetylene do not effectively make
the thermal addition. A possible reason is the self-
Diels—Alder [4 + 2] reaction between disilacyclobuta-
diene generated by heat treatment and disilacyclobutene.
This side reaction is expected to occur because disila-
cyclobutene has a localized C=C double bond that plays
an important role as a dienophile. On the other hand,
this type of self-condensation is less possible between
o-quinodisilane and benzodisilacyclobutene because ben-
zodisilacyclobutene involves a stable benzene ring that
never plays a role as a dienophile.

The energetics as well as optimized geometries for the
self-Diels—Alder reaction of disilacyclobutadiene and
disilacyclobutene is presented in Figure 7. We conclude
that this self-condensation should reasonably take place
once the four-membered ring of disilacyclobutenes is
thermally opened as in TS1. The transition state for
the Diels—Alder reaction TS2 shows a symmetrical Cs
structure. Since the product has a C=C double bond and
a four-membered Si,C, ring, we can expect further
reactions to take place leading to complicated oligomeric

Table 1. Energetics for the Reaction Species and
the Transition States for the Thermal Addition of
Disilacyclobutenes and Acetylene at the B3LYP/
6-31G** Level of Theory

energy (au)? ZPE (kcal/mol)®

acetylene —77.32957 16.8
7 —658.76974 41.4
TS1(7) —658.70042 39.5
7 —658.70472 39.6
TS2 (7' + CoHy) —736.03391 57.1
7" —736.20214 62.6
8 —816.09211 113.9
TS1(8) —816.01603 112.9
8’ —816.02472 113.3
TS2 (8' + CoHp) —893.34869 130.5
8" —893.52801 134.6
9 —969.75338 144.0
TS1(9) —969.65307 143.0
9' —969.65325 142.9
TS2 (9" + CoHy) —1046.97979 160.4
9" —1047.18628 164.6
TS2 (7' +7) —1317.47516 81.8
product (7' + 7) —1317.60245 85.5

a1l au = 27.21 eV = 627.5 kcal/mol. ® ZPE is the zero-point
vibrational energy.

silicon—carbon products. Thus, the thermal reaction of
disilacyclobutene and acetylene does not proceed quan-
titatively.

Conclusions

We have discussed the two-step reaction pathways for
the thermal additions of disilacyclobutenes and acety-
lene from B3LYP/6-31G** DFT computations. Detailed
descriptions on the energetics of the reaction species
(stable points) and the transition states (saddle points)
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investigated in this work are given in Table 1. It has
been confirmed that disilabutadienes, which are formed
by the ring opening of the corresponding disilacyclo-
butenes, are involved in the thermal reactions of the
silicon compounds as reaction intermediates. The acti-
vation energies for the symmetry-allowed conrotatory
ring opening of 1,2-disilacyclobut-3-ene (7), 1,1,2,2-
tetramethyl-1,2-disilacyclobut-3-ene (8), and 3,4-benzo-
1,1,2,2-tetramethyl-1,2-disilacyclobutene (9) are 41.5,
46.7, and 61.9 kcal/mol, respectively. The activation
energies for the Diels—Alder coupling reactions are 1—4
kcal/mol when measured from the disilabutadiene in-
termediates and 40—60 kcal/mol when measured from
the starting materials. Therefore the ring opening
should be the rate-determining step in these reactions
in contrast to the Diels—Alder reactions of butadiene.
Once the four-membered rings of the disilacyclobutenes
are opened by heat treatment, the Diels—Alder addi-
tions of disilabutadienes with many kinds of dienophiles
should readily take place. The transition state for the
addition of 1,4-disila-1,3-butadiene (7') and acetylene is
symmetrical with respect to the Si—C bonds being
formed, but those of 1,1,4,4-tetramethyl-1,4-disila-1,3-
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butadiene (8') and acetylene and of 1,2-bis(dimethyl-
silylene)cyclohexa-3,5-diene (9') and acetylene are asym-
metrical. These asymmetrical transition-state struc-
tures can be ascribed to either a nonsynchronous
concerted transition state or a nonconcerted stepwise
transition state. There are good reasons that such
asymmetrical transition states occur in these Diels—
Alder reactions. One is asymmetrical frontier orbitals
in the methyl-substituted disilabutadienes, and the
other is simply a steric effect of the methyl groups.
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