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The potential energy surfaces for the cycloaddition reactions of 12-valence-electron allenic anion species
have been studied using density functional theory (B3LYP/LANL2DZ). Five allenic anions of the form
[(SiH3)2SidMdSi(SiH3)2]-, where M) B, Al, Ga, In, and Tl, have been chosen as model reactants in
this work. Also, the alkene cycloaddition has been used to study the chemical reactivities of these 12-
valence-electron allenic anions. The present theoretical investigations suggest that the reactivity of 12-
valence-electron allenic anions increases in the order B, Al ≈ Ga ≈ In < Tl. That is, a less
electronegative as well as a heavier main group atom center M will facilitate the cycloaddition reaction.
Furthermore, the singlet-triplet energy splitting of the 12-valence-electron allenic anions, as described
in the configuration mixing model attributed to the work of Pross and Shaik, can be used as a diagnostic
tool to predict their reactivities. The results obtained allow a number of predictions to be made.

1. Introduction

There has been considerable research interest over the last
two decades concentrating on the chemistry of multiple-bond
systems, involving heavier main group elements with low
coordination number.1 Most have been isolated as stable
compounds by taking advantage of kinetic stabilization by using
appropriately bulky substituents as steric protection groups.
Among the many stable multiple-bond systems that have been
successfully characterized, compounds withπ-bonds to group
14 as well as group 15 elements were the first stable examples
to be synthesized2 and still play an important role in this field.3

In contrast, the number of analogous compounds involving

double bonds to the heavier group 13 elements has remained
quite small.4 Of these, the syntheses of stable double-bond
compounds between silicon and group 13 elements have been
a particular challenge to synthetic chemists.

Through the elegant studies performed by Sekiguchi and
many co-workers, kinetically stabilized molecules having the
[>SidGadSi<] or [>SidIndSi<] units, representing novel
allenic anionic species of the main group elements, have been
synthesized and fully characterized.5 One of these is the 1,1,3,3-
tetrakis(di-tert-butylmethylsilyl)-1,3-disila-2-gallataallenic anion,
[(t-Bu2MeSi)2SidGadSi(t-Bu2MeSi)2]-, a novel multiply bonded
system involving silicon and gallium. The other is the first stable
1,1,3,3-tetrakis(di-tert-butylmethylsilyl)-1,3-disila-2-indataal-
lenic anion, [(t-Bu2MeSi)2SidIndSi(t-Bu2MeSi)2]-, which has
been isolated, again by taking advantage of bulky substituent
groups. As a result, doubly bonded systems between heavier
group 13 and group 14 elements are no longer imaginary species.
Nevertheless, attempts to isolate other analogues, such as [(t-
Bu2MeSi)2SidBdSi(t-Bu2MeSi)2]- and [(t-Bu2MeSi)2SidTld
Si(t-Bu2MeSi)2]-, have all been unsuccessful up to now.

The purpose of the present work is therefore to enlarge the
previous experimental approaches by studying the reactivity of
SidM doubly bonded systems, with M varying from boron to
thallium. Our object is to obtain more insight into the bonding
character of their various isomers and to provide theoretical
information on the thermodynamic and kinetic stability of the
various [>SidMdSi<]- (M ) group 13 elements) species. To
achieve this, it is necessary to determine the transition-state (TS)
geometries of the molecules as well as the ground-state energies
of the products. To the best of our knowledge, neither
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experimental nor theoretical studies have yet been performed
on allenic anions with main group elements, let alone a
systematic theoretical study of elemental effects on the reac-
tivities of such species. This aroused our interest to investigate
the potential energy surfaces of [>SidMdSi<]- reactions using
density functional theory (DFT). A study of the important [3+
2] cycloaddition reaction, eq 1, was thus undertaken.

For the present, our focus is on the cycloaddition reaction of
allenic anions of the form [(SiH3)2SidMdSi(SiH3)2]-, where
M ) B, Al, Ga, In, and Tl. These compounds are all
isoelectronic and contain 12 valence electrons.6

The reason for choosing eq 1 as the model is simply because
we acknowledge that the size of the experimental systems
prevents highly accurate optimizations in our quantum theoreti-
cal calculations. In particular, the cost and available computa-
tional facilities make them impractical. As a consequence, we
have chosen small substituent groups for the allenic fragments.
Through this theoretical study, we hope (a) to obtain a detailed
understanding of the [3+ 2] cycloaddition reactions of ethylene
with [(SiH3)2SidMdSi(SiH3)2]--type complexes, (b) to inves-
tigate the influence of different group 13 atomic centers on the
geometries and energies of the transition states, (c) to elucidate
the differences between these group 13 elements, (d) to probe
electronic effects on the reactivities, and (e) to reveal factors
that control the activation barriers for such cycloaddition
reactions. It is our intention to show clearly that the singlet-
triplet gap in the [(SiH3)2SidMdSi(SiH3)2]- species can be used
as a diagnostic tool to predict its reactivity toward cycloaddition
reactions. In particular, the predicted molecular parameters
presented in this paper will act as a guide for any future
experimental investigations on some unknown [>SidMdSi<]-

(M ) group 13 elements) isomers.

II. Methodology

All geometries were fully optimized without imposing any
symmetry constraints, although in some instances the resulting
structures showed various elements of symmetry. For our DFT
calculations, we used the hybrid gradient-corrected exchange
functional proposed by Becke,7 combined with the gradient-
corrected correlation functional of Lee, Yang, and Parr.8 This
functional is commonly known as B3LYP and has been shown to
be quite reliable for both geometries and energies.9 These B3LYP
calculations were carried out with relativistic effective core
potentials on the group 13 elements modeled using the double-ú
(DZ) basis sets10 augmented by a set of d-type polarization

functions.10e The DZ basis set for the hydrogen element was
augmented by a set of p-type polarization functions (p exponents
0.356). Accordingly, we denote our B3LYP calculations by B3LYP/
LANL2DZ.11 The spin-unrestricted (UB3LYP) formalism was used
for the open-shell (triplet) species. The computed expectation values
of the spin-squared operator〈S2〉 were in the range 2.001-2.007
for all the triplet species considered here. They were therefore very
close to the correct value of 2.0 for pure triplets, so that the resultant
geometries and energetics are reliable for this study. Frequency
calculations were performed on all structures to confirm that the
reactants and products had no imaginary frequencies and that
transition states possessed a single imaginary frequency. The relative
energies were thus corrected for vibrational zero-point energies
(ZPE, not scaled).

For better energetics, single-point energies were also calculated
at CCSD(FC)/LANL2DZ//B3LYP/LANL2DZ + ZPE (B3LYP/
LANL2DZ) (hereafter designed CCSD),11 to improve the treatment
of electron correlation. All of the theoretical calculations were
performed using the GAUSSIAN 03 package of programs.13

III. Results and Discussion

(1) Geometries and Electronic Structures of [(SiH3)2Sid
MdSi[(SiH3)2]-. Before discussing the geometrical optimiza-
tions and the potential energy surfaces for the chemical reactions
of the 12-valence-electron allenic anions, we shall first examine
the geometries and electronic structures of the reactants, i.e.,
[(SiH3)2SidMdSi(SiH3)2]- (M ) B, Al, Ga, In, and Tl). The
optimized geometries for these 12-valence-electron allenic
anions were calculated at the B3LYP/LANL2DZ level of theory,
and their selected geometrical parameters are collected in Figures
1 and 2, where they are compared with some available experi-
mental data.5 The relative energies obtained by B3LYP and
CCSD calculations are summarized in Table 1. Their Cartesian
coordinates are included in the Supporting Information.

In the present work, reactants [(SiH3)2SidMdSi(SiH3)2]- (M
) B, Al, Ga, In, and Tl) have been calculated both as singlet
and as triplet species, whose geometric parameters are shown
in Figures 1 and 2, respectively. The theoretical findings based
on the B3LYP and CCSD calculations indicate that all the
anions possess a singlet ground state. As mentioned earlier,
although only two crystallographic investigations on substituted
[>SidGadSi<]- and [>SidIndSi<]- have been carried out
during the last three years, no theoretical calculations are so
far available in the literature for these compounds. Our B3LYP
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-

(M ) B, Al, Ga, In, and Tl)+ C2H4 f five-membered product
(1)
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calculations predict that the average SidGa and SidIn bond
lengths in the singlet state are 2.360 and 2.542 Å, which are
consistent with the experimental values (2.280 and 2.482 Å),
respectively. Similarly, the calculated Si-Si bond lengths in
[(SiH3)2SidGadSi(SiH3)2]- (average 2.372 Å at B3LYP) and
[(SiH3)2SidIndSi(SiH3)2]- (average 2.382 Å at B3LYP)
compare favorably with average Si-Si bond lengths deter-
mined from X-ray data in [>SidGadSi<]- (2.361 Å) and
[>SidIndSi<]- (2.362 Å), respectively, reported by Sekiguchi
et al.5 On the other hand, the SiGaSi angle in [(SiH3)2SidGadSi-
[(SiH3)2]- and ∠SiInSi angle in [(SiH3)2SidIndSi[(SiH3)2]-

are 155.0° and 154.4°, which are in reasonable agreement with
the experimental values (161.6° and 161.4°, respectively) as
given in Figure 1, bearing in mind that the experimental

structures contain bulkier groups. Namely, the discrepancy
may be attributed to steric effects that cause substituted
[>SidGadSi<]- and [>SidIndSi<]- to have larger SidMd
Si bond angles than in [(SiH3)2SidGadSi(SiH3)2]- and
[(SiH3)2SidIndSi(SiH3)2]-, respectively. In any event, due to
the agreement between the B3LYP theory and the available
experimental data, one would therefore expect that the same
relative accuracy should also apply to the geometries and to
the energetics predicted for the other [(SiH3)2SidMdSi(SiH3)2]-

(M ) group 13 elements) species.
In order to gain more insight into the nature of the chemical

bonding in the series of [(SiH3)2SidMdSi(SiH3)2]- anions, the
valence molecular orbitals based on the B3LYP/LANL2DZ
calculations are represented in Figure 3. Basically, all the group
13 allenic anion species ([>SidMdSi<]-) have in common a
four atomic orbitalπ-system containing fourπ-electrons analo-
gous to an allene species (a-b-c),14 which can interact with an
olefin in a six-electron transition state, energetically favored
according to the Woodward-Hoffmann rules.15 It is apparent
from Figure 3 that in the triplet state one electron is situated in
the LUMO, in which antibonding interactions exist between the
center and the terminal atoms. On the other hand, a bonding
interaction exists between the center and the terminal atoms in
the HOMO. The bond distancesr(a-b) andr(c-b) are therefore
expected to be longer, and the bond angle∠a-b-c is expected
to be smaller for the triplet compared to the singlet. These pre-
dictions agree qualitatively with our B3LYP/LANL2DZ results
for all cases as given in Figures 1 and 2. For instance, our B3LYP
computations demonstrate that singlet [(SiH3)2SidBdSi(SiH3)2]-

(170°) > triplet [(SiH3)2SidBdSi(SiH3)2]- (156°), singlet
[(SiH3)2SidAldSi(SiH3)2]- (154°) > triplet [(SiH3)2SidAldSi-
(SiH3)2]- (120°), singlet [(SiH3)2SidGadSi(SiH3)2]- (155°) >
triplet [(SiH3)2SidGadSi(SiH3)2]- (118°), singlet [(SiH3)2Sid
IndSi(SiH3)2]- (154°) > triplet [(SiH3)2SidIndSi(SiH3)2]-

(109°), and singlet [(SiH3)2SidTldSi(SiH3)2]- (155°) > triplet
[(SiH3)2SidTldSi(SiH3)2]- (102°). It should be noted that the
triplet ∠SiMSi bond angles at the group 13 elemental centers
in [(SiH3)2SidAldSi[(SiH3)2]-, [(SiH3)2SidGadSi(SiH3)2]-,
[(SiH3)2SidIndSi(SiH3)2]-, and [(SiH3)2SidTldSi(SiH3)2]-,

(14) Jorgenson, W. L.; Salem, L. InThe Organic Chemist’s Book of
Orbitals; Academic Press: New York, 1973; pp 122-125.

(15) (a) Woodward, R. B.; Hoffmann, R.Angew. Chem., Int. Ed. Engl.
1969, 8, 781. (b) Woodward, R. B.; Hoffmann, R.Angew. Chem., Int. Ed.
Engl. 1969, 8, 817.

Figure 1. B3LYP/LANL2DZ-optimized geometries (in Å and deg)
of the reactants (singlet) [(SiH3)2SidMdSi(SiH3)2]- (X ) B, Al,
Ga, In, and Tl). The experimental values (see ref 4) are in
parentheses. For the relative energies for each species see Table 1.
Hydrogens are omitted for clarity.

Figure 2. B3LYP/LANL2DZ-optimized geometries (in Å and deg)
of the reactants (triplet) [(SiH3)2SidMdSi(SiH3)2]- (X ) B, Al,
Ga, In, and Tl). For the relative energies for each species see Table
1. Hydrogens are omitted for clarity.

Table 1. Relative Energies for Singlet and Triplet
[(SiH3)2SidMdSi(SiH3)2]- and for the Ethylene

Cycloaddition Process: Reactants ([(SiH3)2SidMdSi(SiH3)2]-

+ C2H4) f Transition State f Cycloaddition Producta

system ∆Est
b (kcal mol-1) ∆Eq c (kcal mol-1) ∆Hq d (kcal mol-1)

M ) B 82.76 36.03 11.28
(88.18) (38.30) (5.289)

M ) Al 75.75 16.14 -30.19
(77.94) (12.90) (-39.13)

M ) Ga 77.81 18.28 -30.66
(80.44) (14.88) (-39.23)

M ) In 74.19 16.11 -37.06
(76.34) (12.20) (-47.07)

M ) Tl 66.00 14.46 -45.66
(72.68) (11.81) (-51.82)

a Energy differences have been zero-point corrected. See the text. All
were calculated at the B3LYP/LANL2DZ (CCSD results in parentheses)
level of theory. For the B3LYP-optimized structures of the stationary points
see Figures 1, 2, 4, and 5.bEnergy relative to the corresponding singlet
state. A positive value means the singlet is the ground state.cThe activation
energy of the transition state, relative to the corresponding reactants.dThe
reaction enthalpy of the product, relative to the corresponding reactants.
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respectively, decrease, as expected, in the given order 156° (B)
> 120° (Al) > 118° (Ga) > 109° (In) > 102° (Tl). However,
the singlet∠SiMSi bond angles follow a different trend: 170°
(B) > 155° (Ga) ≈ 155° (Tl) > 154 (In) ≈ 154° (Al).

Furthermore, the most striking results are the singlet-triplet
energy separations of the 12-valence-electron allenic anions. It
is often observed16 that the singlet-triplet energy splitting in
analogous species increases with the atomic number of the
central atom. However, in the case of group 13 allenic anions,
the singlet-triplet energy splitting follows a somewhat different
trend. For example, our theoretical results as given in Table 1
indicate an intriguing trend,+88 kcal/mol (B) > +80 kcal/
mol (Ga) > +78 kcal/mol (Al) > +76 kcal/mol (In)> +72

kcal/mol (Tl) at the CCSD level of theory. As there are no
relevant experimental and theoretical data on such quantities,
the above result is a prediction. We shall use the above results
to explain the origin of barrier heights for the [3+ 2]
cycloaddition reactions in a later section.

In addition, according to Su’s work17 based on perturbation
theory, it is predicted that for 12-valence-electron three-center
systems, substitution of more electronegative atoms is most
energetically favorable at the terminal positions. Indeed, ex-
amining the electronegativities of silicon, gallium, and indium,
it is found that the electronegativity of Si (1.7) is greater than
that of both Ga (1.6) and In (1.5).15 This suggests that in the
[>SidGadSi<]- and [>SidIndSi<]- π-systems, the less
electronegative atom (such as Ga and In) will occur preferably

(16) (a) Su, M.-D.J. Phys. Chem. A2002, 106, 9563. (b) Su, M.-D.
Eur. J. Chem.2004, 10, 5877. (17) Su, M. D.Int. J. Quantum Chem.1993, 48, 249.

Figure 3. Calculated frontier molecular orbital for the [(SiH3)2SidMdSi(SiH3)2]- (X ) B, Al, Ga, In, and Tl) species. For more information
see the text.
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in the central position and the most electronegative atom (such
as Si) in the terminal position. Consequently, the previous
theoretical predictions based on Su’s work are in agreement
with recent experimental observations.4

(2) The Geometries and Energetics of [(SiH3)2SidMd
Si(SiH3)2]- Cycloadditions.Next, let us consider mechanisms
that proceed via eq 1, focusing on the transition states as well
as on the [3+ 2] cycloaddition products themselves. Namely,
the cycloaddition mechanisms may be thought to proceed as
follows: reactants (12-valence-electron allenic anion species+
C2H4) f transition state (TS) f cycloaddition products (Pro).
The optimized geometries for theseTS’s and Pro’s were
calculated at the B3LYP/LANL2DZ level of theory, and their
selected geometrical parameters are collected in Figures 4 and
5, respectively. The corresponding relative energies at the
B3LYP and CCSD levels of theory are given in Table 1. The
potential energy profiles based on the CCSD data in Table 1

are summarized in Figure 6. Cartesian coordinates are given in
the Supporting Information. Several noteworthy features from
Figures 4 and 5 and Table 1 are revealed.

The optimized transition states (B-TS, Al -TS, Ga-TS, In -
TS, andTl -TS) along with the calculated transition vectors are
shown in Figure 4, respectively. The arrows in the figure indicate
the directions in which the atoms move in the normal coordinate
corresponding to the imaginary frequency. It is readily seen that
these transition states connect the corresponding reactants to
the cycloaddition products. Examination of the single imaginary
frequency for each transition state (378i cm-1 for B-TS, 277i
cm-1 for Al -TS, 237i cm-1 for Ga-TS, 194i cm-1 for In -TS,
and 109i cm-1 for Tl -TS) provides an excellent confirmation
of the concept of the cycloaddition process. Namely, the
reactants approach each other with their molecular planes
parallel and two new bonds are formed at the same time. These
reactions appear to be concerted; we have been able to locate
only one transition state for each reaction and have confirmed
that it is a true transition state on the basis of frequency analysis.

A comparison of the five transition structures yields a number
of trends. As can be seen in Figure 4, the primary similarity
between these optimized transition states is a five-membered-
ring-like structure ofC1 symmetry. Next, there is a dramatic
effect on the intermolecular distances at the saddle points.
Increasing the atomic weight of the central atom in the
[>SidMdSi<]- species causes a large increase in the Si-C
distances. That is, the two newly forming bond lengths increase
in the orderB-TS (2.33 Å) < Al -TS (2.81 Å) < Ga-TS (2.89
Å) < In -TS (3.08 Å) < Tl -TS (3.56 Å) andB-TS (1.94 Å) <
Al -TS (1.97 Å)≈ Ga-TS (1.97 Å)< In -TS (1.98 Å)< Tl -TS
(1.99 Å). In addition, the present calculations indicate that the
greater the atomic weight of the central atom M, the more
asynchronous the [3+ 2] cycloaddition reaction. For instance,
as already shown in Figure 4, inB-TS, Al -TS, Ga-TS, In -TS,
andTl -TS one of the stretching Si-M bonds is longer than the
other.

Furthermore, it should be noted that the newly formed Si-C
bonds in the transition structures are stretched by 18.3%, 43.5%,
47.8%, 57.2%, and 81.4% for2-TS, 3-TS, 5-TS, 4-TS, and
1-TS, respectively, relative to their final equilibrium values.
Also, our B3LYP calculations suggest that the CdC double

Figure 4. B3LYP/LANL2DZ-optimized geometries (in Å and deg)
of the transition states of [(SiH3)2SidMdSi(SiH3)2]- (X ) B, Al,
Ga, In, and Tl) and ethylene molecules. For the relative energies
for each species see Table 1. The heavy arrows indicate the main
atomic motions in the transition-state eigenvector. Hydrogens are
omitted for clarity.

Figure 5. B3LYP/LANL2DZ-optimized geometries (in Å and deg)
of the cycloaddition products of [(SiH3)2SidMdSi(SiH3)2]- (X )
B, Al, Ga, In, and Tl). For the relative energies for each species
see Table 1. Hydrogens are omitted for clarity.

Figure 6. ∆Est ()Etriplet - Esinglet) for [(SiH3)2SidMdSi(SiH3)2]-

vs the activation energy and reaction enthalpy for the cycloaddition
of [(SiH3)2SidMdSi(SiH3)2]- to ethylene. The linear regression
equation is (a)y ) 1.798∆Est - 124.3 and (b)y′ ) 3.766∆Est -
332.3 with a correlation coefficientR ) 0.84 andR ) 0.92,
respectively. All values were calculated at the CCSD/LANL2DZ//
B3LYP/LANL2DZ level. See the text.
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bond is stretched by 11.0%, 9.89%, 10.4%, 9.09%, and 7.03%
for B-TS, Al -TS, Ga-TS, In -TS, and Tl -TS, respectively,
relative to its value in ethylene (1.331 Å). All these features
strongly indicate that the transition structures for allenic anions
with a more electronegative central atom take on a more
product-like character than the allenic anions with a less
electronegative central atom. Consequently, the barriers are
encountered earlier in the cycloadditions of the latter than of
the former. As will be shown below, this is consistent with the
Hammond postulate,18 which associates an earlier transition state
with a smaller barrier and a more exothermic reaction.

Besides this, it is readily seen that 12-valence-electron allenic
anions containing a more electronegative central atom have a
greater activation barrier to the [3+ 2] cycloaddition with
ethylene. For instance, as demonstrated in Table 1 (CCSD
calculations), since the electronegativity order is B (2.0)> Si
(1.70)> Ga (1.60)> Al (1.50) ) In (1.50)> Tl (1.40),18 the
barrier height for the cycloaddition follows a similar trend. That
is, the activation energy decreases in the orderB-TS (38.3 kcal/
mol) > Ga-TS (14.9 kcal/mol)> Al -TS (12.9 kcal/mol)> In -
TS (12.2 kcal/mol)> Tl -TS (11.8 kcal/mol). This strongly
indicates that the [3+ 2] cycloaddition with [>SidAldSi<]-,
[>SidGadSi<]-, [>SidIndSi<]-, and [>SidTldSi<]- should
take place more readily than with [>SidBdSi<]-.

In summary, it is clear from the above barrier heights that
the [3+2] cycloaddition reaction of 12-valence-electron allenic
anions with ethylene occurs more readily if the most electrone-
gative atoms are in the terminal rather than the central position.

The optimized product geometries (B-Pro, Al-Pro , Ga-Pro,
In-Pro , andTl-Pro ) are collected in Figure 5. It is found that
the newly formed Si-C bond in the transition structures are
stretched by 0.575%, 0.613%, 0.613%, 0.920%, and 1.43%
relative to their final equilibrium values inB-Pro, Al-Pro , Ga-
Pro, In-Pro , andTl-Pro cycloaddition products, respectively.
Again, these features indicate that a 12-valence-electron allenic
anion with a less electronegative atom in the central position
reaches the transition state earlier than one with a more
electronegative atom in the central position. Thus, one may
anticipate a larger exothermicity for the former, which is
confirmed by our CCSD calculations. For instance, the order
of reaction enthalpies follows the same trend as the activation
energy: B-Pro (+5.29 kcal/mol)> Al-Pro (-39.1 kcal/mol)
> Ga-Pro (-39.2 kcal/mol)> In-Pro (-47.1 kcal/mol)> Tl-
Pro (-51.8 kcal/mol). Note thatAl-Pro , Ga-Pro, In-Pro , and
Tl-Pro cycloaddition products are more exothermic thanB-Pro.
Thus, considering both the kinetics and the thermodynamics of
the [3 + 2] cycloaddition reactions, one may conclude that
cycloaddition of 12-valence-electron allenic anions (i.e.,
([>SidMdSi<]-) with ethylene should produce a five-
membered-ring cycloadduct compound in a single step (i.e., in
a concerted manner), thus stereospecifically. In other words,
such cycloaddition reactions should be favored for producing
stereoretention products.

IV. Overview of [3 + 2] Cycloaddition Reaction

Taking all five 12-valence-electron allenic anions (i.e.,
([>SidMdSi<]-) systems studied in this paper together, one
can draw the following conclusions.

(1) The [3+ 2] cycloadduct resulting from the reaction of a
12-valence-electron allenic anion and an olefin should be formed
in a one-step process. Namely, these [3+ 2] cycloadditions

proceed stereospecifically, leading to cycloproducts with retained
stereochemistry.

(2) Regardless of the relative electronegativity of the central
atom of the 12-valence-electron allenic anion, its cycloaddition
reaction with ethylene is predicted to be concerted, but via an
asynchronous transition state.

(3) A knowledge of the singlet-triplet splitting of the 12-
valence-electron allenic anion is of great importance in under-
standing its reactivity since it can affect the driving force for
cycloadditions.

(4) In principle, the more electronegative and the lighter the
central atom in the 12-valence-electron allenic anion, the larger
its ∆Est, the higher the activation barrier, and the smaller the
enthalpy of its cycloaddition to an alkene.

(5) Electronic as well as steric factors should play an
important role in determining the chemical reactivity of the 12-
valence-electron allenic anion species from both kinetic and
thermodynamic viewpoints.

V. Origin of the Barrier Height and the Reaction
Enthalpy for [(SiH 3)2SidMdSi(SiH3)2]- Cycloadditions

In this section, an intriguing model for interpreting the relative
reactivity of the reactants is provided by the so-called config-
uration mixing (CM) model, which is based on the work of
Pross and Shaik.20,21According to the conclusions of this model,
the energy barriers governing processes as well as the reaction
enthalpies should be proportional to the energy gaps for both
[(SiH3)2SidMdSi(SiH3)2]- and ethylene, that is,∆Est ()Etriplet

- Esinglet for [(SiH3)2SidMdSi(SiH3)2]-) + ∆Eππ* ()Etriplet -
Esinglet for C2H4). For the CCSD calculations on the aforemen-
tioned five systems, a plot of activation barrier versus∆Est is
given in Figure 6: y ) 1.798x - 124.3 (x ) ∆Est, y ) the
activation energy). Likewise, a linear correlation between∆Est

and the reaction enthalpy (y′) is also obtained at the same level
of theory: y′ ) 3.766x - 332.3. This investigation makes it
quite evident that, in order to find a good model for the facile
cycloaddition of 12-valence-electron allenic anion with ethylene,
an understanding of its singlet-triplet splitting∆Est is crucial.
We thus conclude that both the order of the singlet and triplet
states and their energy separation are responsible for the
existence and the height of the energy barrier.20,21

Bearing these analyses in mind, we shall now explain the
origin of the following observed trends:Why does the reactiVity
of 12-Valence-electron allenic anions increase in the order
[>SidBdSi<]- < [>SidAldSi<]- ≈ [>SidGadSi<]- ≈
[>SidIndSi<]- < [>SidTldSi<]-?

The reason for this can be traced to the singlet-triplet energy
gap of the 12-valence-electron allenic anion ([>SidMdSi<],
M ) group 13 elements). That is to say, the smaller the∆Est

for [(SiH3)2SidMdSi(SiH3)2]-, the lower the barrier height and
the larger the exothermicity and, in turn, the faster the
cycloaddition reaction. As one can see in Figure 3, the HOMO-
LUMO energy difference (and hence also∆Est) for a 12-valence-
electron allenic anion (i.e., [(SiH3)2SidMdSi(SiH3)2]- in the

(18) Hammond, G. S.J. Am. Chem. Soc.1954, 77, 334.

(19) Allred, A. L. J. Inorg. Nucl. Chem.1961, 17, 215, and references
therein.

(20) For details, see: (a) Shaik, S.; Schlegel, H. B.; Wolfe, S. In
Theoretical Aspects of Physical Organic Chemistry; John Wiley & Sons
Inc.: New York, 1992. (b) Pross, A. InTheoretical and Physical Principles
of Organic ReactiVity; John Wiley & Sons Inc.: New York, 1995. (c) Shaik,
S. Prog. Phys. Org. Chem. 1985, 15, 197.

(21) (a) The first paper that originated the CM model: Shaik, S.J. Am.
Chem. Soc. 1981, 103, 3692. (b) About the most updated review of the
CM model: Shaik, S.; Shurki, A.Angew. Chem., Int. Ed.1999, 38, 586.
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present work) decreases rapidly from M) boron down to
thallium. Indeed, as can be seen in Table 1, our CCSD results
suggest a decreasing trend in∆Est of [(SiH3)2SidMdSi(SiH3)2]-

of [>SidBdSi<] (88 kcal/mol)> [>SidGadSi<] (80 kcal/
mol) > [>SidAldSi<] (78 kcal/mol)> [>SidIndSi<] (76
kcal/mol)> [>SidTldSi<] (73 kcal/mol). This correlates well
with the trend in both barrier height and exothermicity, as
demonstrated in the previous section.

V. Conclusion

The present theoretical investigations present the first
theoretical evidence that the chemical reactivity of 12-
valence-electron allenic anion species increases in the order
[>SidBdSi<]- < [>SidAldSi<]- ≈ [>SidGadSi<]- ≈
[>SidIndSi<]- < [>SidTldSi<]-.

Besides this, our study has shown that the singlet-triplet gap
∆Est ()Etriplet - Esinglet) based on the CM model can provide a
useful basis for understanding and rationalizing the relative
magnitudes of the activation barriers as well as the reaction
enthalpies for the cycloaddition reaction of 12-valence-electron
allenic anion species with an alkene. We are confident in
predicting that for the above 12-valence-electron allenic anion

systems a less electronegative as well as a heavier main group
atom center will lead to a smaller∆Est and, in turn, will facilitate
the cycloaddition reactions to alkene. Despite the fact that the
estimated magnitude of the barrier and the predicted geometry
of the transition state for such reactions appear to be dependent
on the calculational level applied, our qualitative predictions
are consistent with the computational results presented here.
The predictions may be useful as a guide to future synthetic
efforts and to indicate problems that merit further study by both
theory and experiment.

It is ultimately hoped that this study will be helpful for further
developments in group 13 chemistry.
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