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Abstract The mechanism of the cycloaddition reaction
CH;M=MCH; (M=C, Si, Ge) with C,H, has been studied at
the CCSD(T)/6-311++G(d,p)//MP2/6-311++G(d,p) level.
Vibrational analysis and intrinsic reaction coordinate
(IRC), calculated at the same level, have been applied to
validate the connection of the stationary points. The break-
age and formation of the chemical bonds of the titled
reactions are discussed by the topological analysis of
electron density. The calculated results show that, of the
three titled reactions, the CH;Si=SiCH;+C,H, reaction has
the highest reaction activity because it has the lowest
energy barriers and the products with the lowest energy.
The CH3C=CCH;+C,H, reaction occurs only with diffi-
culty since it has the highest energy barriers. The reaction
mechanisms of the title reactions are similar. A three-
membered-ring is initially formed, and then it changed to
a four-membered-ring structure. This means that these re-
actions involve a [2+1] cycloaddition as the initial step,
instead of a direct [2+2] cycloaddition.

Keywords Cycloaddition - Heavier group 14 element -
Reaction mechanism - Topological analysis of electron density
Introduction

Heavier group 14 element alkyne analogues have been a
focus of theoretical and experimental interest since the early
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1980s [1-18]. The synthesis, isolation, and characterization
of the first stable heavier diterel alkyne analogues have been
reported only since 2000 [18-26]. The first discovery of a
stable heavier group 14 element analogue of an alkyne was
Ar*PbPbAr* (Ar*=CgH;-2,6(CeH,-2,4,6-Pr'3),, which was
synthesized by Power and his coworkers in 2000 [19]. Then,
in 2002, they prepared stable Ge [26] and Sn [20] alkyne
analogues using more careful control of the reaction condi-
tions and stoichiometry. Subsequent work by Sekiguchi [22]
and Mayer [25] afforded the first stable disilynes in 2004 by
reduction of 1,2-dihalogendisilyl precursors. In all cases, the
data show that the heavier main-group elements have funda-
mentally different electronic properties from their lighter con-
geners [1, 27]. The heavier group 14 element alkyne ana-
logues have a trans-bent, planar core arrangement, in which
the trans-bending increases in the sequence of C, Si and Ge.
Recently, Nagase examined the reactivity of “disilyne” toward
m-bonds [28] and Power et al. showed that the “digermyne”
can react readily with unsaturated molecules, such as alkynes
and azides, under ambient conditions [29, 30]. Pilling [31] and
Piecuch [32] determined the mechanism of cyclopentyne-
alkene and cyclopentyne-ethylene cyclopentyne belong to
[2+2] cycloaddition, while Nagase determined it belongs to
[2+1] cycloaddition [28]. To date, although a few papers have
described the cycloaddition reaction of the disilyne RSi=SiR
(R=organic subsituent) with alkenes, and four-numbered-ring
structure exist in the products [21, 30]. While how the four-
numbered-ring structures forms and the reactivity of other
group 14 element alkyne analogues is much less known,
therefore, a comparison of chemical behavior of heavier group
14 element alkyne analogues with that of alkynes is of special
interest, and a detailed knowledge of the cycloaddition reac-
tion mechanism is very desirable.

In this paper, we report theoretical studies of the cycloaddi-
tion reaction of CHsM=MCH; (M=C, Si, Ge) with C,H4 The
transition states and intermediates for the cycloaddition reac-
tion have been found. The energy variation along the reaction
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path, the relationship between the topological characteristic of
density distribution are also discussed. The similarities and
regularities of the three reactions of CH;M=MCH; (M=C, Si,
Ge) with C,Hy have also been studied and compared. We
expect that our computations will provide useful information
for experimental synthesis and stimulate further studies.

Computation methods

The geometries of the reactants, transition states, intermedi-
ates, products and some points on the potential energy
surface were located using MP2/6-311++G(d,p) [33]
calculations with CCSD(T)/6-311++G(d,p) [34] energy
corrections.Harmonic frequencies were calculated to charac-
terize the stationary points and the reaction paths were traced
out using intrinsic reaction coordinate (IRC) [35] in mass-
weighted internal coordinates in both the forward and reverse
directions from the transition state, with a step size equal to
0.01 (amu)"? bohr. Computations were performed using the
Gaussian 03 program package [36]. Molecular graphs of some
points in the reactions were plotted according to the atoms in
molecules (AIM) theory, as proposed by Bader [37, 38], using
the program AIM2000 [39].

Results and discussion
Potential energy profiles on IRC paths

The geometry of the reactants, transition states, intermediates,
and products of the CH;M=MCH;3+C,H,4 (M=Si, C, and Ge)
reaction on the potential energy surfaces have been optimized
and are shown in Figs. 1 and S1-S2 (Supporting information),
respectively. The potential energy profiles of these reactions

are shown in Fig. 2. The relative energies of the reactants,
transition states, intermediates, and products calculated at the
CCSD(T) and MP2 levels are labeled in Fig. 2, too. For
convenience, the energy of the reactants is set to be zero for
reference and the CCSD(T) energies are used for the follow-
ing discussion.

The reaction of CH3;C=CCH; with C,H, takes place as
follows:

CH3C=CCHj3; + C;H4—Complex = Intl 5 Int2 = Product.

The pathway consists of four reaction steps. For the first
step, a complex is formed between CH3;C=CCHj; and C,H,.
The energy of the complex is 11.3 kJ mol™ lower than that of
the reactants. In the next step, the C(3) atom of CH3;C=CCHj3
attacks the C(1) atom of C,H, and, as the reaction proceeds,
the distance between C(1) and C(3) continuously decreases.
As the distances C(1)-C(3) decreases to 1.6594 A, the reaction
arrives at TS1. In TS1, the linear structure of CH;C=CCHj;
has changed to a trans-bent structure, in which the bond length
of C(3)-C(4) has increased to 1.3214 A. After TSI, the dis-
tance between C(1) and C(3) continues to decrease, so does
the length of the C(2)-C(3) bond. When the bond lengths of
C(1)-C(3), C(2)-(3) have reduced to 1.5772 A and 1.5372 A,
respectively, Intl forms. The decreasing bond lengths means
that the C(1)-C(3) and C(2)-C(3) bonds strengthen. In the
reaction process, a three-membered ring forms between the
C(1), C(2) and C(3) atoms. The energy barrier of this step is
204.8 kJ mol™", which is the highest energy barrier along the
whole pathway. Therefore, this step is the rate controlling step.
Furthermore, the energy of Intl is 155.4 kJ mol™" higher than
that of the complex, so this step is endothermic. The reaction
barrier and the energy difference between the complex and
Intl determine that the reverse reaction is easier. Therefore,
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Fig. 1 Geometries of all stationary points of the CH;Si=SiCH;+C,H, reaction (bond lengths in A, bond angles in degree)
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Fig. 2 Potential energy profiles for CH3IM=MCH3+C2H4 (M=(a)C,
(b)Si, (¢)Ge) reactions(CCSD(T) energy is bold typeface; the corre-
sponding MP2energy is shown in brackets)

Int1 can revert easily to the complex. In total, the high energy
barrier and reaction energy mean that the CH;C=CCH5+C,H,
reaction occurs difficultly. The third step is an isomerization
process of Intl to Int2 via TS2. From Intl to Int2, the C(1)-
C(3) and C(2)-C(3) bond length show no obvious changes,
neither does the bond angle C(1)-C(3)-C(2). However,
changes of the dihedral angles C(5)-C(3)-C(4)-C(6) (D5346)

are very clear throughout the isomerization process. From Int1
to Int2, D5346 changes from 168.1 ° to 1.6 °, which means
that trans-CH3;C=CCHj; changes to cis-CH;C=CCHj;. The
energy barrier of this step is only 38.1 kJ mol™, which means
that the isomerization is easy. The three-membered ring is
always present in the isomerization process. For the last step,
the CH3C=CCHj; rotates around the C(2)-C(3) bond, the C(1)-
C(3) bond length continuously increases, then C(1)-C(3) bond
disappears. In the proceeding of the reaction, the C(4), C(3),
C(2) and C(1) atom come to the same plane, C(1) atom
connects to C(4) atom and C(1)-C(4) bond forms. Hence,
the C(1)-C(2)-C(3)-C(4) four-membered ring structure forms.
The point group of the product is C,,. The noticeable change
of the dihedral angle D1234 can also illuminate the geometry
changes. In Int2, D1234 is —100.3 °, then it decreases to
—59.2 °in TS3 and to zero in the product.

The CH;3Si=SiCH3+C,H, reaction takes place as follows:

TS2 TS3

CH3Si = SiCH3 + C2H4—>Complex 5 Intl = Int2 — Int3 iy Product

Firstly, a complex forms whose energy is 11.3 kJ mol
lower than that of the reactants. Secondly, the C(1)-Si(3) and
C(2)-Si(3) bond lengths decrease to form Intl(¢trans-
CHj;SiSiCHj3) via TS1. Thirdly, trans-CH3SiSiCHj is isomer-
ized to cis-CH;Si=SiCHj. The next step is an additional step
compared to the CH;CCCH;3+C,Hy reaction. In this step, Int2
changes to Int3 with the dihedral angle C(1)-C(2)-Si(3)-Si(4)
(D1234) changing from —100.4 ° to 134.8 °. Lastly, the prod-
uct, which has C, symmetry, is produced. It is worth noticing
that the CH;Si=SiCH; does not rotate like CH;C=CCHs;. In
this process, the C(2)-Si(3) bond breaks and then C(2)
atom links to Si(4) atom. Hence, a four-membered ring
C(1)-C(2)-Si(4)-Si(3) forms. Although the reaction steps of
CH;Si=SiCH;+C,H, are similar to those of CH;C=CCH;s+
C,H,, the energy barriers are much less than for the same
step in the CH;C=CCH;+C,H, reaction. The first energy
barrier is 3.7 kJ mol™, so Intl can form easily. The next step
is the rate controlling step, whose energy barrier is 230.5 kJ
mol™. Although this energy barrier is not low, the first step is
an exothermic reaction and TS2 is only 85.3 kJ mol™ higher
than that of the reactants. Moreover, the energy of the product
is —192.4 kJ mol™' lower than that of the reactants, so the
reaction of CH;3Si=SiCH;+C,H, can proceed readily.

The reaction path of CH3;Ge=GeCH;+C,H, reaction is

CH3Ge=GeCH; + C2H4—>C0mplex = Intl B Int2 = Product

Firstly, a complex yields. Next, the C(1) and C(2) atoms get
closer to the Ge(3) atom and a C(1)-Ge(3)-C(2) three-
membered ring forms. Then, the trans-CH3;Ge=GeCHj; is
isomerized to cis-CH3;Ge=GeCH;. Finally, the C(1)-Ge(3)-
C(2) three-membered ring disappears and a new C(1)-C(2)-
Ge(4)-Ge(3) four-membered ring forms. The energy of TS2 is
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157.0 kJ mol™" higher than that of the reactants, and the total
reaction is exothermic. The reaction energy is 112.9 kJ mol™,
so the CH;Ge=GeCH;+C,H,4 reaction can also occur easily.
Comparing the three title reactions, the CH;3Si=SiCH;+
C,H,4 reaction has the highest reaction activity since it has the
lowest energy barriers and the lowest energy of the product.
The CH3Ge=GeCH;3+C,H, reaction can also take place easily.
The CH3C=CCH;+C,H, reaction occurs with difficulty be-
cause it has the highest energy barriers. The lowest reactivity of
CH3;C=CCH;+C,H,4 can be explained from the electronic
structure. The heavier main-group element compounds (espe-
cially multiple bonded species) possess frontier orbitals with
small energy separations, so they have high activity [27].
Therefore, the reactivity of CH;M=MCH; (M=Si and Ge) is
much higher than CH;C=CCHj; and the CH;C=CCH;+C,H,
reaction occurs difficultly. Moreover, the work by Power [1]
discovered that the CH3Si=SiCHj; has a little more significant
diradical character than CH3;Ge=GeCHj3;. The more significant
diradical character, the higher reactivity of the compound.
Thus, the reactivity of CH3Si=SiCHj is a little higher than that
of CH3Ge=GeCHj;. In total, the reactivity of CH;E=ECHj;
with C,H, increases form C to Si, but reduces from again from
Si to Ge. The calculated results provide a reasonable explana-
tion for the experimental results of Nagase [28] and Power et
al. [29], that disilyne and digermyne can react readily with
unsaturated molecules such as alkynes and azides under ambi-
ent conditions, and these results also mean that the reaction
mechanisms of CH;M=MCH;+C,H, are similar to that of
RSi=SiR (R=Si'Pr{CH(SiMes),],)+2-butene reaction [28].

Topological structure changes along the IRC paths

Topological studies along the reaction paths can provide
very useful information about the reaction [40]. According
to Bader’s AIM theory [37, 38, 41], two atoms are defined
to be bonded if their atomic volumes share a common
interatomic surface, and there is a bond critical point
(BCP) on this surface. The electron density p(r.) at the
BCP is used to describe the strength of a bond. The larger
p(r.), the stronger the chemical bond. The existence of the
ring critical point (RCP) indicates that a ring structure exists.

In order to discuss the chemical bond changes along the
IRC path, a topological analysis of the electronic density was
carried out at a number of points along the reaction paths.
The molecular graphs along the IRC paths are displayed
in Figs. 3 and S3, Supporting information. The topological
characteristics at the bond critical point (BCP) and ring
critical point (RCP) on the CH;M=MCH;+C,H, reaction
pathway (la: M=C; 1b: M=Si) are listed in Table SI,
Supporting information. For the reaction CH;M=MCH;+
C,H,, we assigned S;, S, and S; as reaction coordinates
for the sequence complex—Intl, Int2—product(Int3), and
Int3—product, respectively.

@ Springer

The topological characteristics along the CH;C=CCH;+
C,H, reaction pathway are shown in Fig. S3, Supporting
information. First, the C1 atom of the C,H, attacks the C(3)
atom of CH3;C=CCHs;, C(1)-C(3) bond forms. After TSI, at
S§1=10.19, C(2)-C(3) bond forms, at this time, the C(1)-C(3)
bond still exists, then C(1)-C(2)-C(3) three-membered ring
forms. From S;=+0.19 to TS2, the p(r.) at the BCP of C(2)-
C(3) and C(1)-C(3) becomes larger and larger, which means
that the C(2)-C(3) and C(1)-C(3) become stronger. After
TS2, the p(r.) of C(1)-C(3) bond continues decreasing.
After S,=-0.05, the C(1)-C(3) bond breaks and the C(1)-
C(2)-C(3) three-membered ring dissociates. Then with the
C(4) atom rotating to C(1)C(2)C(3) plane, the C(1) atom
connects C(3) atom again at S,=+0.10. After that the C(1)-
C(3) bond path slips along the C(3)-C(4) bond, then C(1)
links to C(4) atom and the C(1)-C(2)-C(3) three-membered
ring changes to the C(1)-C(2)-C(3)-C(4) four-membered
ring structure. This means that the CH;C=CCH3;+C,H, re-
action is also a [2+1] cycloaddition, instead of a direct [2+2]
cycloaddition.

The molecular graph of the CH3Si=SiCH3+C,H, reac-
tion is shown in Fig. 3. As can be seen, a T-shaped conflict
structure exists in the complex in which the Si(3) atom of
CH;Si=SiCH; connects neither to the C(1) or C(2) atoms
but to the BCP of the C(1)-C(2) bond (defined as B1). As
the reaction proceeds, the electronic density p(r.) at
BCP(Si(3)-B1) continually increases, which means that
the interaction between CH;Si=SiCH; and C,H,4 becomes
stronger. As the reaction proceeds to S;=+0.27, the bond
path migrates from B1 to the C(2) atom of C,Hy, then the
C(2)-Si(3) bond forms. At S;=+0.36, following the forma-
tion of the C(1)-Si(3) bond, the C(1)-Si(3)-C(2) three-
membered ring structure first exists. From S;=+0.36 to
Intl, the p(r.) at the BCP of C(2)-Si(3) and C(1)-Si(3)
becomes larger and larger. For the process Intl to Int2,
the p(r.) of all bonds show little change. The C(1)-Si(3)-
C(2) three-membered ring structure exists until Int3. As the
reaction proceeding, the C(2)-Si(3) bond becomes weaker
and weaker, then at §5=—0.35, a strange phenomenon oc-
curs, in which the old C(1)-Si(3)-C(2) three-membered ring
and a new three-membered ring C(2)-Si(3)-Si(4) coexist.
At §3=—0.28, the C(2)-Si(3) bond disappears and the two
three-membered rings combine to give a new four-
membered ring formed by the C(1), Si(3), Si(4) and C(2)
atoms. Then the p(r.) at the BCP of C(1)-Si(3) bond de-
creases and that of C(2)-Si(4) increases, until they reach the
same value, 0.1155, at the product. The molecular graph of
the CH;Si=SiCH;+C,H, reaction shows that, in the initial
step, a three-membered ring structure forms, then the three-
membered ring structure changes to a four-membered ring
structure. These topological changes mean that the reaction
of CH;3Si=SiCH;+C,H, is [2 +1] cycloaddition, instead of
a direct [2+2] cycloaddition.
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Conclusions

The reaction mechanism of CH;M=MCH; (M=C, Si, Ge)
with C,Hy is discussed using quantum chemical and topo-
logical techniques. The analyses carried out in this work
lead to the following main conclusions:

(1) The reaction mechanisms of the title three reactions
are similar. The reaction of CH;M=MCH; (M=C,
Si, Ge) with C,H, is a cycloaddition reaction, since
four-numbered-ring structures exist in the products.
(2) Of the three titled reactions, the CH5Si=SiCH;+C,H,4
reaction has the highest reaction activity because it has
the lowest energy barriers and the lowest energy for the

product. The CH;C=CCH;+C,H,4 reaction occurs with
difficulty since it has the highest energy barriers. The
calculated results provide a reasonable explanation for
the experimental results.

(3) The topological characteristics of the three titled re-
actions show that the CH;M=MCH; (M=C, Si, Ge)+
C,H, reactions involve, in the initial step, [2+1] cyclo-
addition, instead of a direct [2+2] cycloaddition.
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