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Abstract: The mechanism of the cycloaddition reaction between singlet state
germylene silylene (H,Ge=Si:) and ethene was investigated by the CCSD(T)//
[IMP2/6-31G* method. From the potential energy profile, it can be predicted that
the reaction has only one dominant reaction pathway. The presented rule of the
dominant reaction pathway is that the [2+2] cycloaddition effect of the two
reactants leads to the formation of a four-membered ring silylene with Ge (INT1).
Due to sp? hybridization of the Si atom in four-membered ring silylene with Ge
(INTZ1), INT1 further reacts with ethene to form a bis-heterocyclic compound with
Si and Ge (P2).
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INTRODUCTION

Unsaturated silylenes are an important type of active intermediates. Their
cycloaddition reactions are considered as providing a convenient, short synthesis
pathway for the synthesis of tensility cyclotella, silapolycyclic compounds and
compounds that are difficult to synthesize by other methods, and are aso re-
garded as an effective method for the syntheses of new bonds and heterocyclic
compounds containing Si. HoC=Si: is the simplest unsaturated silylene, which
was first observed experimentally by Leclercq and Dubois in 1979.1 Srinivas et
al.2 employed neutralization—reionization mass spectrometry to show that HoC=Si:
is a viable molecule in a low-pressure gas phase. A theoretical study indicated
that the ground state of HoC=Si: is a singlet state.3 The energy of H,C=Si: is 84
kcal mol—1 lower than that of silaacetylide; thus, HoC=Si: is the lowest energy
isomer.4 Preliminary studies on the cycloaddition reactions of unsaturated sily-
lenes were performed,>2 but these studies were limited to the cycloaddition re-
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1396 Ludal,

action of methylene silylene and its derivatives (XoC=Si:, X=H, F, Cl, CHg, €tc.).
Hitherto, no reports on the cycloaddition reaction of germylene silylene and its
derivatives (XoGe=Si:, X=H, F, Cl, CHs, €etc.) exist; it is a new area of research
on the cycloaddition reaction of unsaturated silylenes. It is quite difficult to in-
vestigate the mechanisms of the cycloaddition reaction directly by experimental
methods due to the high activity of germylene silylene, therefore, a theoretical
study is more practical. To explore the rules of the cycloaddition reaction be-
tween germylene silylene (including its derivatives) and symmetric m-bonded
compounds, germylene silylene(H>Ge=Si:) and ethene were selected as model
molecules, and the mechanism of the cycloaddition reaction between germylene
silylene and ethene was investigated and analyzed theoretically. The results
showed that there are two possible pathways for the cycloaddition reaction (con-
sidering the H transfer simultaneously) as follows:
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CALCULATION METHOD

MP2/6-31G*10 implemented in the Gaussian 98 package was employed to locate all the
stationary points along the reaction pathways. Full optimization and vibrational analysis were
performed for the stationary points on the reaction potential energy profile. Zero point energy
and CCSD(T) corrections were included in the energy calculations. In order to explicitly
establish the relevant species, the intrinsic reaction coordinates (IRC)1112 were also cal cul ated
for al the transition states appearing on the potential energy profile of the cycloaddition.
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AB INITIO STUDY OF MECHANISM OF THE REACTION 1397

RESULTS AND DISCUSSION

Reaction (1): The pathways of the formation of a four-membered ring silylene
with Ge (INT1), H-transfer products (P1.1, P1.2 and P1.3) and a
three-membered ring product (P1)

Theoretical investigations showed that the ground state of germylene sily-
lene (HoGe=Si:) isthe singlet state. The geometric parameters of the intermediate
(INT1), transition states (TS1, TS1.1, TS1.2 and TS1.3) and products (P1, P1.1,
P1.2 and P1.3), which appear in reaction (1) between germylene silylene and
ethane, are given in Fig. 1. The energies are listed in Table I, and the potential
energy profile for the cycloaddition reaction is shown in Fig. 2. The unique ima-
ginary frequencies of the transition states TS1, TS1.1, TS1.2 and TS1.3 are
196.4, 600.2, 1037.0 and 985.6 cm1 , respectively, and, consequently, these tran-
sition states can be affirmed as real ones. According to the calculations of the
IRC of TS1, TS1.1, TS1.2 and TS1.3, further optimization of the primary IRC
results, TS1 connects INT1 with P1, TS1.1 connects INT1 with P1.1, TS1.2 con-
nects INT1 with P1.2 and TS1.3 connects INT1 with P1.3.

R2 ZOSICYCI 295 £ GeSIC()02)=-127.0 £GeSIC{C(2)=-1150 LGeSICHNCI2= 120
INT1 TS1 Pl TsLI

ZGeSICCE 3.0 ZGeSIC(IC2)= 458 ZGeSIC(1)C{2=34.1 ZGeSIC(02)=20.7 £ GeSIC(02)=03
.4 4 TS1.2 P12 1813 P13

Fig. 1. Optimized MP2/6-31G* geometrical parameters and the atomic numbering
for the species in cycloaddition reaction (1). Bond lengths and bond angles
arein A and °, respectively.

According to Fig. 2, it can be seen that reaction (1) consists of five steps: the
first step is that the two reactants (R1 and R2) form a four-membered ring si-
lylene (INT1), which is a barrier-free exothermic reaction of 127.9 kJ mol—L; the
second step is that INT1 isomerizes to a three-membered ring product (P1) via
the transition state TS1 with an energy barrier of 56.7 kJ mol—L; the following
three steps are that INT1 undergoes H-transfer via transition states TS1.1, TS1.2
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and TS1.3 with energy barriers of 42.4, 66.2 and 118.6 kJ mol—1, respectively,
resulting in the formation of products P1.1, P1.2 and P1.3. Asthe energy of PLlis
39.7 kJ mol-1 higher than that of INT1, the reaction INT1—P1 is thermodyna-
mically prohibited at normal temperature and pressure. The energy barriers of
TS1.2 and TS1.3 are 14.3 and 23.8 kJ mol—1 higher than that of TS1.1; therefore,
INT1—P1.1 is the dominant reaction pathway of the reaction (1).

TABLE 1. Zero point energy (ZPE / hartree), total energies (Et / hartree) and relative energies
(Er / kJmolt) for the species from various theoretical methods (Er = E(gpedies) + ZPE; Eg =
= BEr — Bru+r2) BEr = Er —EgnT14R2)

MP2/6-31G* CCSD(T)/IMP2/6-31G*

Reaction Species ZPE
Er Er Er Er
(@) R1+R2 0.06544 244159424 0.0  -2441.67589 0.0
INT1 0.07079  —2441.65402 -157.0 -—2441.72461 -127.9
TSI1(INT1-P1) 0.06938 —2441.63161 -98.1 -2441.70301 -71.2
P1 0.06962 —2441.63776 -114.3 -—2441.70947 -88.2
TSL1(INT1-P1.1) 0.06935 —2441.63740 -113.3 -2441.70845 -85.5
P11 0.07197 -2441.66161 -176.9 —2441.72835 -137.7
TS1.2(INT1-P1.2) 0.06714 244163285 -101.4 -2441.69939 -61.7
P1.2 0.06805 —2441.66461 -184.8 -—2441.72831 -137.6
TSL3(INT1-P1.3) 0.06492 -2441.60500 -28.3 -2441.67945 -9.3
P13 0.06734  —2441.66052 -174.0 -2441.72664 -133.2
2 INT1+R2 0.12283 —2519.88701 0.0  —2519.99449 0.0
P2 0.12720 —2519.95156 —169.5 —2520.04690 -137.6
o-| RIER2 INT1+R2
0.0 TS1.3 0.0
“‘ :’ -9.3 ‘\\ \‘\
Joelr N
-50- K s TS12 % \
E ““ ,'II ,,'I TS “\\ “\“ ‘\‘\ Reaction(2)
2 - \ R T T ' '
= S0 ISLLY SR '
LL] \\ "[’l"’ _85.5“‘ EZ“\ ‘\ \\
- 1 OO - \‘ ,I ,:Il'l' “ ‘\ \‘ \‘
. Ry \oa1332
_1279 \‘\ \“ M P] ) \‘ Pz
150 Reaction(1) Y P11 P2 '
- g 1376 -137.6

Fig. 2. The potential energy profile for the cycloaddition reactions between
H,Ge=Si: and H,C=CH, with CCSD (T)//MP2/6-31G*.
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AB INITIO STUDY OF MECHANISM OF THE REACTION 1399

Reaction (2): The formation pathway of a bis-heterocyclic compound
with S and Ge (P2)

In reaction (2), INT1 further reacts with ethene (R2) to form a bis-hete-
rocyclic compound with Si and Ge (P2). The geometrical parameters of product
(P2) which appear in reaction (2) are given in Fig. 3. The energies are listed in
Table |, and the potential energy profile for the cycloaddition reaction is shown
in Fig. 2. According to Fig. 2, reaction (2) is a barrier-free exothermic reaction of
137.6 kI mol=1. A careful and detailed study of this reaction, for which no inter-
mediates or transition states exist, was performed. It is believed that due to the
large radius of the Si atom before an intermediate or transition state could be
formed, sp3 hybridization of the Si atom in INT1 occurred and INT1 combined
with the ethene to form a bis-heterocyclic compound with Si and Ge (P2).

Fig. 3. Optimized MP2/6-31G* geometrical

ZGeSiC(1)C(2)=22.1 parameters of P2 and the atomic numbering

£C(3)SiGeC(2)=114.0 for the species in cycloaddition reaction (2).

£CACE)SIGe130.5 Bond lengths and bond angles arein A and °,
P2 respectively.

According to Fig. 2, INT1—P1.1 and reaction (2) are two mutually compe-
titive reactions but because INT1—P1.1 requires a barrier of 42.4 kJ mol-1 be
surmounted, while INT1+R2—P2 directly reduces the system energy by 137.6 kJ
mol—1, reaction (2) should be the main reaction pathway .

Theoretical analysis and explanation of the dominant reaction pathway

According to the above analysis, the dominant reaction pathway of the cyc-
loaddition reaction between singlet state germylene silylene and ethene is as fol-
lows:

R1+R2 — INT1—2 5 pp

In this reaction, the frontier molecular orbitals of R1, R2, and INT1 are
shown in Fig. 4. According to Fig. 4, the frontier molecular orbitals of R1, R2
and INT1 can be expressed as in the schematic diagram given in Figs.5 and 6.
The mechanism of the dominant reaction channel can be explained with the mo-
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lecular orbital diagrams (Figs. 5 and 6) and Figs. 1 and 3. According to Figs. 1
and 5, when germylene silylene and ethene approach each other, due to the [2+2]
cycloaddition effect of the two rt-bonds in germylene silylene and ethene, a four-
membered ring silylene with Geisformed (INT1). AsINT1 is an active interme-
diate, it may further react with ethene to form a bis-heterocyclic compound with
Si and Ge (P2). The mechanism of this reaction can be explained with Figs. 3 and
6. AsINT1 and ethene approach each other, due to the large radius of the Si atom
in INT1, sp3 hybridization of the Si atom in INT1 occurs before the formation
of any intermediate or transition state between INT1 and ethane and then INT1
combines with the ethene to form a bis-heterocyclic compound with Si and Ge (P2).

HOMO of R1 HOMO of R2 HOMO of INT1 LUMO of INTI
Fig. 4. The frontier molecular orbital of R1, R2 and INT1.

Fig. 5. A schematic interaction diagram Fig. 6. A schematic interaction diagram for the
for the frontier orbitals of H,Ge=Si: frontier orbitals of INT1 and H,C=CH,, (R2).
(R1) and H,C=CH, (R2).

CONCLUSIONS

From the potential energy profile of the cycloaddition reaction between sing-
let state germylene silylene and ethene obtained by the CCSD(T)//MP2/6-31G*
method, it can be predicted that the reaction has a dominant reaction pathway.
The dominant reaction pathway consists of two steps: first the two reactants form
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a four-membered ring silylene with Ge (INT1) through a barrier-free exothermic
reaction of 127.9 kJ mol=1 and then INT1 further reacts with ethene (R2) to form
a bis-heterocyclic compound with Si and Ge (P2), which is also a barrier-free
exothermic reaction of 137.6 kJmol—1.

N3BOJI

AB INITIO UCITUTUBAKLE MEXAHU3MA PEAKIIMJE ®OPMUPABA
BUC-XETEPOLIMKJIMUHUX JEAUHEBA CA S 1 Ge UIBMEBY
TEPMUJIEH-CUJIEHA (H,Ge=Si:) U ETEHA

XIUHUI LU, JUNFENG HAN, ZHENXIA LIAN 1 YONGQING LI

School of Chemistry and Chemical Engineering, University of Jinan, Jinan,
Shandong, 250022, People’s Republic of China

MexaHu3aM LHKJIO-OKCHAALMOHE peakiuje usmely repmunen-cunena (H,Ge=Si:) y cunr-
JIETHOM CTamy W eTeHa je 6mo mcrmrman CCSD(T)//MP2/6-31G* metomoM m3 mpodna moTeH-
L{jaTHe eHepruje y3 MPEeANoCTaBKy lla peakiyja MMa caMO jeJaH JTOMUHAHTHH PEaKIHOHH IIyT.
[priKa3aHO MPABHUIIO O jEAHOM PEAKIMOHOM MyYTY je na [2+2] muknoaaumuja mpoys3pokyje ia asa
peakTanTa J0BOJAE A0 (POPMHpama deTBOpouwnaHOr npcreHa cunena ca Ge (INT1). 36or sp?
xubpuauzarumje S atomMa y yerBopowianoM npcreny cuiiena ca Ge (INT1), INT1 nanasme pearyje
ca eTeHOM Tpajiehn GHC-XeTepOLMKINYHO jeaumbere ca Si u Ge (P2).

(TTpumsbeno 21. cenrrem6pa 2010, pesuaupano 23. mapra 2011)
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