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Abstract: X,C=Sn: (X =H, Me, F, Cl, Br, Ph, Ar...) are new species of chem-
istry. The cycloaddition reactions of X,C=Sn: is a new study field of stan-
nylene chemistry. The mechanism of cycloaddition reaction of singlet H,C=Sn:
with ethylene is studied for the first time using the MP2/GENECP (C, H in
6-311++G**; Sn in LanL2dz) method in this paper. From the potential energy
profile, it could be predicted that the reaction has one dominant reaction chan-
nel. The reaction rule presented is that the 5p unoccupied orbital of tin in
H,C=Sn: sidewise overlaps with the bonding = orbital of ethylene resulting in
the formation of an intermediate. The instability of the intermediate makes it
isomerise to a four-membered ring stannylene. As the 5p unoccupied orbital of
the Sn atom in the four-membered ring stannylene and the n orbital of ethylene
form a m—p donor—acceptor bond, the four-membered ring stannylene further
combines with ethylene to form another intermediate, and this intermediate
further isomerises to a spiro-Sn-heterocyclic ring compound. The Sn in the
spiro-Sn-heterocyclic ring compound is combined with adjacent atoms by sp?
hybridization. The results of this study reveal the mechanism of cycloaddition
reaction of X,C=Sn: with symmetric n-bond compounds.

Keywords: H,C=Sn:; four-membered ring stannylene; spiro-Sn-heterocyclic
ring compound; potential energy profile.

INTRODUCTION

The unsaturated olefins of the group IV elements (C, Si, Ge) are all active
intermediates,| ¢ Their cycloaddition reaction have been studied’-13 and with
progress of these studies, the study on cycloaddition reactions of unsaturated
stannylene should also be put on the agenda. However, there have hitherto been
no published reports concerning cycloaddition reactions of unsaturated stan-
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nylene. Unsaturated stannylenes (i.e., XoC=Sn:) are a new chemical species and
new study field of stannylene chemistry. In particular, the mechanism of their
cycloaddition reaction and the rules of cycloaddition reactions between X,C=Sn:
and symmetric m-bonded compounds should be studied. In this paper HyC=Sn:
and ethylene were selected as model molecules, and the cycloaddition reaction
mechanism (considering H transfer simultaneously) was investigated and ana-
lyzed theoretically. The research result indicates the laws of cycloaddition react-
ion between X,C=Sn: and symmetric n-bonded compounds, which are signific-
ant for the synthesis of a small-ring containing Sn and spiro-Sn-heterocyclic
compounds. The study extended the research area and enriched the research con-
tent of stannylene chemistry.

CALCULATION METHOD

The method of the second-order perturbation theory (MP2)!4 and Gaussian 09 package
were used to optimize the structure of H,C=Sn: and its cycloaddition reaction with ethylene,
its transition state form at the MP2/GENECP (C, H in 6-311++G**; Sn in LanL.2dz level) of
theory. In order to further confirm the correctness of the relevant species and obtain the ther-
modynamic function for the species, vibration analysis was included. Finally, the intrinsic
reaction coordinate (/[RC)!3-1¢ was also calculated for all the transition states to determine the
reaction paths and directions.

RESULTS AND DISCUSSION

As theoretical research shows that the ground state of HyC=Sn: (R1) is a
singlet state, its cycloaddition reaction with ethylene (R2) has the following three
possible routes:
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The geometrical parameters of the intermediates (INT1 and INT3), transition
states (TS1, TS2, TS2.1 and TS3) and products (P1, P2, P2.1 and P3) that appear
in the above three reactions are given in Fig. 1, the energies are listed in Table |
and the entropy, enthalpy and Gibbs energy values are listed in Table II. The
potential energy profile of the above three reactions are shown in Fig. 2.
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Fig. 1. Optimized MP2/GENECP (C, H in 6-311++G**; Sn in LanL.2dz) geometrical

parameters and the atomic numbering for the species in cycloaddition reaction between

H,C=Sn: and ethylene. Bond lengths and bond angles are in angstrom and degree,

respectively.

TABLE 1. The electronic structure energy (E..) and relative energies (ER) for the species
from the MP2/GENECP (C, H in 6-311++G**; Sn in LanL.2dz) method at 298 K and 101325 Pa

. . MP2/GENECP
Reaction Species Eoo/Ha Er/ KJ mol T
(1?* RI+R2 —120.76486 0.0

INT1 —120.78058 —41.3

TS1 (INT1-P1) —-120.72718 98.9

Pl -120.73150 87.6

() RI+R2 —120.76486 0.0
INT1 —120.78058 —41.3

TS2(INT1-P2) —120.76248 6.2
P2 —120.82512 —-158.2

TS2.1(P2-P2.1) —-120.71765 123.9

P2.1 —120.75656 21.8

3) P2+R2 ~199.17164 0.0
INT3 —199.18360 -31.4

TS3(INT3-P3) —-199.16216 24.9

P3 —199.16806 9.4

AFR = Eese™Fese(R1+R2), bER = Eege— Eoge(P21R2)
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TABLE II. Entropy, enthalpy and Gibbs free energy for the species from MP2/GENECP (C,
H in 6-311++G**; Sn in LanL.2dz) methods at the 298 K and 101325 Pa
Reaction Species H/Ha Sx10%/ Ha G/ Ha
€)) R1+R2 —120.68436 1.83010 —120.73895
INT1 —120.69667 1.31074 —120.73577
TS1 (INT1-P1) —120.64511 1.19512 —120.68076
P1 —120.64842 1.23904 —120.68538
2) TS2(INT1-P2) -120.67918 1.18527 —120.71454
P2 —120.73864 1.17524 —120.77369
TS2.1(P2-P2.1) —120.63781 1.17213 -120.67277
P2.1 —120.67517 1.20096 —120.71099
3) P2+R2 —199.03032 2.01150 —199.09031
INT3 —199.03946 1.52138 —199.08484
TS3(INT3-P3) —199.01940 1.35050 —199.05968
P3 —199.02440 1.40081 —199.06618
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Fig. 2. The potential energy surface for the cycloaddition reactions between H,C=Sn: and
ethylene as calculated with MP2/GENECP (C, H in 6-311++G** ; Sn in LanL2dz).

The unique imaginary frequency of the transition states TS1, TS2, TS2.1,

and TS3 obtained through vibrational analysis are 220.77, 419.7i, 784.5i and
120.8i, respectively, and therefore, these transition states could be affirmed as the
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genuine ones. IRC (with a step-size of 0.1 amu~1/2 Bohr) analysis confirmed that
TS1 connects INT1 and P1, TS2 connects INT1 and P2, TS2.1 connects P2 and
P2.1, and TS3 connects INT3 and P3.

According to Fig. 2, it could be seen that reaction (1) consists of two steps:
the first one is that the two reactants (R1 and R2) form an intermediate (INT1).
According to Fig. 2 and Table II, the reaction is a barrier-free exothermic react-
ion, and the changes of molar constant volume heat of reaction (A.Uy,) and molar
heat of reaction (AHy,) at normal temperature and pressure are —41.3 and —32.3
kJ mol~!, respectively, and the change of molar Gibbs energy of the reaction
(A:Gp) is —8.3 kJ mol~!. The second is that INT1 isomerises to a three-mem-
bered Sn-heterocyclic ring product P1 via transition state TS1 with an energy
barrier of 140.2 kJ mol~!. According to Fig. 2 and Table II, the reaction is
endothermic, and the AU, and A.H},, values at normal temperature and pressure
are 128.9 and 126.7 kJ mol-!, respectively, and the A,Gy, value is 140.6 kJ mol-!.
Hence, INT1—P1 is thermodynamically forbidden at normal temperature and
pressure, and reaction (1) will end in INTT1.

According to Fig. 2, it could be seen that reaction (2) consists of three steps:
the first one is that the two reactants (R1 and R2) form an intermediate (INT1)
(the situation is the same as reaction (1)). The second is that the INT1 isomerizes
to a four-membered ring stannylene (P2) via transition state TS2 with an energy
barrier of 47.5 kJ mol~1. According to Fig. 2 and Table II, the reaction is exo-
thermic, and AUy, and AHy, the values at normal temperature and pressure are
~116.9 and —110.2 kJ mol~!, respectively, and the A,Gy, value is —91.2 kJ mol L.
The third is that the P2 undergoes H transfer via transition state TS2.1 with an
energy barrier of 282.1 kJ mol1, resulting in the formation of product P2.1.
According to Fig. 2 and Table II, the reaction is an endothermic reaction, and the
AUy, and A Hy, values at normal temperature and pressure are 180.0 and 166.6
kJ mol-1, respectively, and the A;Gy, value is 164.6 kJ mol-!. Thus, P2—P2.1 is
thermodynamically forbidden at normal temperature and pressure, and reaction
(2) will end in P2. Comparing reaction (2) with reaction (1), INT1—>P1 is
thermodynamically forbidden, and thus, reaction (2) will be the dominant react-
ion channel.

In reaction (3), the four-membered ring stannylene (P2) further reacts with
ethylene (R2) to form a spiro-Sn-heterocyclic ring, compound (P3). According to
Fig. 2, it could be seen that the process of reaction (3) is based on the P2 formed
in reaction (2) reacting further with ethylene (R2) to form an intermediate
(INT3). According to Fig. 2 and Table II, the reaction is a barrierless exothermic
reaction, and the AUy, and A.Hy, values at normal temperature and pressure are
—31.4 and —24.0 kJ mol1, respectively, and the A.Gp, value is —14.4 kJ mol~1.
Then intermediate (INT3) isomerizes to a spiro-Sn-heterocyclic ring compound
(P3) via a transition state (TS3) with an energy barrier of 56.3 kJ mol~1. Accord-
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ing to Fig. 2 and Table II, the reaction is an endothermic reaction, and the A Uy,
and AHy, values at normal temperature and pressure are 40.8 and 39.5 kJ mol~!,
respectively, and the A;Gy, value is 63.4 kJ mol~!. According to Fig. 2, reaction
(3) and P2—P2.1 in reaction (2) are competitive reactions. As P2—P2.1 is ther-
modynamically forbidden, reaction (3) will be the dominant reaction channel.

In reaction (3), since A;Gp, value of P2+R2—P3 is 49.0 kJ mol-l, it is a
thermodynamically forbidden reaction at normal temperature and normal pres-
sure. In order to realize the reaction, according to the following thermodynamic
formula:

AG(pz)—AG(p1)=J.;712AVdp

At a temperature of 298 K, P2+R2—P3 is allowed to proceed, and the pressure of
the reaction system must be greater than 150325 Pa (1.5 atm).

According to all the analyses, reaction (3) should be the dominant reaction
channel of the cycloaddition reaction between singlet HyC=Sn: and ethylene,
namely:

TS2 +R2 TS3

R1+R2 = INT1 P2 INT3 P3

In this reaction, the frontier molecular orbitals of R1, R2 and P2 are shown
in Fig. 3. According to Fig. 3, the mechanism of reaction (3) could be explained
with the frontier molecular orbital diagrams (see Figs. 4 and 5). According to
Figs. 1 and 4, when H2C=Sn: (R1) initially interacts with ethylene, the 5p unoc-
cupied orbital of tin sidewise overlaps with the bonding m-orbital of ethylene,
leading to the formation of an intermediate (INT1). As the reaction proceeds, the
Sn—C(2) bond (INT1: 2.886 A, TS2: 2.388 A, P2: 2.217 A), 2C(1)SnC(2)C(3)
(INT1: 88.0°,TS2: 50.0°, P2: 24.6°) and 2C(1)SnC(2) (INT1: 81.5°, TS2: 79.5°,
P2: 65.6°) gradually decrease, and the C(1)—Sn and C(2)-C(3) bond (INT1: 2.011
and 1.353 A; TS2:2.076 and 1.418 A; P2: 2.217 and 1.546 A) gradually
lengthen. Before the transition state TS2, Sn and C(2) form a covalent bond.
After the transition state TS2, C(1) and C(3) form a covalent bond. Thus, INT1
isomerizes to a four-membered ring stannylene (P2) via transition state TS2. As

HOMO of R1 LUMO of R1 HOMO of R2 HOMO of P2 LUMO of P2
Fig. 3. The frontier molecular orbitals of R1, R2, P2.
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P2 is still an active molecular species, P2 may further react with ethylene to form
a spiro-Sn-heterocyclic ring compound (P3). The mechanism of this reaction
could be explained with Figs. 1 and 5. According to the rule of molecular orbital
symmetry adaptation, when P2 interacts with ethylene (R2), the 5p unoccupied
orbital of the Sn atom in P2 insert the p orbital of ethylene forming a m—p
donor—acceptor bond, leading to the formation of an intermediate (INT3). As the
reaction proceeds, the Sn—C(4) and Sn—C(5) bond lengths gradually decrease
(INT3: 3.030 and 2.922 A; TS3: 2.241 and 2.168 A; P3: 2.126 and 2.126 A), the
2C(2)SnC(4) angle (INT3: 85.8°, TS3: 113.2°, P3: 138.2°) gradually increases,
the C(4)-C(5) bond gradually lengthens (INT3: 1.349 A, TS3: 1.485 A, P3:
1.554 A). Before the transition state TS3, a covalent bond is formed between Sn
and C(4) and between Sn and C(5). After the transition state TS3, INT3 further
isomerizes to a spiro-Sn-heterocyclic ring compound (P3) via transition state
TS3. Sn in the spiro-Sn-heterocyclic ring compound is combined with adjacent
atoms by sp3 hybridization.

R1

Fig. 4. A schematic interaction diagram for the frontier orbitals of
H,C=Sn: (R1) and C,H, (R2).

P2

Fig. 5. A schematic diagram for the frontier orbitals of
P2 and C2H4 (RZ)
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CONCLUSIONS

According to the potential energy profile, the cycloaddition reaction between
singlet HyC=Sn: and ethylene obtained with the MP2/GENECP (C, H in
6-311++G**; Sn in LanL.2dz) method can be predicted. This reaction has one
dominant channel. It consists of four steps: 1) the two reactants first form an
intermediate (INT1) through a barrier-free exothermic reaction of 41.3 kJ mol-!;
2) the intermediate (INT1) isomerizes to a four-membered ring stannylene (P2)
via transition state TS2 with an energy barrier of 47.5 kJ mol-!; 3) the four-
-membered ring stannylene (P2) further reacts with ethylene (R2) to form another
intermediate INT3 through a barrier-free exothermic reaction of 31.4 k] mol1; 4)
intermediate (INT3) isomerizes to a spiro-Sn-heterocyclic ring compound (P3)
via transition state TS3 with an energy barrier of 56.3 kJ mol~!. At a temperature
of 298 K, the reaction is carried out, and the pressure of the reaction system
needs to be greater than 150325 Pa (1.5 atm).

The 5p unoccupied orbital of Sn in X,C=Sn: is involved in cycloaddition
reaction of X,C=Sn: and the symmetric n-bonded compounds. The 5p unoc-
cupied orbital of tin in HyC=Sn: sidewise overlaps with bonding m-orbital of
ethylene resulting in the formation of an intermediate. The instability of the inter-
mediate makes it isomerise to a four-membered ring stannylene. As the Sp unoc-
cupied orbital of the Sn atom in the four-membered ring stannylene and the
n-orbital of symmetric n-bonded compounds forms a T—p donor—acceptor bond,
the four-membered ring stannylene further combines with symmetric n-bonded
compounds to form another intermediate, and this intermediate further isomerises
to a spiro-Sn-heterocyclic ring compound. Sn in the spiro-Sn-heterocyclic ring
compound is combined with adjacent sp3 hybridized atoms.

H3BOI
Ab initio TIPOYYABAE MEXAHU3MA HACTAJAHA CITUPO-Sn-XETEPOLIMKIIMUHUX
JEOUBEKBA HUKIIOAODUIIMOHOM PEAKIIMJOM H:C=Sn: U ETUJIEHA
XIAOJUN TAN' u XIUHUI LU?
'School of Biological Science and Technology, University of Jinan, Jinan 250022, P. R. China u “School of
Chemistry and Chemical Engineering, University of Jinan, Jinan 250022, P. R. China

X:C=Sn: (X = H, Me, F, Cl, Br, Ph, Ar...) cy HOBe Xxemujcke Bpcre. LluknoaguuuoHe
pexuuje Bpcra X2C=Sn: cy HOBO MOJbe Yy XeMMjU CTaHWIeHa. MexaHH3aM LUKIOafUIIMOHE
peaxuuje cunraetHor H2C=Sn: ca eTWIeHOM je y OBOM WIaHKy IO NPBHU NIyT IpOy4yaBaH
xopuirhewem MP2/GENECP (C, H ca 6-311++G™*; Sn ca LanL2dz) metoga. U3 npoduna
NOTEHLIWjaJIHE €HEPrHje MOXKE Ce NpefcKasaTH Aa peaklyja MMa jefaH JOMMHAHTaH peak-
UuoHHK myT. [IpencraB/beHO je peakUHOHO IMpaBWIO Aa Ce 5p He3ay3eTa opOuTana Kanaja y
H2C=Sn: boyHo npexnana ca Be3UBHOM T-opdUTanoM eTuneHa opmupajyhu onrosapajyhu
uHTepMenujep. HectabunHocT nHTEpMenujepa YMHU A Ceé OH U30MEPH3Yje Y YeTBOPOUIaHU
mpcreH craHwieHa. [Tourro 5p He3ay3era opduTana Sn aroma y YeTBOPOWIAHOM IIPCTEHY
CTaHW/IEHa U T-opOuTasna eTwieHa GOpPMHUpPajy T—p JOHOPCKO—aKLENTOPCKY Be3y, YETBOPO-
YJIaHHU NPCTEH CTaHWIeHa Ce Jake KoMOUHYyje ca eTWIeHOM Jajyhu HOBU HHTepMenyjep, a Taj
ce pame usomepusyje y CIIMPO-Sn-xetepouuknuuHo jemumerne. Sn y CIIMPO-Sn-xertepo-
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[MK/IHYHOM jeumbeny ce KOMOMHYje ca cycemHuM Sp3 XuOpUOM30BaHUM aTOMHUMa. Pesyntar
OB€ CTyfWje OTKpMBa MEXaHM3aM LHUKJI0agulMoOHe peakuuje X2C=Sn: ca CUMETPUYHHM T
BE3UBHUM jeIUBEHUMA.
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(ITpumsbeHo 3. jyHa, peBunupaHo 2. centemdpa, npuxsaheno 10. centembpa 2018)
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