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Abstract

Context Tetrylenoids, R,EXM (E=Si, Ge, and Sn; X =electronegative group; M = alkali metal), have electrophilic and
nucleophilic properties just like carbenoid. As the products of carbenoid compounds with olefins, the cyclopropane fraction
has been found to be biologically active in many natural and artificial compounds. Can carbenoid analogues of stannylenoid
facilitate similar cyclopropanation reactions?

Methods Addition reaction of the stannylenoid compound H,SnLiF with ethylene was investigated using density function
theory (DFT) at the M062X/def2-TZVP level. The single-point energy calculations were performed on the basis of QCISD/
def2-TZVP level.

Results Two possible pathways were found for the addition reaction of H,SnLiF (R1) with ethylene (R2). The most favorable
path is the two successive reactions of H,SnLiF and ethylene through the ternary ring product c-H,Sn(CH,), (P1) and then
the formation of the five-membered ring product (P2). Solvation-related studies have shown that addition reactions are more
likely to occur in the presence of THF solvents. This work provides theoretical support for the reactions of stannylenoid

with olefins.

Keywords H,SnLiF - Ethylene - Addition reaction - DFT

Introduction

Tetrylenoids, R,EXM (E=Si, Ge and Sn; X =electronega-
tive group; M =alkali metal), are heavier homologues of
carbenoid compounds [1, 2], which have electrophilic and
nucleophilic properties just like carbenoid. Silylenoids and
germylenoids have been successfully synthesized and iso-
lated over decades of exploration, and their structures and
reaction properties have been well investigated experimen-
tally and theoretically [3-26].

Stannylenoid is a class of tetrylenoids with the struc-
tural general formula RIR2SnXM, which is an active inter-
mediate. Scientists have also reported on their structure
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and synthesis. Grugel [27] team was the first to predict
the existence of stannylenoid compounds in the reaction
of aldehyde with some stannylene precursors. Then, Arif
et al. [28] and Ochiai et al. [29] successfully isolated the
stannylenoid compounds and observed their structures by
X-ray diffraction. Yan et al. [30] used the corresponding
stannylenes to react with cesium fluoride to synthesize sta-
ble stannylenoid for the first time. Then Gross et al. [31]
found that free stannylene can be obtained through stan-
nylenoid. Subsequently, some experiments also confirmed
this conclusion [32, 33].

Zhao et al. [34] reported the reaction of dipotassium-
tetrasilyl-1,4-dioxide with anhydrous SnCl, to form a five-
membered cyclic potassium chlorostannate, which was
converted to chlorinated stannylenoid by a cation exchange
reaction. Then, Yan et al. [35] reported a variety of reac-
tions of fluorinated stannylenoid with acetylene and showed
unique reactivity to acetylene with alkynyl hydrogen and
acetylene with trimethylsilyl group. Recently, Zhao et al.
[36] reported a new stannylenoid which was obtained by
the reaction of lithium aryl(silyl)amide with an equivalent
amount of SnCl, in THF, and studied its reactivity.
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The addition reactions of carbenoid compounds with
olefins have been extensively studied [1, 37-41], and the
cyclopropane fraction of their products has been found to be
biologically active in many natural and artificial compounds.
Can carbenoid analogues of stannylenoid facilitate similar
cyclopropanation reactions? This is a noteworthy topic
not only for experimental researchers but also for theoreti-
cal ones. Therefore, this work will explore the reaction of
stannylenoid with olefins using the simplest stannylenoid,
H,SnLiF, to react with ethylene and clarify the reaction
mechanism. The results of this work would provide a theo-
retical basis for the subsequent generation of tin-containing
compounds.

Theoretical methods

Geometries of the stationary points on the potential energy
surface were first optimized using the DFT [42, 43] M062X
method and the def2-TZVP basis set, and then harmonic
vibrational frequencies were calculated at the same level for
characterizing the minimum or first-order saddle point of
the optimized geometry. To improve the treatment of elec-
tronic correlations, the single-point energies of all station-
ary points were calculated at the def2-TZVP level of theory
using the QCISD [44] method. Unless otherwise stated, the
relative energies given in this paper are those calculated at
the QCISD/def2-TZVP//M062X/def2-TZVP levels, includ-
ing the (scale-free) correction for the zero-point vibrational
energy measured at the M062X/def2-TZVP level. The
mechanism of the addition reaction was verified by intrinsic
reaction coordinate (IRC) analysis of the possible transition
states (TS) to demonstrate that each TS correctly connects
the corresponding precursor complex (Q) to the product (P).
To account for solvent effects, the geometry and energy of
the stationary point in the addition reaction was calculated
using the SMD model [45], and the tetrahydrofuran (THF)
solvent was chosen (dielectric constant e =7.4). We used
Multiwfn and VMD software to draw frontier molecular
orbitals [46, 47]. All calculations were performed using the
Gaussian 09 [48] series of programs.

Fig.1 The stable configuration

of H,SnLiF calculated at the 81.9

level of M062X/def2-TZVP (84.3) (2573)22) Li
(bond length in A, bond angle in H g 1.720
degrees, and values in brackets H 1 416 (1.754)
are calculated in THF) Z -
1.848 ’) (40.4)
(1.833) Sn—————
2.131
(2.149)
p-complex
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Table 1 The relative energies (kJ/mol) of each stable configuration
of H,SnLiF in vacuum and THF are calculated at the QCISD/def2-
TZVP//M062X/def2-TZVP level

Vacuum THF
P-complex 0.00 0.00
Three-membered ring 36.34 4.19
“Classical” tetrahedral 112.28 54.64

Results and discussions
Structure of H,SnLiF

First, we calculated all the stable structures of H,SnLiF on
the basis of M062X/def2-TZVP. The results indicated that
the stannylenoid H,SnLiF has three kinds of structures,
namely, the p-complex structure, the three-membered ring
structure, and the “classical” tetrahedral structure that are
shown in Fig. 1. We noted that Qi et al. [49] optimize the
structure of H,SnLiF at the HF/3-21G level and their cal-
culated results indicated that H,SnLiF has four stable struc-
tures, namely, p-complex, three-membered ring configura-
tion, o-complex configuration, and “classical” tetrahedral
configuration. However, the 6-complex configuration is
not found at the M062X/def2-TZVP level in this work. The
MO062X/def2-TZVP calculated structural parameters such as
bond length and bond angel are different from HF/3-21G
calculated. Considering the level of the method and basis
set, we believe the calculation results of M062X/def2-TZVP
are more reliable. The relative energies are listed in Table 1.
In the p-complex structure, the bond length of Sn—-F and
Sn-Li is 2.131 (2.149) and 2.573 (2.702) A, respectively.
Li is bonded to F, and the bond length is 1.720 (1.754) A.
The angle of £FSnLi is 41.6 (40.4)°. In the three-membered
ring structure, the bond length of Sn—F and Sn—Li is 2.171
(2.144) and 2.663 (3.694) A, respectively, which are longer
than those in p-complex structure. Li is also bonded to F, and
the bond length is 1.671 (1.716) A, which is slightly shorter
than that in the p-complex structure. The angle of #FSnLi

Li Li
2.663 !
(3.694)

38.8

1.671

(1.716) 2.649

(2:723)

103.8
(110.3)

1.755 (15 0) H
i
Eh: 7("3\' 2.171 F/(Sn y 101.6
\ (2.144) 1.972 (96.8)
97 0H (2.024) H

(91.3)

three-membered ring "classical" tetrahedral



Journal of Molecular Modeling (2023) 29:163 Page3of9 163

e a

HOMO of R1 HOMO of R2 HOMO of Q1 HOMO of TSI HOMO of P1
(e,

LUMO of R1 LUMO of R2 LUMO of Q1 LUMO of TS1 LUMO of P1

HOMO of Q2 HOMO of TS2 HOMO of P2 HOMO of LiF

V. 6
é d [}
LUMO of Q2 LUMO of TS2 LUMO of P2 LUMO of LiF
HOMO of Q3 HOMO of TS3 HOMO of IM HOMO of TS4
@
LUMO of Q3 LUMO of TS3 LUMO of IM LUMO of TS4

Fig. 2 Frontier molecular orbitals of stationary points on the potential energy surface calculated at M062X/def2-TZVP level

is 38.8 (15.0)°. The relative energy of the three-membered 112.28 (54.64) kJ/mol. The data in brackets are the calcula-

ring structure is 36.34 (4.19) kJ/mol. However, in the “clas-  tion results under THF solvent conditions, and the results
sical” tetrahedral structure, Li and F are not bonded. The  are consistent with those under gas phase conditions. In the
length of Sn—F is the shortest and that of Sn—Li is the long-  following discussions, only the reaction of the p-complex

est. The relative energy of the “classical” tetrahedral one is structure with ethylene is concerned.

@ Springer



163 Page4of9

Journal of Molecular Modeling (2023) 29:163

Ql

Hiltns C,——C, il H |

H H

| AE=-9.43

¢ AE=-32.70 1 AE:
: (-28.77) :

272.40

(288.17)
F :
| wWH
\S’",..‘u\\
Q3 Li

TS3

i AE=128.10
(108.03)

AE=122.72 }

\ el N S I S T
3 8 A A A

AE

”, :/
% ¢
Ha .~ 3
a \ H"2
:. ~-y ==,II
R Sh
Hitn s G === il Hy,, wH
Pl nd H u-—"-'c3/ \(‘5"—151
H ! AE=207.23
H ' b e 1
\s""“‘\\\ Po0300) M) Wl
+R2 E ”(( — (1'\
Q2 ' . H
: : | AE=-221.43
! (-224.02)
............ A WU AR AR

(-0.36)
(99.34) 1

69
(82.53)

Fig.3 Schematic diagram of two paths of addition reaction of H,SnLiF with ethylene and relative energy of each stationary point on the poten-

tial energy surface (values in brackets are calculated in THF)

Reactions of H,SnLiF and C,H,

The frontier molecular orbitals analysis of H,SnLiF and
C,H, at the M062X/def2-TZVP level are shown in Fig. 2.
The highest occupied molecular orbital of H,SnLiF (R1) is
concentrated in the Sn atom, while the lowest unoccupied
molecular orbital is concentrated in the Li atom. The calcu-
lated results indicated that the addition reaction of H,SnLiF
with ethylene has two possible reaction paths along the
potential energy surface: paths 1 and 2. As can be seen in
Fig. 3, path 1 has a ternary ring transition state. After gen-
erating the initial product P1, it reacts with C,H, (R2) for
the second time, which has a five-membered ring transition
state, and finally generates the five-membered ring product
P2. There are two five-member ring transition states (TS3,
TS4) and an intermediate state (IM) in path 2, which even-
tually produces P1, the same product as the first reaction in
path 1. The potential energy surfaces of the addition reaction
are shown in Fig. 3; the relative energies are on the basis of
the sum of the energies of H,SnLiF + C,H, and P1+C,H,.
The optimized geometries of each structure on the potential
energy surface of the addition reaction including reactant
(R), precursor complex (Q), transition state (TS), intermedi-
ate (IM), and product (P) are shown in Fig. 4.

Path 1

In path 1, when the stannylenoid H,SnLiF and ethylene
are near, the ©* orbital (LUMO) of R2 attacks the o orbital

@ Springer

(HOMO) on the Sn atom, promoting the formation of the
precursor complex (Q1). As can be seen in Fig. 4, the
H,SnLiF part of the complex did not change much from the
structure of the leaving part, and the distances of Sn—C1 and
Sn—C2 were 3.331 and 3.191 A, respectively. The relative
energy of Q1 is—9.43 kJ/mol.

As R2 gets closer to the ¢ orbital on the Sn atom, the ¢
electron is partially donated into the antibonded n* orbital
of R2 to reach the transition state (TS1). In Fig. 3, one
can clearly see that path 1 involves a ternary ring, TS1.
In TS1, the lengths of the Sn—C1 and Sn—C2 bonds are
very short. The Sn—C1 bond length is 2.282 A, which is
1.049 A shorter than Q1, and the Sn—C2 bond length is
2.159 A, which is 1.032 A shorter than Q1. Meanwhile,
the bond lengths of Sn—F and Sn-Li are further extended,
being approximately 0.234 and 0.291 A longer than the
corresponding bond lengths in Q1, respectively. The above
changes in bond length indicate that the Li—F part will
leave the Sn atom of H,SnLiF and subsequently form the
products P1 and LiF.

As shown in Fig. 3, the relative energy of TS1 is
128.10 kJ/mol. Therefore, the first-step reaction potential
barrier height for path 1 is approximately 137.53 kJ/mol.
Frequency analysis calculations performed at the M062X/
def2-TZVP level of theory show that TS1 has a unique
imaginary frequency (266.4 i cm™!). IRC analysis shows
that TS1 is the true transition state for the first step of the
reaction of path 1 in the addition reaction of H,SnLiF with
C,H,, correctly connecting Q1,P1 and LiF. The relative
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Fig.4 Geometric configurations of the stationary points on the potential energy surface for the addition reaction of H,SnLiF with ethylene were

obtained at the M062X/def2-TZVP level (bond lengths in A and values in brackets are calculated in THF)

energy of P1 and LiF is 122.72 kJ/mol, so the first step  the product P1, P1 can continue to react with ethylene in a
second step similar to the first step reaction. In the second

reaction is endothermic reaction.
step of the reaction in path 1, the antibonded n* orbital

In this case, the first step of the addition reaction in
path 1 will occur, with the products being a tin-containing
three-membered ring (P1) and LiF. After the formation of

(LUMO) of R2 attacks the HOMO orbital (p orbital on the
Sn atom and o orbital on the C atom) in the product P1

@ Springer
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Fig.5 The changes in energy and bond distances along the reaction
coordinate of the first step of path 1

to form the precursor complex Q2. In Fig. 4, one can see
that the distances of Sn—C1 and Sn—C2 in Q2 are not much
different compared to P1, whose distances are 2.136 and
2.141 A, respectively. The Sn—C3 and C1-C4 distances
are 3.854 and 4.310 A, respectively. The relative energy
of Q2 is —0.23 kJ/mol.

As R2 approaches further, the © electron on R2 is par-
tially donated to the HOMO orbital of P1 to reach the
transition state (TS2), and a transition state TS2 is formed
at the potential energy surface of the addition reaction.
In TS2, the distances of Sn—C3 and C1-C4 are 2.494 and
2.340 A, respectively, compared to Q2, which are short-
ened by 1.360 and 1.970 A, respectively, while the C1-C2

E/a.u. /A
372.45 -
1(C1-C4) 182
_,_/\ 1o
y72.50 | H50C3)
Q2
4 3.0
372.55
r(Sn-Cl)
4 2.0
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: . 172
reaction coordinates” = bohr

Fig.6 The changes in energy and bond distances along the reaction
coordinate of the second step of path 1
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bond length is extended to 1.560 /ak, and the Sn—-C2-C1
bond angle is reduced by 9.6°. The change in bond length
and bond angle indicates that P1 has partially combined
with ethylene, and, as the reaction proceeds, the product
P2 is produced.

The relative energy of TS2 is 207.23 kJ/mol; therefore,
the barrier of the second step of path 1 is approximately
207.46 kJ/mol. The calculations show that TS2 has a unique
imaginary frequency (655.6 i cm™!), which is verified by
IRC to be the correct and connects the precursor complex
Q2 with the product P2 and is therefore the true transition
state for the second step of the path 1. The relative energy
of P2 is —221.43 kJ/mol, indicating thermodynamically that
the second step of the reaction is exothermic.

Path 2

In path 2, the precursor complex Q3 is formed when the &
orbital (HOMO) of R2 attacks the o orbital on the Li atom
(LUMO). As can be seen in Fig. 4, in Q3, the Li atom is
close to C1 and C2 atoms, and the distances of Li—C1 and
Li—C2 are 2.428 and 2.393 A, respectively. Compared with
reactant, Sn—F bond and Sn-Li bond prolong by 0.1780 and
0.003 A, respectively. As the reaction proceeds, R2 further
approaches H,SnLiF, and the = electron in R2 is partially
donated to the LUMO of H,SnLiF (o orbital on the Li atom
and p orbital of the Si atom) to reach the transition state
(TS3). The distance of Sn—C2 is 2.570 A, and the bond
length of Li—Cl1 is shortened to 2.195 A. This indicates that
the intermediate (IM) is about to form a five-membered ring.
After the intermediate IM is formed, the energy gradually
increases, the distance of Sn—F and Li—C1 bond extends to
2.124 and 2.109 A, respectively. Then, another transition
state, TS4, would be formed. The extension of Sn—F bond
and Li—C1 bond indicates that LiF is about to leave.

The relative energies of Q3, TS3, IM, and TS4
are —32.70, 272.40, 72.69, and 271.25 kJ/mol, respectively.
Therefore, the reaction barrier of the second pathway for the
addition reaction of H,SnLiF with C,H, is 305.10 kJ/mol.
The M062X/def2-TZVP calculated imaginary frequencies
of TS3 and TS4 are 925.51 and 152.2i cm™!, respectively. It
is verified by IRC calculations that TS3 correctly connects
the precursor Q3 to the intermediate IM, and TS4 correctly
connects IM to the product P1. Path 2 has a higher barrier
than path 1, which means it is harder to add through path 2
than it is through path 1.

Mechanisms of addition reactions

As the addition reaction goes through two different path-
ways, the mechanisms are different according to the calcu-
lations. Therefore, we explain the mechanisms in each of
these two pathways. Based on the optimized structures of
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Fig.7 The changes in energy and bond distances along the reaction
coordinate of the first step (for TS3) of path 2

the transition states (TS1, TS2, TS3, and TS4), IRC analyses
were calculated to investigate the interactions between the
reactants H,SnLiF and C,H, during the addition reaction.
The changes in energy and bond length along the IRC path-
way are shown in Figs. 5, 6, 7, and 8.

In the first step of the reaction in path 1, as shown in
Fig. 5, the energy increases sharply in this region of the
reaction coordinates from — 15 to 0 and reaches a maximum
at point 0. Within this region, the bond lengths of Sn—Li and
C1-C2 increase slightly but do not change much overall,
while the distance between Sn—C1 and Sn—C2 is gradually
decreasing. The decrease in the distance between Sn—C1 and
Sn—C2 means that Sn—C1 and Sn—C2 may form new bonds.
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Fig.8 The changes in energy and bond distances along the reaction
coordinate of the second step (for TS4) of path 2

After the O point, the energy starts to decrease, and in this
region the bond lengths of Sn—-Li and C1-C2 continue to
increase, while the distances between Sn—C1 and Sn—-C2
continue to decrease, indicating the formation of a hetero-
cyclic tin compound in the next process.

After the first step of the addition reaction, the reac-
tion continues and the second step of the addition reaction
occurs, as shown in Fig. 6. In this region of the reaction
coordinate from — 25 to 0, the energy starts to increase and
reaches a maximum at point 0. In this region, the distances
of C1-C4 and Sn—C3 are continuously shortening, while
the bond lengths of Sn—C1 and C3-C4 start to increase,
which indicates that the C1-C4 and Sn—C3 bond energy will
form a new bond and a possible break between the Sn—C1
and C3—C4 bonds. The reaction coordinates begin to drop
sharply in energy after the O point, and the distances of
C1-C4 and Sn—C3 continue to shorten, while similarly the
Sn—C1 and C3—C4 bonds continue to elongate, indicating
the imminent formation of a five-membered ring product.

Compared to path 1, the reaction mechanism of path
2 is different. It can be seen in Fig. 7 that the energy
increases sharply in this region of the reaction coordinates
from — 10 to point 0 and reaches a maximum at point 0. In
this region, we can see that the distance of Sn—C2 is gradu-
ally shortened, the distance of Li—C1 is also shortened, and
the bond length of C1-C2 is lengthened, which means that
R1 and R2 are gradually close, and there is a tendency to
form a five-membered ring. After O point, the energy of the
system starts to decrease, the distance between Sn—C2 and
Li—Cl1 is still shortening, and the bond length of C1-C2
is lengthening and finally tends to remain unchanged. At
this time, the intermediate IM has been formed. After the
intermediate is formed, it can be seen in Fig. 8 that the
system energy is increasing in the range of — 10 to 0, and
with the shortening of the distance between Sn atoms and
C1 atoms and the extension of Li—C1 and Sn—F bonds, it
proves that Li—C1 and Sn—F bonds are about to break, and
a new bond is about to form between Sn and C1 atoms.
After the point 0, the system energy decreases, the Li—C1
and Sn-F bonds are broken, the LiF leaves, and Sn—C1
bond is formed, forming a three-member ring product.

Solventing effect

In order to study the effect of solvent on the addition reac-
tion of H,SnLiF and ethylene, SMD model was used to set
the addition reaction in THF solvent. All optimizations were
performed at the M062X/def2-TZVP level, and single-point
energy calculations were performed at the QCISD/def2-
TZVP level. The relative energies and optimized geometries
are also shown in Figs. 3 and 4. The calculated results indi-
cated that the addition reaction in THF also passes through
two paths: paths 1 and 2. The optimized geometries of all

@ Springer
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the stationary points in THF are different from those in vac-
uum. The biggest difference in bond length value and bond
angle value is 0.099 A and 5.5°, respectively. As can be
seen in Fig. 3, the first step reaction barrier height in THF is
117.63 kJ/mol for path 1 and 203.36 kJ/mol for the second
step reaction, while in path 2 the addition reaction barrier
is 316.94 kJ/mol, which means that path 1 is more likely to
occur. Compared in vacuum, the potential barrier of path 1
in THF solvent is lowered, which means that the addition
reaction of H,SnLiF with ethylene is easier in THF solvent.

Conclusions

Addition reaction of H,SnLiF with ethylene was investigated
using the M062X and QCISD methods on density functional
theory. The results show that the addition reaction goes
through two different pathways, both in vacuum and in tet-
rahydrofuran solvent. Path 1 is a two-step reaction, with the
first step producing the three-membered ring product, which
is an exothermic reaction, followed by the three-membered
ring product continuing the addition reaction with ethylene
to produce the pentacyclic product, which is exothermic.
Path 2 passes through two five-membered ring transition
states along the potential energy surface to generate the same
product as path 1. The calculated energy barriers for the two
paths (the first step reaction of path 1 and the energy barrier
of path 2) are 137.53 and 305.10 kJ/mol, respectively, and
the second step reaction of path 1 has a potential barrier
of 207.46 kJ/mol. Therefore, path 1 is more favorable than
path 2. In THF solution, the addition reaction is more likely
to occur. All calculations show that stannylenoid H,SnLiF
can promote similar cyclopropanoid reactions and can be
further cyclized to produce five-membered cycloproducts.
This work provides a new way for synthesis of tin heterocy-
clic compounds.
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