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Abstract: A new series of unsaturated stannylenes is studied computationally. The singlet
and triplet states of acyclic and cyclic stannylenes are fully optimized using the B3LYP,
BHLYP, OPBE, and M06 functionals. The basis sets used are of double- plus polarization
quality with additional s- and p-type diffuse functions denoted DZP++. All cyclic and most
acyclic stannylenes have been found to have triplet ground states. The most favored triplet
state is that for the NHC (NMeCHCHNMe)Sn=Sn: system, where the triplet state lies ~20
kcal mol” below the singlet. The saturated cyclic systems are expected to be easier to
synthesize, but the unsaturated cyclic counterparts have larger singlet-triplet splittings. A

preparative outline based on retro-synthetic routes is briefly described.
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1. Introduction

Carbenes, neutral molecules R2C: containing divalent carbon atoms, have fascinated chemists
for more than a half century because they exist in two accessible spin states, each with its
own distinctive chemistry [1-3]. Their tin analogs, stannylenes, have been generated in
solution only with singlet ground states, and, until 2009, when the preparation of 1-
stannacyclopent-3-enes provided convenient precursors for a variety of stannylenes [4], most
of these were produced with bulky substituents which discourage bimolecular reactions by

steric shielding [5,6].

Reactions of sterically hindered stannylenes are comparatively slow and oligomerization is
very rapid. Now stannylenes containing smaller substituents such as Me and Ph can be
generated both thermally and photochemically, and the chemistry of ground state singlet
stannylenes can now be more thoroughly explored, employing stannylenes whose

intermolecular reactions are competitive with oligormerization [4].

The motivation to study stannylenes R,Sn:, is that the lowest singlet electronic states of the
analogous carbenes, silylenes, and germylenes undergo synthetically useful stereospecific
addition and insertion reactions with concerted formation of two bonds [3,5]. The chemistry
of singlet stannylenes found by Neumann [6] and Lappert [7] also promises synthetic
utilization. Calculations on the addition of Me,Sn: to butadiene predict a concerted
asynchronous addition, and predicted activation parameters for the retro-addition are in
decent agreement with the experimental results [8]. For the triplet stannylenes studied here, it
is most desirable to have a sufficiently large singlet-triplet gap so that the reactions observed

will be exclusively those of the triplet ground state.
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Unsaturated heavier group 14 carbene analogs have already received some attention. Singlet
states of unsaturated silylenes and germylenes have been studied. Worthington and Cramer
[9] performed DFT computations on the effects of substituents on the singlet-triplet energy
gaps of unsaturated carbenes, the XYC=C.. Irikura, Goddard, and Beauchamp [10] suggested
that hyperconjugative electron-donation from the singly occupied carbene p-orbital to the
C-F o* orbital plays a major role in lowering the energy of the triplet states. A lesser
stabilizing substituent effect was proposed to be inductive electron-withdrawal from the n-

orbital at the carbene center.

In this work, double-bonded Y,Z=Sn: (Z = C, Si, Ge, and Sn; Y = H, F, NMeCH,— and
NMeCH-) species are investigated, with the prime objective to reliably predict their singlet-
triplet gaps. Many of these species were expected to contain stannylene centers sufficiently
sterically unshielded to permit bimolecular reactions and to possess triplet ground states. It is
hoped that density functional theory computations employing several functionals will provide
useful information about their electronic properties that will facilitate their experimental
characterization. Hopefully, exploration of the chemistry of triplet stannylenes should be
possible for the first time. Interpretation of the computations presented should lead to answers
for questions regarding computations on these novel species of vinylidenes. Specifically, the
character of the multiple bond between the tin and Z atoms (Z = C, Si, Ge, and Sn) and the

effects of substituents Y [11] will be explored.
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2. Theoretical Methods

All geometries were fully optimized with the Gaussian 09 Program [12], using four
functionals, BHLYP, B3LYP, OPBE and M06 [13]. BHLYP is an HF/DFT hybrid method
employing the Becke (B) [14] half and half exchange functional (H) [15] and the Lee, Yang,
and Parr (LYP) [16] non-local correlation functional. The ubiquitous B3LYP method
combines Becke’s three-parameter exchange functional (B3) with the LYP correlation
functional. In all cases, an extended integration grid (199974) was used, with very tight
convergence criteria applied to all computations. Harmonic vibrational frequencies were

evaluated analytically to characterize all stationary points as minima.

Double-( basis sets with polarization and diffuse functions, denoted as DZP++, were used for
all atoms, except that the valence basis set used for tin incorporates the fully-relativistic
Stuttgart-Dresden small-core effective core potential [17]. The double-{ basis sets were
constructed by augmenting the Huzinaga—Dunning—Hay [18-20] sets of contracted Gaussian
functions with one set of p polarization functions for each H atom and one set of d
polarization functions for each heavy atom, respectively [a,(H) = 0.75, aq(C) = 0.75, aq(N) =
0.80, agq(F) = 1.0, a4(Si) = 0.5]. The above basis sets were further augmented with diffuse
functions, where each atom received one additional s-type and one additional set of p-type
functions. Each H atom basis set is augmented with one diffuse s-function. The diffuse
functions were determined in an even-tempered fashion following the prescription of Lee

[21],

1o, a,
A giffuse = A + o,

where a;, a; and a3 are the three smallest Gaussian orbital exponents of the s- or p- type

primitive functions of a given atom (o < oy < a3). Thus as(H) = 0.04415, ay(C) = 0.04302,
4
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ap(C) = 0.03629, 05(N) = 0.06029, 0,(N) = 0.05148, a(F) = 0.1049, ,(F) = 0.0826, 015(Si) =

0.02729, ay(Si) = 0.025.

The DZP++ basis set for germanium was comprised of the Schafer-Horn-Ahlrichs double-C
spd set plus a set of five pure d-type polarization functions with o4(Ge) = 0.246, and
augmented by a set of sp diffuse functions with as(Ge) = 0.024434 and o,(Ge) = 0.023059
[22]. The overall contraction scheme for the all-electron basis sets is: H(5slp/3slp),
C(10s6p1d/5s3pld), F(10s6pld/5s3pld), Si(13s9pl1d/7s5pld), N(10s6pld/5s3pld), and
Ge(15s12p6d/9s7p3d). Each (adiabatic) singlet-triplet splitting is predicted as the energy
difference between the lowest singlet state and its lowest triplet state:

AEg.1 = E(optimized triplet) — E(optimized singlet).

3. Results and Discussion

A. Geometries

The equilibrium geometries for the 1A1 and 3A2 states of H,Z=Sn: and F»Z=Sn: (Z = C, Si,
Ge, and Sn), are reported in Figures 1—4. In Figures 5-8 are the predicted equilibrium
geometries for the 'A" and °*A states of (NMeCH,CH;NMe)Z=Sn:  and
(NMeCHCHNMe)Z=Sn:. The internal coordinates, theoretical harmonic vibrational
frequencies (cm™), and energies (hartrees) at the BHLYP functional, are available as
Supporting Information (SI). There are large differences in the Z=Sn bond lengths along the
series of 'A; singlet states Y,Z=Sn: (Y = H, F; Z = C, Si, Ge, and Sn) and their corresponding

3 A, triplet states are presented in Table 1.
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B. Natural Lewis Structures
Natural bond orbitals (NBO) [23] are computed to search for Lewis structures, representing
non-bonding and bonding electron pairs. These may be termed as Natural Lewis Structures,

explaining hybridizations and polarization coefficients for each NBO [24].

The Y,Z: subsystem of the Y,Z=Sn: (Z = C, Si, Ge, and Sn) molecules can exist in two low-
lying electronic states: 'A; and *B;, while the Sn atom itself exhibits a triplet ground state as
depicted in Scheme 1. Hence, the final electronic state of the stannylene molecule depends on
the distribution of the nonbonding electrons in the ¢ and & orbitals of the Y,Z: moiety. In the
singlet electronic state of the Y,Z=Sn: molecule, one of the two nonbonding electrons of the
Y,C: moiety occupies the hybrid o orbital, which is partly localized on the carbene carbon.
The other nonbonding electron occupies the carbene 2pn atomic orbital, and these electrons
have parallel spins, hence *A, symmetry. In the corresponding triplet electronic state there are
two nonbonding electrons occupying the hybridized o orbital, which is incompletely
localized on the carbene carbon atom, thus a lAl state can be designated for the Y,C: moiety.
Since the o orbital is a hybrid with a contribution from the carbon 2s atomic orbital, this o
orbital is lower in energy than the 2pm orbital. The © orbital involves a carbon 2p atomic
orbital, forming a partially occupied 7 orbital between the singlet 'A; Y,C: carbene moiety
and the triplet Sn atom. It is expected that the *A, electronic state of the Y,Z=Sn: molecules,
with a o’n” configuration in the H,Z: moiety in the 'A; singlet o’n” electronic state of

H,Z=Sn:, can be favored relative to the *B;—c'n'

configuration of the H,Z: moiety by
substituents lowering the energy of the pn atomic orbital and raising the energy of the o
molecular orbital of the H,Z: moiety. If the Y,Z: subsystem presents a 3 Bl—cslp1

configuration in the 'A, singlet state of Y,Z=Sn:, a lower Coulombic repulsion exists

6
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between the nonbonding electrons of the H,Z: moiety. This allows a triplet A, ground state
of Y2Z=Sn: with 'A;—o”p’ configuration at its Y,Z: moiety to be stabilized selectively by
substituents such as fluorine or a five-membered ring system containing nitrogen lone pair

electrons which partially fill the p-orbital, encouraging the shift of an electron from = to p.

As seen in Table 2, the singlet ground states of the unsubstituted H,Z=Sn: (Z = C, Si, Ge,
and Sn) are predicted to be energetically preferred to their corresponding triplet states except
for H,Sn=Sn: at BHLYP. The trends in the predicted decreasing energy gaps follow the
standard Pauling electronegativities [25] (yr = 3.98; yxc = 2.55, xu = 2.20, %ge = 2.01, ysn =
1.96, and ys; = 1.90) fairly regularly with the carbon substituent standing apart in predicting
the largest singlet-triplet gaps, compared to its analogs in the series studied. The predicted
AEg 1 values (kcal mol'l) for H,C=S8n: are 20.9 (B3LYP), 15.3 (BHLYP), 21.3 (OPBE), and
24.0 (M06), while the Si, Ge, and Sn analogues result in decreases in the AEg 1 (kcal mol'l) to
5.4 (H,Si=Sn:), 5.2 (H,Ge=Sn:), and 1.1 (H,Sn=Sn:) with the B3LYP functional. Similar
decreases are predicted with the OPBE functional, while computations with the BHLYP

functional predict a triplet ground state for H,Sn=Sn:.

In order to verify the energies and structures of the 'A; singlet ground state H2C=Sn: and its
corresponding A, triplet state, CCSD(T) computations were performed. The predicted
singlet triplet gap is predicted to be 23.8 kcal mol™, which is very close to the M06 result.
The BHLYP functional provides the best agreement of the predicted structures with
experimental geometrical parameters. The same functional is found to be the most reliable in

predicting structural parameters and electron affinities of germylenes [26]. These may be
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correlated with the fact that the BHLYP functional incorporates the largest fraction of the

Hartree-Fock method [15].

C. Design of Unsaturated Stannylenes

Despite the careful analysis by Worthington and Cramer [9], the nature of the stabilization of
the triplet states of unsaturated carbenes remains incompletely understood. Therefore, the
goals of our present computations include contributions to that understanding, as well as to
the question of unsaturated stannylenes with triplet ground states. Such desirable structures
should be sufficiently sterically unhindered at their two-coordinate tin atoms to allow the

exploration of the chemistry of the neutral triplet stannylenes.

The theoretical description of Momeni and Shakib [27] of triplet silylenes related to H,Si=Si:
provided some of the motivation for the present exploration of novel unsaturated stannylenes.
The substituent effect favoring the triplet state was attributed to the donation of lone pair
electrons from Y substituents on Y,Si=Si: to the half-filled © molecular orbital. Stabilization
of the triplet ground states was also credited to the acceptor properties of the B-substituent-
silicon antibonding orbitals. The fusion of an Arduengo carbene or silylene onto the
unsaturated silylene was suggested by Momeni and Shakib [27] to reduce the rate of silylene
loss by rearrangements and to increase the size of the energy gap favoring ground triplet
states. Our computations describe the effects of changing the Y-substituent of the Y,Z=Sn: (Z
= C, Si, Ge, and Sn) triplet electronic structures. The relative changes in the geometrical
parameters and the predicted singlet-triplet gaps obtained with the different functionals used
are found to be reasonably consistent. The BHLYP values are used in discussions within this

paper, since this functional appears better than the other functionals employed in the

Page 8 of 26



Page 9 of 26

RSC Advances

prediction of geometries, harmonic vibrational frequencies, and singlet-triplet splittings [28],

for related molecules.

D. Substitution in Stannylenes

The triplet state unsaturated stannylenes arise in a simple picture from the excitation of an
electron from the Z=Sn w orbital to the empty S5p orbital component at the Sn atom of the
singlet Y,Z=Sn:. Due to the presence of heavier Group 14 elements as a-substituents, there is
a lower tendency for the tin atom to form hybrids of the 5s and 5p orbitals on the stannylene
centre. Because of this low tendency for hybridization, the expected singlet-triplet energy
gaps between the Sn 5p vacant orbitals and the occupied orbitals are expected to be larger
compared to the predicted results for silylenes and carbenes [27]. Synthetic realization of
these predictions would allow to the experimental study of triplet stannylenes. Substitutions
of the hydrogen atoms by atoms or groups of greater electronegativity are predicted to

enhance the double-bond lengths of these stannylenes along with changes in the AEg t.

The replacement of the carbon substituent by silicon, germanium, and tin atoms, which are
more electropositive than carbon, affects the bonding characteristics of the ground state
triplet structures as shown in Table 1, the predicted Z=Sn bond lengths for the triplet state
structures calculated with the BHLYP functional are comparable to the typical C-Sn, Si-Sn,

Ge-Sn, and Sn=Sn single bonds of 2.19 A, 2.60 A, 2.64 A, and 2.96 A, respectively.

One of the two © NBOs for the H,Si=Sn: system includes the overlapping of the Sn px orbital
with a hybrid pd® orbital of the adjacent H,Si: substituent [27]. The d orbitals on Sn do not
participate significantly in this NBO and instead serve as polarization functions, consistent
with results for the H,Si-Si: molecule [27]. Therefore, this NBO is primarily an Sn 5p orbital

9
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which is partly polarized towards the adjacent substituent; hence an asymmetric © bond is
formed. The replacement of the carbon atom with heavier group 14 atoms may decrease the
singlet-triplet splitting values by a significant margin because their lower electronegativity

eases promotion of an electron from a m-orbital [27].

E. Fluorine Substitution

In the difluoro substituted stannylenes, F,Y=Sn: (Y = C, Si, Ge, and Sn), the F-Y o
molecular orbital of the F,Y: moiety contains contributions from the two fluorine atoms.
With respect to the standard Pauling electronegativities [25], the greater electronegativity of
fluorine yr = 3.98 compared to hydrogen yy = 2.20 provides stabilization to the ¢ molecular
orbital of the F,Z: moiety relative to the ¢ molecular orbital of H,Z:. The p—r atomic orbital
on the Z centre of the Y,Z: moiety in the lowest singlet state of Y,Z=Sn: is destabilized by
the delocalisation of a pair of fluorine lone-pair electrons. The pair of electrons that is
delocalised into the p—m atomic orbital comes from the in-phase combination of the 2p—n lone
pair atomic orbitals on the fluorine atoms. The decrease in the F—Z—F bond angle compared
to the predicted H-Z—-H bond angles at the Y,Z centre is a result of an increase in the 2s
character of the Z-F & molecular orbital, which is thus stabilized compared to the o
molecular orbital of ZH,. The geometries of the lowest lying triplet states of Y>,C=Sn: (Y =H
and F) incorporate the lowest lying singlet states of the H,C: or F>C: moiety and should be
similar. However, the donation of electrons from the fluorine lone pairs into the empty 2pn
orbital on the carbene centre raises the energy of the LUMO of the o”n’ singlet state of the
F,C:. Hence, the triplet ground state of F,C=Sn: displays a longer C=Sn bond. In replacing
the carbon atom with Si, Ge, or Sn, the triplet states are found to be the ground states. The

singlet-triplet gaps of F,Y=Sn: (Y = C, Si, Ge, and Sn) decrease with a decrease in the

10
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Pauling electronegativities. The effect of the fluoro substituents reduces the energy of the
triplet state structures compared to the unsubstituted H,Z=Sn: (Z = C, Si, Ge, and Sn)
molecules. The singlet-triplet splitting of F,C=Sn: is significantly decreased compared to
H,C=Sn:, with the computed values (kcal mol'l) being 2.9 (B3LYP), 1.3 (OPBE), and 8.1
(M06), and at the BHLYP functional the triplet state is found to be lower in energy than its
singlet state by —1.4 kcal mol™. The computed singlet-triplet splitting values with the BHLYP
functional for the F,Z=Sn: (Z = C, Si, Ge, and Sn) are —1.4, —8.2, —8.4, and —11.9 kcal mol'l,

respectively.

F. Analogues of N-Heterocyclic Carbenes

Turning to the development of experimentally more viable structures, the cyclization of
nitrogen-containing five-membered structures should reduce the probability for any
rearrangement of unsaturated stannylenes Z,Y=Sn:. For this reason we selected the
(NMeCHCHNMe) subsystem to favour the triplet systems [27] and to study the effects of o-
donating substituents on the relative energies of the cyclic triplet ground state systems. In
order to achieve a change in the relative energies of the N-heterocyclic carbenes the o
molecular orbital at the carbene centre can be raised. The destabilization of this molecular
orbital can be achieved by using substituents at the carbene centre which contain lone pairs of
electrons. The properties of the cyclic structures engender ring strain due to the presence of
the nitrogen atoms. The nitrogen lone pairs have a large effect on reducing the energy

differences between the 'A|—o”n’ and *B|—o'n' configurations of the carbene centre.

The computed C—N, Si—N, Ge—N, and Sn—N bond lengths (BHLYP) for the saturated cyclic

singlet state structures are 1.364 A, 1.708 A, 1.825 A, and 2.028 A. For the low-lying triplet

11
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states the predicted bond lengths are 1.341 A, 1.702 A, 1.815 A, and 2.019 A, respectively.
The C—N bond length for the corresponding triplet unsaturated cyclic structure is predicted to
be shorter than that for the singlet while the Si—N, Ge—N, and Sn—N bond lengths are
predicted to be longer. However, there are only modest differences in the N—Z-N bond
angles in the saturated and unsaturated structures, between the singlet and triplet states
(0.1° — 1.7°). The differences in the predicted bond lengths result from the lower ability of
the nitrogen atoms in the unsaturated rings to donate electron density to the Z centre. A larger

increase in AEs.t favoring the triplet state was found for the unsaturated five-membered rings

(NMeCHCHNMe)Z=Sn: (Z = C, Si, Ge, and Sn).

4. Summary

The work reported here adds understanding of the nature of the energetics of triplet states of
unsaturated stannylenes. Another goal of these computations was the design of unsaturated
stannylenes with triplet ground states. The research reported here suggests that unsaturated
triplet stannylenes Y,Sn=Sn: are favored by donation of electron density from a :Y lone pair
to a partially occupied Sp-orbital on Sn. This analysis is consistent with the explanation by
Momeni and Shakib [27] of the effects of electronegative substituents on triplet unsaturated
silylenes, Y,Si=Si:. Table 2 reports the Z=Sn bond lengths and stretching vibrational modes
of several unsaturated stannylenes predicted to possess triplet ground states, and their
predicted structures are shown in Figures 1-8. Table 2 reports singlet-triplet energy gaps for

unsaturated stannylenes.

Synthetic routes to these unsaturated triplet stannylenes should be achievable. A retro-
synthetic analysis containing potentially successful synthetic routes to a family of unsaturated

ground-state triplet silylenes, germylenes, and stannylenes is shown in Scheme 2.

12
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Retrosynthetic Analysis

R R R
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\ @ N[ o o |/
2 E:  + ClZ-ZCl E—7 —2Z —E
/ / \
N N
R R

N
R

(Z = Si, Ge, Sn)

(E=CSi)
a. For thermal dissociation of disilene to two silylenes, see [29].
b. For addition of chlorine to silicon-silicon pi-bonds of disilenes, see [30].
c. For a computational study of an insertion by an N-heterocyclic silylene into a Cl-Si
bond, see [31].
Scheme 2. Scheme for the retro-synthetic routes to the unsaturated ground state triplet

silylenes, germylenes, and stannylenes.
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Table 1 Z=Sn predicted bond lengths (A) and vibrational frequencies (cm'l).
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Predicted Z=Sn bond lengths, Angstroms, employing BHLYP

H,C=Sn: H,Si=Sn: H,Ge=Sn: H,Sn=Sn:
A, 1.992 2.461 2.492 2.703
A2 2.176 2.591 2.629 2.840
F,C=Sn: F,Si=Sn: F,Ge=Sn: F,Sn=Sn:
A 2.073 2.536 2.588 2.838
A, 2.195 2.635 2.715 3.022
(NMeCH,CH;NMe)C=Sn: (NMeCH,CH,;NMe)Si=Sn: (NMeCH,CH;NMe)Ge=Sn: (NMeCH,CH,;NMe)Sn=Sn:
A 2.173 2.584 2.608 2.833
A 2.356 2.659 2.715 2.961
(NMeCHCHNMe)C=Sn: (NMeCHCHNMe)Si=Sn: (NMeCHCHNMe)Ge=Sn: (NMeCHCHNMZe)Sn=Sn:
A 2.215 2.627 2.669 2.925
A 2.355 2.670 2.731 2.970
Predicted Z=Sn stretching vibrational modes, em’”, employing BHLYP
H,C=Sn: H,Si=Sn: H,Ge=Sn: H,Sn=Sn:
Ay 693 357 257 199
Az 530 295 212 166
F,C=Sn: F,Si=Sn: F,Ge=Sn: F,Sn=Sn:
A, 301 192 166 128
‘Az 246 163 129 86
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Table 2 Singlet-triplet gaps for stannylenes in eV (kcal mol™ in parentheses).

RSC Advances

B3LYP BHLYP OPBE M06
H,C=Sn: 091 (20.9) 067 (153) 092 (21.3) 1.04 (24.0)
H,Si=Sn: 023 (54) 013 (29) 017 (3.9 043 (9.8)
H,Ge=Sn: 023 (52) 013 (3.0) 012 (27 051 (1L.8)
H,Sn=Sn: 005 (1.1) -0.04 (-0.9) 0.03 (0.6) 033 (7.6
F,C=Sn: 0.12 (29) -0.06 (-1.4) 006 (1.3) 035 (8.1
F,Si=Sn: ~1.34 (=30.8) -036 (-8.2) —-0.40 (-9.3) -0.01 (=0.2)
F,Ge=Sn: —0.31 (-72) -036 (-8.4) —0.43 (-10.0) -0.14 (-3.2)
F,Sn=Sn: —0.44 (~10.0) -0.51 (-11.9) -0.50 (-11.6) —-0.34 (=7.9)
(NMeCH,CH,NMe)C=Sn: 040 (-9.3) —0.52 (-11.9) —0.54 (-12.4) -0.04 (-1.0)
(NMeCH,CH,NMe)Si=Sn:  —0.60 (-13.8) —0.65 (-14.9) —0.72 (-16.6) -0.28 (=6.4)
(NMeCH,CH,NMe)Ge=Sn: —0.55 (—12.6) —0.59 (-13.6) —0.67 (-15.4) —-021 (-4.8)
(NMeCH,CH,NMe)Sn=Sn:  —0.60 (—13.8) —0.66 (-15.2) —0.65 (-15.1) -026 (-5.9)
(NMeCHCHNMe)C=Sn:  -0.56 (-12.9) —0.67 (-15.5) —0.70 (-16.2) -0.22 (-5.0)
(NMeCHCHNMe)Si=Sn:  —0.68 (-15.6) —0.81 (~18.8) —0.94 (-21.7) -0.46 (~10.7)
(NMeCHCHNMe)Ge=Sn:  —0.80 (—18.6) —0.82 (-18.9) —0.94 (-21.7) -0.46 (-10.7)
(NMeCHCHNMe)Sn=Sn:  —0.89 (-20.4) —0.92 (-21.1) -1.00 (-23.1) -0.54 (-12.5)
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Singlet ("A;) -
2.009 A
1.992 A
B3LYP 112.7° 2021 A
BHLYP 112.8° 1.995 A
OPBE  112.9°
M06  112.8°
1.095 A
1.086 A 123.5°
1.099A  123.6°
1.094 A
Singlet (‘A;)
2.093 A
2073 A
108.1° 2.115A
107.9° 2.095 A
108.9°
108.2°
1.346 A
1.326 A 125.6°
1.341 A 125.9°
1.330 A

Triplet (3A2)

2.192 A
2.176 A
2203 A

112.3°

112.5° 2.191 A
112.5°
112.0°
1096 A 123.8°
1.087 A 123.7°
1.100 A 124.0°
1.095 A
Triplet CA;)
2222 A
2.195 A
107.2° 2241 A

2231 A

107.4°
107.8°
107.4°
1.335A
1319 A
1.328 A
1.320 A

126.1°
126.3°

Figure 1. Equilibrium geometries for the lowest lying singlet and triplet states of H,C=Sn:

and F,C=Sn:.
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Singlet ('A;)

2483 A
2461 A
2486 A
2487 A

B3LYP 110.7°
BHLYP 111.3°
OPBE 111.1°

MO6  110.0°
1.488 A B
1476 A 124.5
1.487 A
Singlet ("A;) -
2.574 A
2.536 A
106.0° 2.539 A
104.8° 2.553 A
106.7°
105.1°
1.637 A
1.592 A 126.6°
1.623 A 127.4°
1.602 A

RSC Advances

Triplet CA,)
2.612 A
2.591 A
105.9° 2.599 A
106.9° 2.599 A
105.9°
106.1°
1.493 A
1,480 A 127.0°
1.505 A 126.9°
1.490 A
Triplet CA;)
2.644 A
2.635 A
102.6° 2.597 A
102.2° 2.630 A
103.2°
102.4°
1.612 A
1.590 A 128.4°
1.620 A 128.8°
1.600 A

Figure 2. Equilibrium geometries for the lowest lying singlet and triplet electronic states of

H,Si=Sn: and F,Si=Sn:.
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Singlet ('A;) -

2.513A
2492 A
2.511A
2.515A

B3LYP 108.8°
BHLYP 109.6°
OPBE  109.5°

Mo6 108.4°
1.545 Al
1532 A 125.2
1.545 A 125.8°
1.546 A
Singlet ("A;) -

2.608 A
2.588 A
2.581 A

100.9° 2.591 A

1.761 A
1733 A 128.3°
1.762 A 129.3°
1.750 A
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Triplet CA;)

2.652 A

2.629 A
104.4° 2,632 A
105.5° 2.640 A
104.9°
104.3°
1.558 Al
1.542 A 127.6°
1.559 A 127.8°
1.557 A
Triplet CAy)

2.725 A
2.715A
2.655 A
3.403 A

1.760 A
1.732 A 130.1°
1.761 A 131.3°
1.761 A

Figure 3. Equilibrium geometries for the lowest lying singlet and triplet states of H,Ge=Sn:

and F,Ge=Sn:.
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RSC Advances

Singlet ('A;)

2.723 A
2.703 A
2.709 A

B3LYP 107.7°

BHLYP 108.4° < 2.731 A
OPBE 107.8°
MO6  107.6°
1.720 A
1708 A 126.1°
1.738 A 126.2°
1.721 A
Singlet ('A;) -
2.842 A
2.838 A
100.5° 2.791 A
99.4° 2.833A
102.1°
99.9°
1.953 A
1.928 A 129.0°
1.976 A 130.1°
1.941 A

Triplet CAy)

2.862 A
2.840 A
2.833 A
2.852 A

128.3°
128.3°

Triplet CA;)

2,984 A
3.022 A
2.879 A
3.582 A

97.0°

1.952 A
1.928 A
1.974 A
1.953 A

132.2°

Figure 4. Equilibrium geometries for the lowest lying singlet and triplet states of H,Sn=Sn:

and F,Sn=Sn:.
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Singlet (‘A)

B3LYP «-106.8°
BHLYP ~=107.1°
OPBE  2-106.7°
MO06  ,-106.7°

Singlet ('A)

£=104.5°

£=104.0°

£=104.3°
),
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Triplet CA)

£2=107.7°

£=107.3°
O

£2=107.0°"

Triplet CA)

T /-1043°
£=103.7°
£=104.0°

Figure 5. Equilibrium geometries for the lowest lying singlet and triplet states of

(NMeCH,CH,NMe)C=Sn: and (NMeCHCHNMe)C=Sn:.
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Singlet (‘A) Triplet CA)

BHLYP «=93.9°
OPBE ~£=93.7°C
M06  ,-93.5°

Singlet (lA) Triplet (3A)

Figure 6. Equilibrium geometries for the lowest lying singlet and triplet states of
(NMeCH,CH;NMe)Si=Sn: and (NMeCHCHNMe)Si=Sn:.
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Singlet (‘A) Triplet CA)

G
B3LYP £=89.9°
BHLYP £=90.2°
OPBE ~=90.4°"
MO06  ~=90.0°

Singlet (‘A) Triplet CA)

Figure 7. Equilibrium geometries for the lowest lying singlet and triplet states of
(NMeCH,CH;NMe)Ge=Sn: and (NMeCHCHNMe)Ge=Sn..
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Singlet (‘A) Triplet CA)

B3LYP £=83.9°
BHLYP «=84.1°
OPBE ~=834°
M06  ,=83.7°

Figure 8. Equilibrium geometries for the lowest lying singlet and triplet states of
(NMeCH,CH,;NMe)Sn=Sn: and (NMeCHCHNMe)Sn=Sn:.

25



RSC Advances Page 26 of 26

Graphical Abstract

Unsaturated Stannylenes

Singlet Unsaturated Stannylenes — o’ Triplet Unsaturated Stannylenes — z'p'

Pz P

Partially occupied

> Vacant ps «—>
Py by
Z Sn Z —> Sn
<> Lone pair (5s) Lone pair (5s)
Triplet Triplet Singlet Triplet
Y Y
Z Sn AN Z Sn N
Y Y
Singlet ’n° Y,Z=Sn: Triplet 7'p' Y,Z=Sn:
A ‘Az
Y Y
z ¥ z *
Y Y
Singlet 6’ Y,Z: Triplet op Y,Z:
1A, 3A,

Z=C, Si, Ge and Sn; Y = H, F, NMeCH,—, NMeCH-

Scheme 1. Distribution of electrons between the Y,Z: moiety and the triplet Sn atom in
Y,Z=Sn: and representations of singlet and triplet Y,Z=Sn: and Y,Z: electronic
configurations.
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