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The first families of alkaline-earth stannylides [Ae(SnPhs),-(thf),] (Ae = Ca, x =3, 1; Sr, x = 3, 2; Ba, x = 4, 3)

and [Ae{Sn(SiMez)s},- (thf),] (Ae = Ca, x =4, 4; Sr, x = 4, 5; Ba, x = 4, 6), where Ae is a large alkaline earth with
direct Ae—Sn bonds, are presented. All complexes have been characterised by high-resolution solution
NMR spectroscopy, including °Sn NMR, and by X-ray diffraction crystallography. The molecular
structures of [Ca(SnPhz),-(thf)s] (1), [Sr(SnPhz),-(thf)s] (2'), [Ba(SnPhs),-(thf)s] (3), 4, 5 and [Ba
{Sn(SiMez)s}, - (thf)s] (6'), most of which crystallised as higher thf solvates than their parents 1-6, were
established by XRD analysis; the experimentally determined Sn—Ae—-Sn’ angles lie in the range 158.10(3)-
179.33(4)°. In a given series, the °Sn NMR chemical shifts are slightly deshielded upon descending
group 2 from Ca to Ba, while the silyl-substituted stannyls are much more shielded than the phenyl ones
(6 Sn/ppm: 1/, —133.4; 2/, —123.6; 3/, —95.5; 4, —856.8; 5, —848.2; 6, —792.7). The bonding and
electronic properties of these complexes were also analysed by DFT calculations. The combined
spectroscopic, crystallographic and computational analysis of these complexes provide some insight into
the main features of these unique families of homoleptic complexes. A comprehensive DFT study
(Wiberg bond index, QTAIM and energy decomposition analysis) points at a primarily ionic Ae—-Sn
bonding, with a small covalent contribution, in these series of complexes; the Sn—Ae-Sn’ angle is
associated with a flat energy potential surface around its minimum, consistent with the broad range of
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Introduction

Beyond their spreading use in molecular catalysis," heavy
alkaline earth (Ae = Ca, Sr and Ba) compounds continue to
attract interest due to their intriguing reactivity and structural
features. Hill's highly nucleophilic, solvent-free calcium-
hydride has proved a fantastic breakthrough? that has opened
access to unprecedented bond activation and catalytic
processes.® A growing range of well-defined and structurally
authenticated compounds that contain various Ae-X o-bonds,
where X is a monoanionic group such as for instance an alkyl,
amide, alkoxide, halide or a hydride, are now available.
Metal-metal bonded molecular compounds have been
essential in the development of inorganic chemistry. They are
continuing to receive sustained attention because of their
unusual structural patterns, bonding properties and exciting
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values determined by experimental and computational methods.

reactivity.* Amongst these, molecular alkaline-earth complexes
featuring Ae-to-metal bonds, where Ae is a large alkaline earth
(Ae = Ca, Sr or Ba), remain scarce. The homobimetallic mag-
nesium(1) B-diketiminate [{BDI”'**}Mg-Mg{BDI""*"}] (where
BDI”*? = HC{(Me)CN-2,6-Pr,-C¢Hs},, with DiPP = 2,6-Pr,-
CeH3) stands out as an extremely convenient, stoichiometric
reducing agent,” but similar homobimetallic compounds with
larger Ae metals remain unknown to date. On the other hand,
a handful of heterobimetallic complexes involving Ae-to-metal
¢ bonds have been reported with d or p-block metals. These
compounds are expected to exhibit high reactivity due to the
high polarisation of the intermetallic bond between the elec-
tropositive Ae element (Pauling's electronegativity, xp: Ca, 1.00;
Sr, 0.95; Ba, 0.89) and other, more electronegative metals. Ae-
transition metal complexes, e.g. [Ae{Co(CO);(PCys)},-(thf)],
were synthesised for Ae = Mg, Ca and Sr, and their electronic
structures were probed; the Ae-Co interaction was found by
DFT calculations to decrease down group 2 from Be to Sr.® Some
examples of Ae-metal c-bonded complexes with post-transition
metals are available. For instance, Ae-Ga gallyls exist for the
three large alkaline earths (Ae = Ca, Sr and Ba), as in [Ae{Ga
{N(DiPP)C(R)},}, (tmeda),] with R = H or Me.”® Combined with
the calcium alumanyl [{CH,SiMe,N(DiPP)},AlCa{BDI"***}] only
recently unveiled, they constitute the extent of o-bonded
complexes involving group 13 metals currently accessible.® A

© 2021 The Author(s). Published by the Royal Society of Chemistry
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few cases of Ae-to-tetrel bonds with group 14 elements also
exist. The seminal complex, Westerhausen's [Ca(SnMes),-
-(thf),], was reported in 1994 (Fig. 1).** The heteroleptic
B-diketiminato-calcium stannyls [{BDI”***}CaSn(u,-H)(SnPh;)
Ca{BDI""**}] and [{BDI""**}CaSnPh;],, as well as the monomeric
Lewis adducts [{BDI”"**}CasnPh;-(L),] (L = thf, 2,2,5,5-Me,-thf
and Ph;P = O; x = 1-2), were obtained much later; the adducts
were shown to be suitable sources of tin-centred nucleophiles
that reacted with Cl,SntBu, or carbodiimines.'* On the other
hand, strontium stannyls are still unknown, while character-
isation of the very first barium stannyl, the heteroleptic
[{CarbP'**}BaSn(SiMe;);-thf] (Carb”*® = 2,9-(CH=N-2,6-"Pr,-
CeH;),4,7-'Bu,-C1,HyN) was recently accomplished by our
group,'” along with the preparation of its calcium congener,
[{Carb”'**}CaSn(SiMe;); - thf].”* Bonding analysis by DFT
methods in these complexes pointed at a highly ionic Ae-to-Sn
bond, with a HOMO essentially located on tin, even if a non-
negligible orbital contribution was also found in the barium
stannyl.

Although a number of compounds featuring Ae-to-Si and Ae-
to-Ge o bonds to lighter tetrels, as in [Ae{Si(SiMe3)3}, - (thf),] and
[Ae{Ge(SiMe;)3}, - (thf),] or related species (Ae = Ca, Sr, n = 3;
Ba, n = 4), have been reported,'*** the sole homoleptic alkaline-
earth distannyl remains [Ca(SnMej),-(thf),].** Peculiarly, the
isolation of the analogue [Ca(SnPh;),-(thf),] with aromatic
substituents has proved troublesome. Even though this
complex was said to have been obtained as a colourless solid
and used as a crude, it was not structurally authenticated and
no spectroscopic data were provided.'® Attempts to generate
a Ca-SnPh; fragment by reaction of elemental calcium with
Ph;SnSnPh; in liquid ammonia in the presence of a crown-ether
and HMPA produced the separated ion pair [Ca(18-c-
6)-(hmpa),][Sn(SnPhs);],. Similar observations were made with
strontium, whereas the barium salt [Ba(18-c-6)-(hmpa),]
[SnPh;], could be crystallised.*®

While working on [{Carb®*"}BaSn(SiMe;);- thf], it came to
our attention that the magnesium distannyl [Mg{Sn(SiMe3)s},]
had been made from [MgBr, - Et,0] and [KSn(SiMe;); - (thf),];"” it
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{Sn(SiMejy);}, - (thf),].** These complexes are kinetically stabi-
lised by the presence of bulky tris(trimethylsilyl)stannyls.
Moreover, since the Sn-Si bond is more robust than the Sn-Sn
one,* the (Me;Si);Sn™ moieties are less likely to engage in side
reactions than their tris(trimethylstannyl)stannyl counterparts.
In this context, we now report the first homologous series of
alkaline-earth stannyls for Ae = Ca, Sr and Ba. The molecular
structures of the Ae-distannyls [Ae(SnPhj),:(thf),] and their
stability in solution are introduced. The synthesis and struc-
tural features of the bulkier [Ae{Sn(SiMe;);},-(thf),] are also
discussed. These complexes have been characterised by single-
crystal X-ray diffraction and by high resolution solution multi-
nuclear NMR spectroscopy. Structural analysis was combined
with theoretical (DFT) investigations to shed light on the
bonding patterns and to highlight subtle differences between
the large alkaline earths Ca, Sr and Ba.

Results and discussion

The alkaline-earth distannyls [Ca(SnPhy),-(thf),] (1),
[Sr(SnPh;), - (thf),] (2') and [Ba(SnPhs),-(thf)s] (3') were syn-
thesised upon reaction in thf of the corresponding Ae iodides
with [KSnPh;(thf),] (Scheme 1). The compounds were isolated
as pale yellow crystals in 58-73% yields from a mixture of thf
and petroleum ether, and their solid-state molecular structures
were determined by X-ray crystallography. Partial removal of thf
from these crystals is achieved upon thorough drying under
dynamic vacuum to afford [Ca(SnPhj),-(thf);] (1), [Sr(SnPh;),-
-(thf);] (2) and [Ba(SnPhj),-(thf),] (3). Complexes 1-3 are spar-
ingly soluble, and only dissolve in thf; it hence proved
impossible to obtain single crystals of these solvates. The
related  complexes  [Ca{Sn(SiMej)s},-(thf),] (4), [Sr
{Sn(SiMe3s);}, - (thf),] (5) and [Ba{Sn(SiMejs)s},-(thf)s] (6") were
prepared following the reaction of Ael, with in situ prepared
[KSn(SiMes3); - (thf),] in thf."” They were isolated in moderate
yields (31-62%) as pale yellow crystals upon recrystallisation
from petroleum ether; in contrast to their trisphenyltin
analogues, their solubility in common organic solvents,

was recrystallised from thf as the disolvate [Mg including aliphatic hydrocarbons, is excellent. The crystalline
{\r Ph Ph ArPh ph
— = P
thf<_ | _thf ( /Cq /Ca\ LA
_Ca N AN
thf” | “thf @—Sn L H Czq \)
SnMe; PH Ph Ar /N
Westerhausen'° Hil*1a Hill'ta Ar
Ar thf  Sn(SiMe3)s
1
N_ _SnPhs ARN NAr (Me3Si)sSn
C Cca ~Ba~ \M _thf
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Sarazin'?

Fig. 1 Structurally characterised alkaline-earth stannyls (Ar = 2,6-'Pr,-CgHs).
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thf Ael,, thf
Phz3SnH + KH —— [KSnPhg,.(thf)X T2 Ae(SnPhj),.(thf),
- H, -2KI
dry solids single crystals
Ae=Ca n=3 1 n=4 1
Sr 3 2 4 2
Ba 4 3 5 3
thf Aely, thf
Sn(SiMes)s + '‘BuOK KSn(SiMe3)s.(thf), 2 Ae{Sn(SiMe3)s},.(thf),
— 'BuOSiMe; - 2Kl
dry solids single crystals
Ae=Ca n=4 4 n=4 4
Melting temperature (°C; obs. decomp.) Sr 4 5 4 5
1 163.7-164.0 4 158.9-159.4 Ba 4 6 5 ¢
2 152.1-152.5 5 140.8-141.1
3 112.0-112.2 6 126.8-127.1

Scheme 1 Syntheses of the alkaline-earth (Ae = Ca, Sr, Ba) distannyls 1-6.

barium complex 6’ loses a thf molecule when dried in vacuo to
give the tetra-thf adduct [Ba{Sn(SiMe;)s}, - (thf),] (6). Besides,
even as a solid, with time it shows signs of decomposition (in
particular, the formation of a black solid is observed, assumed
to be elemental tin(0); this would be consistent with dis-
mutation processes suggested by the formation of oxidised
species, e.g. SnR, and R3;SnSnR;, observed in solution, vide
infra) at temperatures above 0 °C, and it should therefore be
kept cold. The series of homologous complexes 4-6 is
completed by the already documented magnesium complex [Mg
{Sn(SiMejs)s}, - (thf),],"”** a complex isolated as pale yellow
crystals with solubility properties similar to those of 4-6. Their
identity was established by XRD analysis, and their purity was
confirmed by solution NMR spectroscopy. The melting
temperatures (with the observed decomposition) were recorded
for all complexes; for a given stannyl, they decrease from Ca to
Sr and then to Ba.

X-ray diffraction crystallography

The solid-state structures of all complexes were determined by
XRD analysis performed on single crystals. The independent set
of compounds 1'-3' and 4-6' constitute the first homologous
series of molecular complexes of the heavy alkaline earths (Ae =
Ca, Sr and Ba) that contain Ae-Sn bonds. The details and
specificities of the structures for 1'-6' are discussed in the
following section and are compared to those of the other re-
ported  Ae-distannyls, [Ca(SnMejs),-(thf),]'* and [Mg
{Sn(SiMe3)s}, - (thf),]**® (Fig. 2). A comparative summary of
metric meters is tabulated further down (see Table 2).

Single crystals of the tetra-solvate calcium-distannyl
[Ca(SnPhy),-(thf),] (1') were obtained upon crystallisation
from the thf/petroleum ether washings of the reaction. The C,,-
symmetric geometry about Cal forms a slightly distorted octa-
hedron, with tin atoms at the axial positions whereas the four
oxygen atoms and the metal are coplanar (Fig. 3). The symmetry

SnMej; SnPhg SnPhg SnPhs
thf thf thf thf thf thf thf_ | tnf
Ba —thf
thf thf thf thf thf thf thf~ | thf
SnMej SnPh3 SnPh3 SnPh;,
Westerhausen'® 1 2' 3
(Me3Si)sSn Sn(SiMe3)s Sn(SiMes)3 Sn(SiMes)s
_thf th thf th th thf Ay thf
Mg _Ba —thf
Sthf thf thf thf thf tht ™| tnf
(Me3Si)3Sn Sn(SiMe3); Sn(SiMes)s Sn(SiMe3)s
Fischer'” & Castel'® 4 5 6

Fig. 2 Sketch of the molecular structures of new and reported!®”*# alkaline-earth distannyls.
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axis goes through O1, Cal and O2. The Sn1-Ca1-Sn1’ angle in 1/
(164.91(3)°) is narrower than in the centrosymmetric
[Ca(SnMej;), - (thf),] (180.0°).* This deviation from perfect line-
arity might simply be the outcome of packing forces in the
crystal lattice. However, it is also possible that the observed
bending of the angle towards O1 enables the formation of
favourable intramolecular Cy,—H---C(m-arene) interactions (at
a minimal C-H interatomic distance of 3.2280(31) A, and
a shortest distance to the centroid of 3.263 A) between the H
atoms of the thf molecule corresponding to O1 and the two
flanking aromatic rings corresponding to C7 and C7. In
particular, the three best mean planes defined respectively by
these two aromatic rings and by the pertaining O1-thf molecule
are nearly parallel, while the C7-O1-C7’ angle is almost linear
(178.42(6)°). A view along this C7-O1-C7’ axis shows that the
three rings are only slightly offset, with a representative 01-C7
interatomic distance of 3.8631(28) A (Fig. 4). The Cal-Sni
interatomic distance in 1’ (3.3164(3) A) is slightly longer than
that in [Ca(SnMej;), - (thf),] (3.2721(3) A), which is interpreted
as the expression of a weaker bonding and a greater charge
separation in 1. The Cal-Oi interatomic distances to the
different oxygen atoms (i = 1, 2, 3 and 3'), in the range 2.341(4)-
2.382(3) A, match those in the dicationic solvate [Ca(thf)>*] in
the ion pair (Ca(thf)s>']-2[B(CeFs)s ] (2.344(3)-2.375(3) A *).
They are therefore compatible with a near-quantitative ®~Sn---
Ca®"--Sn’" charge separation in 1’ and a formal oxidation state
+ II for Sn centres, as expected from the electronegativities of
calcium and tin (xp = 1.00 and 1.96). Accordingly, the C;~Sn1-C;
angles (i, j = 1, 7, 13) in 1/, all in the range of 96.71(11)-
98.90(12)°, are consistent with a quasi-exclusive contribution of
p orbitals at the tin(u) centre to the formation of the Sn-C
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bonds. The lone pair at tin is of mostly s character, in agreement
with the very low |'Jusg,_1:¢| value measured for 1’ (88.9 Hz, vide
infra).”*

The structure of the C,,-symmetric strontium distannyl
[Sr(SnPhy), - (thf),] (2/) depicted in Fig. 5 resembles closely that
of 1. It is the first structurally authenticated strontium stannyl
with an unsupported Sr-Sn bond. Note, however, that the iso-
lated structure of the alkoxide-bridged [Sr{(n*-O'Bu);Sn-
Fe(CO),},], which contains a short Sn---Sr interatomic distance
(3.2929(20) A) and that likely features some degree of covalence,
is known.”” The metal atom in 2’ lies in an octahedral envi-
ronment, also with four thf molecules in equatorial positions
and the two stannyls in the axial sites. The Sn1-Sr1-Sn1’ angle
of 163.504(15)° matches that in 1. The C~Sn1-C; angles (i,j =1,
7, 13) are in the range 97.51(11)-99.53(11)°, and again attests
the presence of mostly s-type lone pair at the tin atoms in 2'. The
Sr1-Sni interatomic distance of 3.4293(4) A is longer than the
corresponding Cal-Sn1 bond in 1’ (3.3164(3) A). Yet, the
increase is much lesser than expected on account of the ionic
radii of the dications Sr*" (1.18 A) and Ca*" (1.00 A), which,
counter-intuitively, may reflect a stronger, more covalent bond
with strontium. Interestingly, the shortest Cy,H---C(7-arene)
distance for the thf molecule corresponding to O3 and the two
flanking aromatic substituents that encapsulate it (corre-
sponding to the ipso C-atoms C1 and C1’) of 3.2222(32) A are
identical to those in 1’ (with a distance to the centroid of 3.224
A), despite the much larger ionic radius of strontium and longer
Ae-to-Sn distances in 2. The thf molecule and two flanking
aromatic rings are again nearly parallel, while the C1-03-C1’
angle is linear (179.285(62)°). The 03-C1 (and 0O3-C1’) inter-
atomic distance to the pertaining ipso C-atoms in 2’ (3.9379(28)

Fig. 3 Molecular solid-state structure of [Ca(SnPhs),-(thf)4] (1'). H atoms omitted for clarity. Selected bond lengths (A): Cal-Sn1 = 3.3164(3),
Cal-01=2.341(4), Cal-02 = 2.360(3), Cal-03 = 2.382(3), Sn1-C1 = 2.200(3), Sn1-C7 = 2.203(3), and Sn1-C13 = 2.199(3). Selected angles (°):
C1-Sn1-C13 =98.90(12), C1-Sn1-C7 = 98.02(11), C1-Sn1-Cal = 120.27(9), C7-Sn1-C13 = 96.71(11), C7-Sn1-Cal = 109.18(8), C13-Sn1-Cal
=127.79(8), O1-Cal-02 = 180.0, O1-Cal-03 = 92.86(7), 02-Cal-03 = 87.14(7), 03—-Cal-03' = 174.28(14), 03-Cal-Snl’ = 90.97(6), O3’ -
Cal-Snl’ = 89.78(6), Sn1-Cal-0O1 = 82.453(15), Sn1-Cal-02 = 97.547(15), Sn1-Cal-03 = 89.78(6), and Sn1-Cal-Snl’ = 164.91(3). Symmetry
transformations used to generate equivalent atoms: —x, y, —z + 1/2; T = [1, 0, O].

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Angle

Sn1-Ca1-Sn1' =164.91(3)°
C7-01-C7' =178.42(6)°
Ca1-Sn1-C7 = 109.18(8)°

View along the C7-01-C7' axis
® c7

centroid

Torsion angle
C8-C7-01-C19' =27.9(3)°
C19-01-C7'-C12' = 19.8(3)°
C8-C7-C7'-C12' = 47.6(3)°

Fig. 4 Representation of the Sn1-C7(arom.), Cal-Ol(thf) and Sn1’-C7'(arom.) fragments in the molecular structure of the C,,-symmetric
[Ca(SnPhs),- (thf),] (I'). Distances in A. See Fig. 3 for the complete structure.

1&) is as expected longer than the corresponding one in the
calcium derivative 1’ (3.8631(28) A).

The asymmetric unit in the crystal lattice of [Ba(SnPh;),-
-(thf)s] (3’) contains two independent and similar, but not
identical, molecules of the complex. Only one of them, corre-
sponding to Bal, is displayed in Fig. 6, and its metric parame-
ters are detailed here. A summary of relevant metric parameters
highlighting the main differences between the two molecules is
collected in Table 1. The geometry around the 7-coordinate Bal
atom forms a near-perfect pentagonal bipyramid, an
uncommon geometry for barium. The tin atoms Sn1 and Sn2
are located in axial positions, with a near-linear Sn1-Ba1-Sn2
angle of 176.65(3)°. The five oxygen atoms occupy the equatorial
sites, with all O;-Ba1-O;,; angles (for i = 1-4) in the range of
68.9(3)-74.5(4)° close to the ideal value of 72.0°. They are almost
coplanar, and the Bal atom rests only 0.031(2) A away from the

7102 | Chem. Sci, 2021, 12, 7098-7114

best average plane defined by these five O-atoms. The Bal-Sn
interatomic distances (3.6575(12) and 3.6821(12) A) are notice-
ably longer than in the heteroleptic complex [{Carb”**}
BaSn(SiMe,), thf] (3.521(3) A),”* the only other referenced
complex with an unsupported Ba-Sn bond.** The Ba1-Sn bond
lengths in 3’ are also much longer than in the strontium
complex 2’ (3.4293(4) A), with an increase greater than expected
from the difference of ionic radii between Sr** and Ba®" (1.18
and 1.35 A, respectively). On the other hand, the increase
compared to the Ca1-Sn bond length in 1’ (3.3164(3) A) is in line
with the difference of ionic radii for Ca®* (1.00 A) and Ba*'. As
for 1 and 2/, the C;~Sn-C; angles around the Sn1 and Sn2 atoms
are in the range 95.5(6)-100.3(5)°. Most of the Sn,-Ba1-O; angles
are reasonably close to 90.0°, as expected for a pentagonal
bipyramid geometry. The Sn3-Ba2-Sn4 angle of 169.20(3)° in
the second independent molecule is narrower than the Sni-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Molecular solid-state structure of [Sr(SnPhs), - (thf),] (2'). H atoms omitted for clarity. Selected bond lengths (A): Sr1-Sn1 = 3.4293(4), Sr1-
O1 = 2.511(3), Sr1-02 = 2.502(4), Sr1-03 = 2.479(4), Sn1-C1 = 2.200(3), Sn1-C7 = 2.197(3), and Sn1-C13 = 2.196(3). Selected angles (°): C1-
Sn1-C7 = 98.43(11), C1-Sn1-C13 = 97.51(11), C1-Sn1-Srl = 109.08(8), C7-Sn1-C13 = 99.53(11), C7-Sn1-Srl = 119.33(8), C13-Sn1-Srl =
127.49(8), O1- Sr1-01 = 174.21(17), O1-Sr1-02 = 87.10(8), O1-Sr1-03 = 92.90(8), O1-Sr1-Snl1 = 90.97(7), O1-Sr1-Snl’ = 89.86(7), O2-Sr1-
03 =180.0, 02-Sr1-Snl = 98.248(8), O3-Sr1-Snl = 81.752(8), and Sn1-Sr1-Snl’ = 163.504(15). Symmetry transformations used to generate
equivalent atoms: —x, y, —z + 1/2; T = [0, O, 0].

Fig. 6 Molecular solid-state structure of [Ba(SnPhs), - (thf)s] (3). H atoms and non-interacting lattice thf molecule omitted for clarity. Only one of
the two similar molecules in the asymmetric unit is depicted with the main component (67.4%) of the disordered thf component at O5A. Selected
bond lengths (A): Ba1-Sn1 = 3.6821(12), Bal-Sn2 = 3.6575(12), Bal-O1 = 2.742(5), Bal-02 = 2.686(4), Bal-03 = 2.700(8), Bal-04 = 2.738(8),
Bal-O5A = 2.698(12), Sn1-C1 = 2.221(13), Sn1-C7 = 2.210(15), Sn1-C13 = 2.198(15), Sn2-C19 = 2.212(15), Sn2-C25 = 2.189(14), and Sn2-C31
=2.220(14). Selected angles (°): Sn1-Bal-Sn2 = 176.65(3), C1-Sn1-C13 = 97.3(5), C1-Sn1-C7 = 95.5(6), C7-Sn1-C13 = 99.1(5), C19-Sn2-C25
= 96.0(5), C19-Sn2-C31 = 96.6(6), C25-Sn2-C31 = 99.0(5), O1-Bal-02 = 72.76(18), O1-Bal-O5A = 73.8(2), O2-Bal-03 = 72.5(3), O3-
Bal-04 = 74.5(4), O4-Bal-O5A = 68.9(3), O1-Bal-Snl = 94.62(10), O1-Bal-Sn2 = 83.74(10), O2-Bal-Snl = 82.58(10), O2-Bal-Sn2 =
94.14(11), O3-Bal-Snl = 87.4(2), O3-Bal-Sn2 = 92.2(2), O4-Bal-Snl = 99.3(2), O4-Bal-Sn2 = 83.8(2), O5A-Bal-Snl = 87.2(3), and O5A-
Bal-Sn2 = 95.2(3).
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Bal-Sn2 one, which induces notable changes in the Sn;-Ba2-0O;
angles around Ba2 (Table 1). The differences in the structural
geometry corresponding to the Ba®>" cations in the two mole-
cules of 3’ found in the asymmetric unit highlight the fact that
bonding in these molecules is predominantly electrostatic in
nature with little directionality (vide infra).

The structure of the octahedral [Ca{Sn(SiMe;);}, - (thf),] (4) is
shown in Fig. 7. The two tin atoms are in axial positions, and
unlike in 1’, the Sn1-Ca1-Sn2 angle of 178.29(2)° is close to
linearity. Accordingly, the O1-Ca1-03 and 02-Cal-O4 angles
are also linear. The Ca1-Sn1 and Cal-Sn2 interatomic distances
of 3.3653(7) and 3.3649(7) A are comparatively longer than in
the six-coordinate complexes 1’ (3.3164(3) A) and [Ca(SnPh;),-
-(thf),] (3.2721(3) A). The Si~Sn-Si; angles around Sni
(96.93(3)-100.58(3)°) and Sn2 (97.06(3)-99.19(4)°) are consistent
with a very minor contribution of the 5s orbital to the formation
of the various Sn-to-Si bonds.

In the molecular solid state, the strontium complex [Sr
{Sn(SiMe;)s}, - (thf),] (5) is isostructural with the congeneric
calcium complex 4, and forms a perfect octahedron (Fig. 8; only
one of the two independent but very similar molecules in the
asymmetric is represented), with a linear Sn1-Sr1-Sn2 angle of
179.33(4)°. Similar to the calcium analogues, the Sr1-Sn1 and
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Sr1-Sn2 interatomic distances in 5 (3.4600(11) and 3.4550(11)
A) are a little longer than in 2’ (3.4293(4) A), while the different
Si;~Sn-Si; angles range from 96.93(3)° to 100.58(3)°. The Sr1-Sn
bond lengths in 5 are less than 0.10 A longer than those in 4,
that is, as seen in 1’ and 2/, the increase in the bond length is
lower than the difference of ionic radii between Ca®>" and Sr** in
six-coordinate environments (0.18 A).

The molecular structure of the seven-coordinate [Ba
{Sn(SiMejs);}, - (thf)s] (6") forms a slightly distorted pentagonal
bipyramid (Fig. 9), where the two tin atoms occupy the axial
sites with a Sn1-Ba1-Sn2 angle of 158.101(16)° substantially
narrower than the ideal 180° and that found in 3’. On the whole
though, the structural features in 6', notably the Ba-Sn bond
lengths (3.6668(8) and 3.7058(8) A) are comparable to those in
3'. Similarly, the angles corresponding to the tin atoms and the
Sn-Si distances in 6’ match those in the calcium and strontium
derivatives 4 and 5.

A summary of the most pertinent crystallographic data for
1'-3', 4-5 and 6, as well as for the known [Mg{Sn(SiMe3)s},-
-(thf),],*”*® is amalgamated in Table 2. This table and the
preceding discussion highlight some subtle differences and
peculiarities in the bonding patterns of the different complexes.
As anticipated, the magnesium compound stands out in this

Table 1 Relevant metric parameters for the two independent molecules in the asymmetric unit of [Ba(SnPhs),- (thf)s] (3')

Molecule 1 (Bal)

Molecule 2 (Ba2)

Sn1 Sn2 (o) Sn3 Sn4 (o) Average values”
Ba-X [A] 3.6821(12) 3.6575(12) 3.6366(11) 3.6496(11) Ba-Sn = 3.656
2.686(4) 2.703(7) Ba-O = 2.731
2.698(12) 2.731(8)
2.700(8) 2.748(9)
2.738(8) 2.781(9)
2.742(5) 2.785(9)
Sn-C [A] 2.198(15) 2.189(14) 2.185(15) 2.160(12) Sn-C = 2.202
2.210(15) 2.212(15) 2.216(8) 2.192(12)
2.221(13) 2.220(14) 2.218(9) 2.210(12)
Sn-Ba-Sn [°] 176.65(3) 169.20(3) Sn-Ba-Sn = 172.9°
Sn-Ba-0; [°] 82.58(10) 83.74(10) 78.93(17) 80.2(2) Sn-Ba-0; = 90.1°
87.2(3) 83.8(2) 80.6(2) 81.8(2)
87.4(2) 92.2(2) 83.4(2) 89.2(2)
94.62(10) 94.14(11) 101.9(2) 91.48(17)
99.3(2) 95.2(3) 103.7(2) 110.0(2)
C-Sn-G; [°] 95.5(6) 96.0(5) 96.7(5) 95.6(4) CSn-C; = 97.7°
97.3(5) 96.6(6) 98.4(4) 98.9(5)
99.1(5) 99.0(5) 99.0(5) 100.3(5)
0-Ba-0;,, [°] 68.9(3) 72.8(3) 0/Ba-0;,,” = 73.3°
72.5(3) 73.0(3)
72.76(18) 74.0(3)
73.8(2) 74.9(3)
74.5(4) 75.7(3)

“ values averaged over all equivalent bonds and angles in the two independent molecules. ? Angle between two consecutive O atoms in the

equatorial plane around Bal and Ba2 atoms.
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Fig.7 Molecular solid-state structure of [Ca{Sn(SiMes)s}, - (thf)4] (4). H atoms omitted for clarity. Selected bond lengths (A): Cal-Sn1 = 3.3653(7),
Cal-Sn2 = 3.3649(7), Cal-0O1 = 2.353(2), Cal-02 = 2.392(3), Cal-03 = 2.361(3), Cal-04 = 2.382(3), Sn1-Sil = 2.6032(10), Sn1-Si2 =
2.5963(11), Sn1-Si3 = 2.6083(10), Sn2-Si4 = 2.5995(11), Sn2-Si5 = 2.6068(10), and Sn2-Si6 = 2.6079(10). Selected angles (°): O1-Cal-02 =
89.14(9), O1-Cal-03 = 179.70(10), O1-Cal-04 = 93.40(10), O2-Cal-03 = 90.94(10), O2-Cal-04 = 177.17(9), O3-Cal-04 = 86.51(10),
0O1-Cal-Snl1=90.25(7), 0O2-Cal-Snl = 89.08(6), O3-Cal-Snl = 90.04(7), O4-Cal-Snl = 92.15(7), O1-Cal-Sn2 = 88.05(7), 02-Cal-Sn2 =
91.09(7), 0O3-Cal-Sn2 = 91.66(7), 04-Cal-Sn2 = 87.76(6), Si1-Sn1-Si2 = 99.17(3), Si1-Sn1-Si3 = 100.58(3), Si2—Sn1-Si3 = 96.93(3), Si4—Sn2—
Si5 = 97.06(3), Si4—Sn2-Si6 = 99.19(4), Si5-Sn2-Si6 = 97.88(3), Cal-Sn1-Sil = 123.77(3), Cal-Sn1-Si2 = 120.80(3), Cal-Sn1-Si3 = 110.84(3),
Cal-Sn2-Si4 = 120.73(3), Cal-Sn2-Si5 = 110.83(3), Cal-Sn2-Si6 = 125.57(3), and Sn1-Cal-Sn2 = 178.29(2).

\/

\

Sit

Fig. 8 Molecular solid-state structure of [Sr{Sn(SiMe3)s}, - (thf)4] (5). H atoms omitted for clarity. Only one of the two independent but nearly
identical molecules found in the asymmetric unit is drawn. Selected bond lengths (A): Sr1-Snl = 3.4600(11), Sr1-Sn2 = 3.4550(11), Sr1-01 =
2.532(8), Sr1-02 = 2.518(8), Sr1-0O3 = 2.529(15), Sr1-04 = 2.507(8), Sn1-Sil = 2.599(4), Sn1-Si2 = 2.591(3), Sn1-Si3 = 2.593(3), Sn2-Si4 =
2.582(3), Sn2-Si5 = 2.582(4), and Sn2-Si6 = 2.596(3). Selected angles (°): O1-Sr1-02 = 95.9(3), O1-Sr1-03 = 170.4(5), O1-5r1-04 = 89.0(3),
02-Sr1-03 = 92.6(6), 02-5r1-04 = 173.2(3), O3-Sr1-04 = 82.9(6), O1-Sr1-Snl = 90.94(19), O1-Sr1-Sn2 = 89.69(19), O2-5r1-Snl =
91.2(2), 02-Sr1-Sn2 = 88.5(2), O3-Sr1-Snl = 84.5(5), O3-Sr1-Sn2 = 94.9(5), O4-Sr1-Snl = 93.5(2), O4-Sr1-Sn2 = 86.8(2), Sil-Sn1-Si2 =
97.47(13), Si1l-Sn1-Si3 = 101.03(12), Si2—Sn1-Si3 = 96.54(12), Si4—Sn2-Si5 = 98.34(12), Si4-Sn2-Si6 = 96.80(12), Si5—Sn2-Si6 = 100.38(13),
Sr1-Sn1-Si1=117.60(10), Sr1-Sn1-Si2 = 124.13(8), Sr1-Sn1-Si3 = 115.62(9), Sr1-Sn2-Si4 = 117.29(8), Sr1-Sn2-Si5 = 116.57(10), Sr1-Sn2-Si6 =
122.94(9), and Sn1-Sr1-Sn2 = 179.33(4).
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Fig.9 Molecular solid-state structure of [Ba{Sn(SiMe3)s}, - (thf)s] (6'). H atoms omitted for clarity. Only the main component of the disordered thf
molecule (at O5) is drawn. Selected interatomic distances (A): Bal-Snl = 3.6668(8), Bal-Sn2 = 3.7058(8), Bal-O1 = 2.758(5), Bal-02 =
2.770(5), Bal-0O3 = 2.778(5), Bal-04 = 2.753(6), Bal-O5 = 2.737(5), Sn1-Sil = 2.5949(18), Sn1-Si2 = 2.5862(18), Sn1-Si3 = 2.603(2), Sn2-Si4 =
2.5987(18), Sn2-Si5 = 2.5907(19), and Sn2-Si6 = 2.6032(19). Selected angles (°): Sn1-Bal-Sn2 = 158.101(16), O1-Bal-02 = 68.11(19), O2-Bal-
03 =66.18(19), 03-Bal-04 = 68.7(2), O4-Bal-0O5 = 79.2(2), O5-Bal-01 = 77.9(2), O1-Bal-Snl = 86.72(11), O1-Bal-Sn2 = 90.87(12), O2-
Bal-Snl = 99.17(11), O2-Bal-Sn2 = 100.09(12), O3-Bal-Snl = 101.78(12), O3-Bal-Sn2 = 95.46(12), O4-Bal-Snl = 86.08(14), O4-Bal-Sn2
= 87.73(13), O5-Bal-Snl = 78.85(11), O5-Bal-Sn2 = 79.36(11), Si1-Sn1-Si2 = 96.49(6), Sil-Sn1-Si3 = 95.67(7), Si2— Sn1-Si3 = 101.22(7), Si4—

Sn2-Si5 = 98.27(7), Si4-Sn2-Si6 = 98.22(6), and Si5-Sn2-Si6 = 94.63(6).

series, due to the much smaller size of the metal. It can be seen
that, expectedly, coordination numbers increase with the ionic
radius from magnesium to barium. The interatomic distances

Table 2 Summary of XRD structural data for 1'-3', 4—6' and related complexes

around the central metal also increase accordingly, although, as
already mentioned, the lengthening from Ca®" to Sr>* does not
match the increase in ionic radii. Within a homologous series

[Ca(SnPhy), - (thf),]

[Sr(SnPh;), - (thf),]

[Ba(SnPh;), - (thf)s]

[Ba(SnPh;), - (thf)s]

1 2/ 3’ (molecule 1) 3’ (molecule 2)
Tionic(A€*)* 1.00 1.18 1.35 1.35
C.N. 6 6 7 7
Geometry Octahedral Octahedral Pentagonal bipyramidal Pentagonal bipyramidal
Ae-Sn° 3.3164(3) 3.4293(4) 3.6575(12)-3.6821(12) 3.6366(11)-3.6496(11)
Ae-Oye? 2.341(4)-2.382(3) 2.479(4)-2.511(3) 2.686(4)-2.742(5) 2.703(7)-2.785(9)
Sn-Cf 2.199(3)-2.203(3) 2.196(3)-2.200(3) 2.189(14)-2.221(13) 2.160(12)-2.218(9)
£ Sn-Met-Sn* 164.91(3) 163.504(15) 176.65(3) 169.20(3)
/C~Sn-Cf 96.71(11)-98.90(12) 97.51(11)-99.53(11) 95.5(6)-99.1(5) 95.6(4)-100.3(5)

[Mg{Sn(SiMe;)s}, - (thf),]'®

[Ca{Sn(SiMes)s}, - (thf),]

[Sr{Sn(SiMes)s}, - (thf)s]

[Ba{Sn(SiMe;)s}, - (thf)s]

4 5 6
Tionic(A€™*)* 0.72 1.00 1.18 1.35
C.N.? 4 6 6 7
Geometry Tetrahedral Octahedral Octahedral Pentagonal bipyramidal
Ae-Sn/ 2.817(1) 3.3649(7)-3.3653(7) 3.4550(11)-3.4600(11) 3.6668(8)-3.7058(8)
Ae-Ope? 2.062(9) 2.353(2)-2.392(3) 2.507(8)-2.532(8) 2.737(5)-2.778(5)
Sn-Sif 2.521(9)-2.584(14) 2.5963(11)-2.6083(10) 2.582(3)-2.599(4) 2.5862(18)-2.6032(19)
£Sn-Ae-Sn* 130.83(8) 178.29(2) 179.33(4) 158.101(16)
£ Si~Sn-Sif n/a® 96.93(3)-100.58(3) 96.54(12)-101.03(12) 94.63(6)-101.22(7)

“ Tonic radius for the given metals. ” Coordination number. ¢ Ae-Sn interatomic distance in A. ¢ Ae-O interatomic distance in A. ¢ Sn—C interatomic
distance in A./ Angle in degrees. ¢ Sn-Si interatomic distance in A. ” Not available due to large disorder over all SiMe; sites.

7106 | Chem. Sci, 2021, 12, 7098-7114

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc00436k

Open Access Article. Published on 23 March 2021. Downloaded on 3/6/2026 4:22:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

(i.e. SnPh; and Sn(SiMes);), the geometry around the tin atoms
varies very little, and maintain a geometry with little hybrid-
isation between s and p valence orbitals. The Si~Sn-Si; angles in
the tris(trimethylsilyl)stannyls are slightly wider than the C,~Sn-
C; ones in the triphenylstannyl analogues, presumably to
minimise steric repulsion between the bulkier SiMe; substitu-
ents. For a given Ae metal, the Ae-Sn interatomic distances also
increase on switching from -SnPh; to the bulkier -Sn(SiMej3)s
stannyls. Although it may also reflect to some extent the greater
steric pressure, such bond elongation is compatible with
weaker Ae-Sn bonds in 4, 5 and 6’ and suggest that the partial
negative charge at the tin(u) atoms is better stabilised in these
complexes than in 1’, 2’ and 3’ due to effective delocalisation in
the multiple 6*(Si-C) orbitals.

Bonding analysis

The electronic structure of the complexes discussed above was
investigated by the means of Density Functional Theory (DFT)
calculations at the TZP/PBE0-D3-ZORA level (see Computational
Details). All the geometries were fully optimised (gas-phase
considered), starting from their X-ray parents when available,
otherwise from that of their closest match. The 6-coordinated
tetra-solvated series [Ae(SnPh;), - (thf),] for Ae = Ca (1), Sr (2/)
and Ba (3, a complex isolated as a powder but so far not crys-
tallographically characterised) is discussed first. Selected data
are provided in Tables 3 and S1.7 The fully optimised geome-
tries are overall in good agreement with the X-ray structures of 1/
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and 2/, with, however, a couple of differences that are
mentioned here: (i) the computed Ae-Sn distances are some-
what shorter than their experimental counterparts, especially in
the Ae = Ca case (by 0.16 A). This is a tendency intrinsic to DFT
for such metal-ligand types of bonds that is already docu-
mented in the literature.* The particular discrepancy observed
for Ae = Ca mainly originates from the Grimme's empirical
corrections of dispersion forces that were found to specifically
overestimate Ca-Sn interactions (see the ESIT);* (ii) in the case
of 1/, the optimised Sn-Ae-Sn’ angle (177°) indicates quasi-
linearity, while the experimental value (164.91(3)°) shows
significant bending. In the case of 2/, the computed and X-ray
values of the bending angles are almost equal, and the
computed bending angle decreases from 1’ to [Ba(SnPh;),-
-(thf),]. Nevertheless, the short intramolecular Cy,~H---7t-arene
contacts observed in the non-bent X-ray structure of 1’ (vide
supra) are also found in the optimised structure of 1/, with one
of the thf ligands and its two flanking aromatic rings lying
almost parallel, thus allowing a minimal C(r)---H distance of
2.80 A. The same feature is also present in the computed
structure of 2’ (shortest C(r)---H contact = 2.72 A), but not in
that of [Ba(SnPhy), - (thf),], where the more pronounced Sn-Ae-
Sn’ bending (139°) forces the three rings to rotate away from
parallelism in order to avoid collision. In our DFT calculations,
the non-covalent interactions are mainly considered through
Grimme's D3 dispersion force empirical corrections.*® Optimi-
sation of 2’ without D3 corrections leads to a Sn-Sr-Sn angle
(163°) equal to that determined when D3 corrections are

Table 3 Relevant DFT-computed data for the octahedral and pentagonal bipyramidal complexes [Ae(SnPhs),-(thf),] and [Ae{Sn(SiMez)s}, - (thf),]

(Ae = Ca, Sr, Ba)

[Ca(SnPhy),- (thf),] [St(SnPhy),- (thf),]

[Ba(SnPh,), - (thf),] [Ba(SnPh,), - (thf);] [Ba(SnPh,),- (thf)s]

1 2/

3¢ 3’ (molecule 1) 3’ (molecule 2)

HOMO-LUMO gap/ 4.50 4.48
eV’
Ae-Sn/A? [WBI]“

Ae—Oy,¢ /AP [WBI]*?

3.159 [0.199]
2.386 [0.034]

3.339 [0.190]
2.542 [0.028]

4.31 4.33 (0.016%) 4.28 (0.000%)
3.469 [0.160]

2.733 [0.024]

3.533 [0.139]
2.771 [0.023]

3.538 [0.139]
2.759 [0.022]

/ Sn-Ae-Sn'/° 177 163 139 175 166
NAO charges Ae 1.63 1.66 1.71 1.71 1.71
Sn 0.57 0.55 0.55 0.55 0.55
(0] —0.61 —0.61 —0.60 —0.60 —0.60
[Ca{Sn(SiMej;)s}, - (thf),] [Sr{Sn(SiMe;)s},-(thf),] [Ba{Sn(SiMe;);},-(thf),] [Ba{Sn(SiMe;)s},-(thf)s] [Mg{Sn(SiMe;);},-(thf),]
4 5 6
HOMO-LUMO 4.60 4.42 4.11 4.19 4.87
gap/eV
Ae-Sn/A? [WBI|™  3.251 [0.159] 3.357 [0.149] 3.491 [0.134] 3.565 [0.128] 2.766 [0.342]
Ae-Oyye/ 2.386 [0.032] 2.541%0.026] 2.725 [0.023] 2.763 [0.022] 2.076 [0.036]
Ab [WBI]C,d
/ Sn-Ae-Sn’/° 176 175 170 162 132
NAO charges Ae 1.71 1.73 1.75 1.74 1.47
Sn —0.75 —0.72 —0.78 —0.75 —0.78
O -0.61 —-0.61 —0.60 —0.59 —0.64

¢ Compound not crystallographically characterised, instead the XRD structure of the pentasolvate 3’ was established. ” In parentheses: relative
energy between two different molecules, given in eV. ¢ Averaged values. ¢ WBI = Wiberg bond index.
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HOMO-1

Fig. 10 The highest occupied Kohn—Sham orbitals for [Ca(SnPhz),-
-(thf),] (1').

considered, although the metal-ligand distances are found to
be somewhat larger. Still, the three-parallel-ring feature is
present (shortest C---H contact = 2.82 A). Overall, these results
indicate that the non-bonding interligand contacts between one
thf ligand and its two neighbouring phenyl rings are not the
reason for the observed Sn-Ae-Sn’ bending; instead, it is quite
possible that they actually are the consequence of this bending.

Simple AeX, molecules (X = H, halogen) are also known to be
subject to such structural bending.*® Such a feature was inves-
tigated at a high level of theory and interpreted as resulting
from a pseudo Jahn-Teller effect* originating from the mixing
of an occupied ¢, orbital with a vacant d(Ae) combination of 7,
symmetry, and considered by the authors as imperfectly
reproduced by DFT calculations. Such species with a flat
potential energy surface upon bending have been described as
floppy or quasilinear.?”*® Our DFT computations on AeF, found
bent structures with angles of 121, 131 and 145°, for Ae = Ca, Sr
and Ba, respectively. These corresponding bent minima are
more stable than the linear arrangements by 0.03, 0.12 and
0.27 eV. We also calculated the hypothetical thf-free
[Ae(SnMe;),] models for Ae = Ca, Sr, and Ba, and found Sn-
Ca-Sn angle values of 180, 123 and of 110°, respectively. In the
case of Sr and Ba, the bent minimum is more stable than the
linear arrangement by 0.05 and 0.27 eV, respectively. Although
only approximate, these data indicate small energy variations
upon bending. This is also in line with our calculations on the
two independent molecules found in the X-ray structure of the
penta-solvated 3’ (Table 3). However their corresponding opti-
mised Sn-Ba-Sn angles (166 and 175°, close to their experi-
mental counterparts, 169.20(3) and 176.65(3)°, see Table 2)
differ significantly from one another; their energy difference
(0.01 eV) is negligible at our level of calculations. Thus, taken as
a whole, these results indicate that the observed or calculated
bending for the [Ae(SnPh;),-(thf),] (Ae = Ca, Sr Ba) series is
mainly the result of a barely stabilising pseudo Jahn-Teller
effect somewhat perturbed by weak intra- and intermolecular
forces in the solid state.

Within the tetra-solvate series, the HOMO-LUMO gap decreases
upon going from Ca to Ba, as well as the Ae-Sn and Ae-O Wiberg
bond indices (WBI), suggesting a lowering of covalency within the
given Ae coordination spheres (Table 3). This is also in line with the
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Table 4 Morokuma—-Ziegler energy decomposition analysis in
complexes [Ae(SnPhsz), - (thf),] (Ae = Ca, Sr, Ba).*

Fragmentation [Ae(thf),]** + [(SnPhs),]>~

Ae Ca(1) sSr(2) Ba(3) Ba(3) Ba (3)
(molecule 1) (molecule 2)

n 4 4 4 5 5

Epauli 4.05  3.73  4.05 3.76 3.99

Eelseat ~13.66 —13.32 —13.22 —12.56 ~12.76

Eom ~3.35 —3.11 -3.26 —2.87 —2.91

Eaisp ~132 -123 -1.29 -1.34 ~1.33

TBE? —14.28 —-13.92 —-13.72 —13.01 —13.01

@ All values in eV. ? Total bonding energy (TBE) = Epauii + Eelstat + Eorb +
Edisp-

Ae natural atomic charge variation within the series. This effect can
be related to the decrease in the Ae electronegativity when
descending group 2, which increases the energy difference between
the Ae valence accepting orbitals and the ligand lone pairs, thus
lowering the strength of their interaction. Whereas the small WBI
for Ae-O bonds are consistent with a largely ionic bonding char-
acter, those for Ae-Sn bonds suggest some covalent character. This
is exemplified by the composition of the HOMO and HOMO-1 of
the complexes, which are respectively the out-of-phase and in-
phase combinations of localised Ae-Sn o-bonding orbitals (see
Fig. 10 for the illustrative example of complex 1'). As expected, they
are largely Sn-polarised, with, from Ca to Sr and Ba, Sn(%)/Ae(%)
compositions of 73/11, 78/8 and 76/9 for the HOMO and 71/13, 71/
15 and 71/13 for the HOMO-1, respectively.

A deeper understanding of the nature of the Ae-Sn bonding
in the [Ae(SnPhs),-(thf),] series can be obtained by an energy
decomposition analysis (EDA) of the interaction between two
frozen molecular fragments, according to the Morokuma-Zie-
gler procedure.” The decomposition of the total bonding
energy (TBE) between the “solvated” cation [Ae(thf),]*" and the
[Ph3Sn---SnPh;]*~ dimeric fragment in the three [Ae(SnPh;),-
-(thf),] complexes (Ae = Ca (1'), Sr (2') and Ba (3) is observed;
note that the XRD structure of the tetrasolvate 3 was not deter-
mined, instead that of 3’ was established, vide supra) is provided
in Table 4. TBE is expressed as the sum of four components:
Pauli repulsion (Ep.u;), the electrostatic interaction energy
(Eelstat), the orbital interaction energy (E,,) and the component
associated with the dispersion forces (Egisp). TBE decreases
when descending group 2 from Ca to Ba, following the pre-
vailing E.jsac variation. This component, which dominates TBE,
is about 4 times larger than the E,, covalency component; these
relative contributions are diagnostic of a mixed iono-covalent
Ae-Sn bonding. Surprisingly, the E,,, value for Ba is interme-
diate between that of Ca and Sr. This seemingly contradicts the
monotonous variation of the Ae-Sn WBIs within the series (see
Table 3). However, it is not always pertinent to compare WBI's
associated with bonds made out of different elements, espe-
cially as in the present scenario when the differences between
values are small. Another point of view can be provided by the
Quantum Theory of Atoms in Molecules (QTAIM) approach.*
Selected QTAIM data are collated in Table 5. The AIM charges

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 QTAIM descriptors of the Ae—Sn bonds in complexes [Ae(SnPhs),- (thf),] (Ae = Ca, Sr, Ba)*?

Ae Ca (1) Sr (2)
n 4 4
Atom charge Ae 1.57 1.59
Sn“ 0.74 0.72
o —1.07 —1.06
Delocalisation index o 0.21 0.22
bep indicators” p 0.024 0.022
V2p +0.037 +0.032
H —0.003 —0.002
|4 —0.015 —0.013
IVl/G 1.24 1.23

Ba (3) Ba (3') (molecule 1) Ba (3') (molecule 2)
4 5 5
1.57 1.59 1.59
0.74 0.75 0.75

—1.06 —1.05 —-1.05
0.25 0.23 0.24
0.022 0.020 0.021

+0.027 +0.026 +0.026

—0.003 —0.002 —0.002

—0.012 —0.011 —0.011
1.26 1.24 1.25

“ Averaged values. ® p , V?p, H, V and G are the electron density, Laplacian of p density, energy density, potential energy density and kinetic energy

density values at the bcp, respectively. All values in a.u.

suggest a slightly more ionic character when Ae = Sr. On the
other hand, the Ae-Sn delocalisation index increases when
descending the Ae column, which is in apparent contradiction
with the WBI variation. All the Ae-Sn bond critical point (bcp)
indicators have small absolute values. The positive sign of the
Laplacian density, the negative sign of the (very small) energy
density and the |V|/G ratio somewhat larger than 1 are
compatible with a bonding dominated by an ionic interaction
with some very polar covalent character. The AIM charges, as
well as the H and | V|/G variation, are consistent with the slightly
smaller|E,,,|value found in the case of Sr (Table 3).

To complete the series of the triphenylstannyl derivatives, we
compared the computed data of the barium tetra- and penta-
solvate species, [Ba(SnPhs),-(thf),] (3) and its crystallographically
characterised congener [Ba(SnPh;), - (thf)s] (3') (Tables 3-5) They are
consistent with a moderate weakening of the Ba-Sn bond upon
increasing the number of coordinated thf molecules, without any
important change of the electronic parameters. Incidentally,
although their respective bending angles differ substantially (166
and 175°, Table 3), the two optimised molecules of 3’ exhibit
similar computed data in Tables 3-5. This infers that reasonable
bending at the Ae centre does not significantly affect the electronic
structure of this type of complex.

The selected computed data for the other series of 6-coordinated
complexes [Ae{Sn(SiMe;);}, (thf),] (Ae = Ca (4), Sr (5) and Ba (i.e. 6,
the thf tetrasolvate parent of 6 and, so far, not structurally char-
acterised)) are gathered in Tables 3, 6 and 7. With 4 and 5, the quasi-

Table 6 Morokuma-Ziegler energy decomposition analysis in
complexes [Ae{Sn(SiMez)s}, - (thf),] where Ae = Mg,*® Ca (4), Sr (5) and
Ba (6 and 6')*

Fragmentation  [Ae(thf),]>" + [{Sn(SiMe;)s}]>

Ae Mg Ca (4) Sr (5) Ba (6) Ba (6')
n 2 4 4 4 5
Epauii 3.46 3.83 3.63 3.73 3.68
Eeistat —15.28 —13.04 —12.96 —12.90 —12.35
Eort —6.49  —3.54 —329  —3.15 —3.04
Eaisp —0.83 —1.38 128  —1.22 ~1.39
TBE? —-19.14 -14.14 —13.90 —13.53 —13.10

“ All values in eV. ® Total bonding energy (TBE) = Epauli + Eelstat + Eorb +
Edisp~

© 2021 The Author(s). Published by the Royal Society of Chemistry

linear Sn-Ae-Sn’ arrangements of the simulated structures match
those in their XRD-determined structures (Tables 2 and 3). On the
other hand, the Ba analogue is predicted to be significantly bent
(162°). The other major difference between the triphenylstannyl and
tris(trimethylsilyl)stannyl series is the NAO and AIM charges of Sn
(Tables 3, 5 and 7). They are positive in the former (NAO ~0.6 and
AIM ~0.7) while they are negative in the latter (NAO ~—0.7 and AIM
~—0.3). This large difference stems from the different electronic
effects of the phenyl and trimethylsilyl substituents: interestingly,
the trimethylsilyl electron-donating effect is not transferred to Ae,
and hence the electron accumulation at the tin atoms remains
localised on the silyl side. As a result, no substantial differences in
the Ae charge and Ae-Sn bonding can be found between the two
series of complexes. The computed Ae-Sn interatomic distances are
slightly longer in the tris(trimethylsilyl)stannyl series than in the
triphenylstannyl one, in agreement with the crystallographic data.
Nevertheless, the corresponding TBE values in both series are close
(Tables 4 and 6). As a whole, the EDA data indicate slightly stronger
covalent bonding for the tris(trimethylsilyl)stannyl series, whereas
the NBO and QTAIM results (Tables 4 and 7) suggest the opposite,
although on the whole these differences are rather marginal.
Comparison of the tetra- and penta-solvate barium species [Ba
{Sn(SiMe;)s}, - (thf),] and 6 leads to the conclusions identical to
those for their triphenylstannyl analogues; that is, increasing the
number of solvated thf slightly weakens the Ba-Sn bonds, with little
perturbation of the whole electronic situation. For the sake of
comparison, the magnesium complex [Mg{Sn(SiMe;)s},- (thf),]"*
was included in the computed series. Unsurprisingly, its computed
data (Tables 3, 6 and 7) indicate significantly stronger bonding to tin
compared to its heavier homologues; covalency is in particular more
substantial for Ae = Mg.

NMR spectroscopy

Complexes 1-6 were characterised in solution by high resolution
multinuclear NMR spectroscopy. The spectra for the poorly soluble
1-3 were recorded in thf-dg, while benzene-d, was used for the more
soluble 4-6. Representative NMR data for the two families of
complexes are collated in Table 8 and Table 9. The relative inte-
grations of the resonances for aliphatic and aromatic hydrogens in
the "H NMR spectra of 1-3 showed the presence of three thf

Chem. Sci., 2021, 12, 7098-7114 | 7109
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Table 7 QTAIM descriptors of the Ae—Sn bonds in complexes [Ae{Sn(SiMe3)s}, - (thf),] (Ae = Mg, Ca, Sr, Ba)*?
Ae Mg Ca (4) Sr (5) Ba (6) Ba (6')
n 2 4 4 4 5
Atom charge Ae 1.55 1.57 1.59 1.57 1.58
Sn“ —0.49 —0.32 —0.33 —0.32 —0.30
(o —1.09 —1.06 —1.06 —1.05 —1.05
Delocalisation index 6¢ 0.27 0.20 0.22 0.27 0.24
bep indicators® p 0.032 0.021 0.021 0.0021 0.019
V2 +0.050 +0.030 +0.030 +0.027 +0.024
H —0.005 —0.002 —0.002 —0.003 —0.002
\4 —0.023 —0.012 —0.012 —0.0012 —0.010
Ivl/G 1.29 1.21 1.22 1.27 1.24

“ Averaged values. ® p , V?p, H, V and G are the electron density, Laplacian of p density, energy density, potential energy density and kinetic energy

density values at the bcp, respectively. All values in a.u.

Table 8 Summary of NMR spectroscopic data for complexes [Ae(SnPhs), - (thf/thf-dg),] (Ae =a, x =4,1"; Sr, x =4, 2/; Ba, x =5, 3)*

Bc{'H} NMR

98n{'"H} NMR ipso-C ortho-C meta-C para-C
61%sn Avyp |Jussnsel 6 7°C [ rmogy| 6°c PJarmsal 8 1°C [Jagrmmosa| 8 1°C
[ppm]  [Hz]  [Hz] [ppm]  [Hz] [ppm]  [Hz] [ppm]  [Hz] [ppm]
[Ca(SnPhs),-(thf),] (1) —133.4 67 n.d” 157.97  88.9 138.93  43.5 127.76  13.4 125.87
[Sr(SnPhy),-(thf),] (2')  —123.6 63 n.d” 160.26  134.6 139.01  45.6 127.52  10.9 125.44
[Ba(SnPhy),-(thf)s] (3))  —95.5 24 n.d® 160.78  "7Sn=138.9 139.02 46.1 127.60  10.0 125.49
19%n = 143.1

% NMR data recorded in thf-dg from crystalline samples of 1-3, assumed to generate the higher solvates 1/, 2’ and 3’ in this solvent. Chemical shifts

in ppm and coupling constants in Hz. ” n.d. = not detectable.

molecules for 1 and 2, and four molecules for 3. NMR monitoring
over the course of several weeks indicated that these complexes
slowly decompose in solution at room temperature to generate
different products in variable quantities. In particular SnPh, and
Ph;SnSnPh; could be identified spectroscopically (6 **°Sn = —128.8
and —143.6 ppm, respectively); the precipitation of a dark grey
powder, assumed to be elemental tin(0), was also visible. Note that
as the NMR data for the dry compounds 1-3 were recorded in thf-
ds, it is likely that they will bind additional thf molecules in this
solvent. It is legitimate to assume that the measured chemical
shifts correspond to those for more solvated species akin to 1/, 2/
and 3’ with respectively four, four and five coordinated molecules of
thf and/or thf-dg; they are considered as such hereafter, assuming
that the presence of coordinated thf-dg instead of non-deuterated
thf bears no incidence on ''*Sn NMR data.

On the whole, the three complexes 1'-3’ give rise to easily
detectable and sharp singlets (Av,,, = 24-67 Hz) by "'*Sn{'H}
NMR spectroscopy in thf-dg (Table 8). A substantial downfield
shift is observed as the electropositivity of the Ae metal
increases (6 '*°Sn: Ca, —133.4 ppm; Sr, —123.6 ppm; Ba, —95.5
ppm). Small variations of ¢ ''°Sn were also detected in the
homologous series of alkali stannyls [{18-c-6}MSn(SiMe;);]
for M = K, Rb and Cs (6 '"Sn = —892.2, —890.3 and

710 | Chem. Sci., 2021, 12, 7098-7114

—899.4 ppm, respectively), but the magnitude of the shift in that
latter case was much lower than for 1'-3'.*

The absolute values of the coupling constants |"Jiog, i[>
could not be extracted from the '*°Sn{"H} NMR spectra of 1'-3’,
but they could be obtained from their **C{'H} spectra, for n = 1-
3. In particular, the indirect spin-spin coupling constant
|Jissn_r3c| to ipso increases from Ca (88.9 Hz) to Sr (134.6 Hz)
and Ba (143.1 Hz). By comparison, the coupling constants to
ortho and meta carbon atoms do not change to a significant level
between the three complexes. Comparison of the data for 1’ and
its methyl-substituted congener [Ca(SnMes), - (thf),]** indicate
that in 1/, the singlet in the '"’Sn{'H} NMR spectrum is

considerably deshielded (6 ''°Sn = —133.4 vs. —203.3 ppm,
respectively) while the 'Jisg, 1 coupling constant is lower (88.9
vs. 106.3 Hz).

A different situation arises with the bulky distannyls [Ae
{Sn(SiMe3s)s}, - (thf),] 4-6, for which the NMR data could be
recorded in benzene-ds,. Decomposition of 4-6 is significantly
slower than for complexes 1-3. Solutions of 4-6 in C¢Dg did
precipitate small amounts of elemental tin over several weeks,
though 'H and ''°Sn NMR indicated that dismutation is slow.
The other by-products, ReSn, and R,Sn, are only minor impu-
rities (<5%) after 2 weeks in solution at 25 °C. All NMR spectra

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Summary of NMR spectroscopic data for complexes [Ae{Sn(SiMez)s}, - (thf),] (Ae = Mg, Ca, Sr, Ba)

a

View Article Online

Chemical Science

93n{"H} NMR

29Si{'"H} NMR

Bc{'H} NMR

6 %n ["Tx-v| 6 °si ["Tx-v| 6 %c [T x-v]
[ppm] [Hz] [ppm] [Hz] [ppm]  [Hz]
[Mg{Sn(SiMe;)s}, - (thf),]*” —830.2 |Yiogn2ogi| = 123 -12.3 |Yoogimogn| = 123 6.55 [>Jsnmmogy| = 28
[Yorgirirgn| = 117
[Ca{Sn(SiMe;);}, - (thf),] (4) —856.8 \;jmsn,zasi\ =82.1 —12.9 [Yoogitogn| = 82.9 7.76 \;]wc,zesi\ =36.7
[*Jrogn117gn| = 455.0 |1‘]29$i7117sn| = 79.0 [*Jisg_nimmog| = 19.3
[osinel = 36.7
|3.]295i—“7/“95n| =2.7
[Sr{Sn(SiMe;);}, - (thf),] (5) —848.2 |YJiogn2ogi| = 98.8 —12.9 |Yoogimogn| = 98.8 7.88 [ g| = 36.7
\ZJIWSDJ”Sn\ = 582.2 |1]2<Jsi7117Sn| =94.4 ‘2]1307117/1195n‘ =20.8
[Yeosinc| = 36.5
[¥Joogitmmogn| = 3.6
[Ba{Sn(SiMe3)s}, - (thf),] (6) —792.7 |YJiogn 2osi| = 116.7 —11.1 |Yoogitogn| = 116.9 8.06 [V gi| = 36.7

‘ZJJHSnJ”Sn‘ =7721

|1f‘”si—“75n| =111.8
[Josinel = 36.5

‘ZJ”C—“W“()Sn‘ = 20.8

“ NMR data recorded in benzene-ds from crystalline samples. Chemical shifts given in ppm and coupling constants in Hz. * n.d. = not detectable.

were recorded for the three compounds; note that the chemical
shifts recorded in thf-dgs were very similar to those in benzene-d,
(see the ESIf). The most representative data are collected in
Table 9, whereas illustrative "*C{"H} and *°Si{'"H}-DEPT spectra
for the strontium complex 5 are displayed in Fig. 11 and 12. The

298i{'"H} DEPT NMR

Relative integrations (%)

Si

Si

95n{'"H} NMR spectrum of this complex contains a single,
sharp resonance at 6 ''°Sn = —848.2 ppm. Its "H NMR spectrum
is not particularly informative, although it confirms the pres-
ence of four coordinated thf molecules per metal with reso-
nances of the expected intensities at 6 'H = 3.85 and 1.49 ppm.

A 7.63 1M7-119g — gy —— g M7 119—g;
B 7.22

c 241 Si/ \Si \Si/CH3

D 12.39 '\

E 1.07 CH.CHs

F 69.58 3

1J (295i-1195n) = 98.8 Hz

E 1J (2°Si-117Sn) = 94.4 Hz N :
T B b |
¥ 1J (?9Si-13C) = 36.5 Hz « > L

i i g ;4'>;3J(298i-“7“198n)=§3.6 Hz i é

5 s ol | 5
A B E it i F

A A

124 125 12,6 127 12.8 12.9 3.0 131 13.2 13.3 13.4

Fig. 11 2°Si{*H} DEPT NMR spectrum (99.36 MHz, benzene-dg, 298 K) of [SH{SN(SiMes)s}- (thfl4] (4).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Si Si

117—1198n_Sr_Sn117—119_Si

Si/ \Si \ i—CHs

S

I\
CH,CMs

<

»
=
i
'

'J (29Si-1"9Sn) = 98.8 Hz|

T T T T

-845 -847 -848

T T T

-849 -850 -851

Fig. 12 195n{*"H} NMR spectrum (186.36 MHz, benzene-de, 298 K) of [Sr{Sn(SiMez)s},- (thf)4] (4).

Table 9 shows that the *°Sn{"H} NMR chemical shifts are again
increasingly low-field shifted when the size of the metal
increases. Besides, the values 6 '*°Sn for the [Ae{Sn(SiMe;);},-
-(thf),] complexes 4-6 (—856.8, —848.2 and —792.7 ppm) are
much more shielded than those for 1'-3' (—133.4, —123.6 and
—95.5 ppm). These variations agree with the known tendency of
tin compounds to undergo large upfield shifts upon replace-
ment of an alkyl or aryl group by alkylsilyl substituents,
compare for instance 6 ''°Sn for SnMe, (0.0 ppm), SnPh,
(—128.8 ppm), Me;SnSiMe; (—126.7 ppm), Me;Sn(cyclo-SigMey;)
(—168.5 ppm) and Ph;Sn(cyclo-SigMe;;) (—149.5 ppm).>-* It is
also consistent with the large change of the computed Sn
atomic charges when going from the triphenylstannyl to the
tris(trimethylsilyl)stannyl series (see Tables 3, 5 and 7). The
DFT-calculated ¢ ''°Sn values for 4-6 are —898, —924 and
—848 ppm, respectively. They agree well with the experimental
data, including for the barium derivative 6. The values of the
9sn{'H} and *°Si{'"H} NMR chemical shifts for 4-6 (the latter
also shift downfield on moving from Ca to Sr and Ba) are in the
range of those measured for a variety of Lewis base adducts of
the alkali stannyls MSn(SiMe;); where M = Li, Na, K, Rb, Cs."”
The absolute coupling constants |'Joss; 95| (82.9, 98.8 and 116.9
Hz) and |YJ»g_17sn| (79.0, 94.4 and 111.8 Hz) for 4-6 increase
regularly from Ca to Ba; yet, they are much smaller than those
for these alkali salts, found in the range 200-300 Hz. Finally, the
intensity of the |*fusg, g, coupling across the Ae metal
increases noticeably from Ca (4, 455.0 Hz) to Sr (5, 582.2 Hz) and
Ba (6, 772.1 Hz).

7M2 | Chem. Sci, 2021, 12, 7098-7114

Concluding remarks

Compounds [Ae(SnPh;), - (thf),] 1-3 and [Ae{Sn(SiMe3);}, - (thf),]
4-6 are available in high yields and purity. They represent the
first families of homologous alkaline-earth stannylenes with the
large Ae metals Ca, Sr and Ba, and complement the handful of
related complexes that display Ae-Sn unsupported bonds.'***
Beyond Westerhausen's seminal [Ca(SnMej), - (thf),],'® they also
are the sole sets of homoleptic Ae stannylides available to date.
The compounds are highly air-sensitive but are nonetheless
reasonably stable as solids under an inert atmosphere.
However, storage at low temperature is recommended to avoid
slow decomposition that may occur at room temperature, with,
in particular, the potential release of elemental tin(0) through
dismutation processes as suggested by the formation of the
oxidised species R;Sn and R;SnSnR; detected in solution.

The complexes have all been characterised by XRD
crystallography. The crystallised complexes often contained
additional coordinated thf molecules compared to the dry
solids, as for instance in [Ba{Sn(SiMej3)s}, (thf)s] (6'), obtained
upon recrystallisation of the tetrasolvate
[Ae{Sn(SiMe;);}, - (thf),] (6) in the presence of thf. [Ba
{Sn(SiMe3);}, - (thf)s] (3') and 6’ crystallise as seven-coordinate
complexes, with five metal-bound equatorial thf molecules; all
other calcium and strontium complexes were recrystallised as
the six-coordinate [Ae{SnR},(thf),] for R = Ph or SiMe;. This
difference is assumed to result from the larger size and greater
electropositivity of barium. The stannyl groups systematically
occupy the two axial positions in structure of all complexes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Some unusual geometrical features were detected in the
molecular structures of the octahedral [Ca(SnPhj),-(thf),] (1)
and [Sr(SnPh;),-(thf),] (2'), notably the peculiar parallel
arrangement of thf and aromatic rings and unexpected intra-
molecular C-H---C(m) interactions. DFT calculations suggest
that these properties are the outcome of the bending of the Sn—
Ae-Sn’ angle away from linearity in these distorted octahedra.

The complexes were also fully characterised in solution by
high-resolution NMR spectroscopy. Notably, clear and sharp
resonances were detected in the ''°Sn{"H} spectra, where the
values of 6 ''°Sn are deshielded upon going from Ca to Sr and Ba
in both series of complexes. Yet, within a given series, the
observed variations of chemical shifts (ca. 40-60 ppm) remain
small with respect to the range of known chemical shifts (ca.
+4000 to —2500 ppm) in ''°Sn NMR. This is consistent with
a large degree of charge separation between the Ae>* cation and
the two SnR;™ ligands. The shifts observed between the reso-
nances across the two families for [Ae(SnPhj;), - (thf),] (in thf-dg:
Ae=Ca,x=4,1,0—-133.4 ppm; Sr, x =4, 2/, 6 —123.6 ppm; Ba,
x = 5,3, 6 —95.5 ppm) and for [Ae{Sn(SiMe;);},-(thf),] (in
benzene-ds: Ae = Ca, 4, 0 —856.8 ppm; Sr, 5, 6 —848.2 ppm; Ba,
6, 0 —792.7 ppm; the chemical shifts recorded in thf-dg are very
similar) are perhaps more representative of the nature of the
tin-bound substituents. Deconvolution of the corresponding
isotropic shielding o into its three components, the diamag-
netic, paramagnetic and spin-orbit shieldings op, op and ogo,*
and detailed DFT analysis are required to extract the essence of
these chemicals shifts. Although this is beyond the scope of the
present work, we will endeavour to provide more insight in
a future report. Note however that DFT computations reproduce
reasonably well 6 *°Sn for complexes 4-6 (Jcac *'°Sn —898,
—924 and —848 ppm), while the agreement was poorer for 1'-3'
(0cate 1*°Sn —159, —162 and —174 ppm, respectively), or at least
for 3', due to reasons that remain unclear at this stage.

A comprehensive DFT investigation, completed with NBO,
EDA and QTAIM analyses, of the whole series of complexes
found a primarily ionic character of the Ae-Sn bonding,
whereas the weak covalent component of the bond decreases
from (Mg and then) Ca to Ba. The Sn-Ae-Sn’ bond angle is
associated with a particularly flat energy potential surface
around its minimum, thus explaining the large range of
experimental and computed values obtained for this angle
within the whole series.

The work presented herein usefully complements the growing
body of information regarding the structural and bonding features
of the once frowned-upon large Ae metals. The main group
elements, and in particular calcium, strontium and barium, are
now being intensively investigated both for their reactivity, in
particular for homogenous catalysis where they appear as viable
alternatives to mainstream transition metal complexes, and for
their burgeoning inorganic chemistry. Unsuspected electronic and
bonding properties are now being unravelled with these
metals,>*"**3*7 and this study of heterobimetallic compounds
featuring Ae-Sn bonds constitutes the initial step in a wider
research program aimed at exploring and exploiting the specific-
ities of the bonding between s- and p-block metals.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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