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stabilized complexes

Ross F. Koby?, Timothy P. Hanusa*, and Nathan D. Schley*

Department of Chemistry, Vanderbilt University, VU Station B #351822, Nashville, Tennessee 37235

ABSTRACT: Ball milling a mixture of the bulky allyl K[A"] ([A"] = [1,3-(SiMe3)>CsHs]") and SnCl, in a 2:1 ratio for S min leads to the tris(al-
lyl) stannate [SnA’;K].., which forms a coordination polymer in the solid state. Longer grinding of the 2:1 mixture (15 min), or the use ofa 3:1
ratio of reagents, initiates a disproportionation reaction and the chiral tetra(allyl)tin species [SnA's] is produced. A small amount of a diastere-
omeric [SnA’] complex with meso symmetry can also be isolated with extended grinding. These products have been structurally authenticated
with single crystal X-ray crystallography. The tetra(allyl) species [SnA's] are sterically crowded, and decompose relatively quickly (< 1 hr) in
hydrocarbon solvents. In the solid state, they are much more persistent (several months), and evidently owe their stability to internal London
dispersion interactions, as evidenced by multiple close H--- H' interligand contacts. Dispersion-corrected DFT calculations have been used to
confirm the critical contribution of dispersion interactions to their stability. None of these products are available in their isolated forms from
solution-based reactions, demonstrating the ability of mechanochemical activation to access otherwise unobtainable transformations in organ-

otin chemistry.

INTRODUCTION
Mechanochemistry, especially in the form of grinding and ball mill-

ing,' is a technique that has experienced a resurgence in modern pre-
parative chemistry, encompassing the synthesis of organic,”* organ-

ometallic,”® and coordination compounds,'*"

and the generation of
new nanomaterials."*"> In most cases, reactions performed mecha-
nochemically require little to no solvent, use less energy, and pro-
ceed more quickly than conventional solvent-based reactions. Be-
sides being compatible with the philosophy and practice of green

chemistry,'¢"”

mechanochemistry can significantly alter reaction
outcomes. Kinetics and mechanisms can be drastically changed,’
providing access to new products in higher yields and shorter reac-
tion times than otherwise possible.* Most intriguingly, mechano-
chemistry has been used to form a variety of organic and organome-
tallic compounds not available through solution methods, revealing

pathways to compounds that are unique to the solid state approach.

The reasons that mechanochemically promoted syntheses can
differ from solution-based reactions are varied. For example, the sol-
vents required to dissolve starting materials might also attack the
product; this is the reason that only a mechanochemical approach
was successful in producing the unsolvated tris(allyl) aluminum
complex [AIA] ([A] = [1,3-(SiMes).CsHs]") (Figure 1a).® Alter-
natively, usable solvents, even at their boiling points, may not pro-
vide enough energy input to overcome the reaction barrier prevent-
ing a molecule from being assembled, as with the sterically encum-
bered adamantoid phosphazane P+(N‘Bu)s (Figure 1b)." In a third
case, owing to different reaction rates and effective concentrations
of reagents, solution-based and mechanochemical reactions may
reach different endpoints, as in the reaction of Ce with KCN. In so-
lution, the reaction stops with the hydrocyanation product
[Ceo(CN)], whereas in the solid state, the cyano anion reacts with

Figure 1. Compounds formed exclusively through mechanochemical
methods: a. an unsolvated tris(allyl) complex, [Al{1,3-
(SiMes)2CsHs}s];® b. a ‘Bu-substituted phosphazane;'® c. the fullerene
dimer, C120."%%°

additional Ceo to form the fullerene dimer, Cio (Figure 1c).'”*
These examples do not exhaust the ways that solvent removal com-
bined with mechanochemical activation can facilitate the synthesis
of new compounds. We describe here the formation through mech-
anochemical synthesis of sterically bulky allyl compounds that exist
because of a disproportionation reaction involving tin. The redox
process is not observed when the reaction is conducted in solution.

It should be noted that many organotin(IV) species display con-
siderable thermal, hydrolytic, and oxidative stability, which in gen-
eral is a result of kinetic factors, and not especially strong Sn—C
bonds.” The corresponding neutral tin(II) alkyl and aryl complexes
(stannylenes, [:SnR,]), in contrast, are generally more reactive, and
unless stabilized with sterically bulky groups™ or cyclopentadienyl
ligands,” commonly occur only as transient reaction intermedi-
ates.”* Sterically enhanced allyl ligands***” have been used to sup-
press oligomerization and enhance kinetic stability in a wide range
of metal complexes, and offer away to generate stabilized tin(II) allyl
species. Layfield explored the use of the trimethylsilylated allyl lig-
and A’ with tin, demonstrating that the reaction of 3 equiv of K[A']
with SnCl, in THF leads to the stannate [ SnA’sK(thf) ], in which the
thf-coordinated potassium ion also interacts in a cation-w fashion



H e SiMe3

Snu H SiMe3

MesSim . L MesSin:_geé=H
1- SiMe3
WK H i
| SiMe3 \~K7' /
SiMes

MesSi- O s
N 3 Q SiMe3 Sies
Figure 2. a. Schematic of [SnA"3K(thf)]; the coordination around Sn is
pyramidal, with the sum of C-Sn-C' angles = 288.5°.* b. Schematic of
[BeA’;K]; Be is in a near planar environment, with the sum of C-Be-C' an-
gles = 357.6°% Similar trigonal planar coordination is found in the
[ZnA’sM] (M = Li, Na, K) complexes.®

b Me3Si

with the double bonds of the three allyl ligands (Figure 2a).”* The
same structural motif is found in isostructural beryllium*” and zinc®
complexes (Figure 2b). These compounds have no counterparts
with unsubstituted allyl ligands.

All the [M"A’sM'(thf).] metallates are found in a Cs-symmetric
RR.R (or §,S,S) configuration, with the stereodescriptors referring
to the attachment site of the allyls to the metal centers. In contrast,
the related neutral MA’; (M = As, Sb, Bi) complexes exist in two di-
astereomeric forms, with R,R,R (equivalently, S,S,S) and R,R,S (or
S$,S,R) arrangements.* It is likely that the alkali metal counterions in
the anionic complexes serve to template the arrangement of the allyl
ligands around the central element.”

RESULTS

Even though the unsubstituted di(allyl)tin [Sn(C3Hs)2] is unknown,
it seemed possible that the use of only two equiv. of K[A"] and the avoid-
ance of a coordinating reaction solvent could lead to the isolation of the
substituted analogue, [SnA’].%? As a check to ensure that mechano-
chemical activation was actually needed, stirring a mixture of K[A'] and
SnCl in hexanes produced no reaction, but grinding the same solids to-
gether in a 2:1 ratio for S min in a planetary ball mill generated a brown
powder that was partially hexanes-soluble. Filtration of a hexanes extract
to remove insoluble matter, evaporation of the filtrate, and subsequent
crystallization from hexanes led to the isolation of canary yellow crystals
of 1, whose "H NMR spectrum shows 5 resonances characteristic of o-
bound A’ligands (2 singlets for the trimethylsilyl groups and 3 allylic sig-
nals; details in the SI). This data and the observation of a singlet in the
"9Sn NMR spectrum at 8 -138.7 ppm, not far from the 6 -132.9 ppm
resonance reported for [SnA3K(thf)],?® suggested that a similar struc-
ture might be involved, despite the suboptimal ratio of reagents in the
mechanochemical reaction. It should be noted that 1 is evidently the
most stable (and the most easily generated) product of the K[A]:SnCL,
system, as it can be formed under a range of mechanochemical condi-
tions, including changes of scale and reaction stoichiometry (from 1:1
to 5:1), although its purity and yield varies with the specific reaction pa-
rameters used (additional examples in the ST).

A single crystal X-ray structure of 1 revealed that the compound was
in fact the stannate [SnA’3K], with three 6-bound allyls ligands on tin
and the K* counterion coordinated to the m-bonds of the allyl ligand
(Figure 3). The core structure, with its p:n*1'-bonding arrangement to
K and Sn, is thus isostructural with the thf-solvated Sn species, and with
the Zn and Be counterparts. Owing to the lack of coordinated thfin 1,
the K* is located more deeply inside the ‘umbrella’ formed by the three
allyl ligands than is the case in the thf-solvated species. This is reflected
in the K* -+ Sn separation of 3.537(1) A in 1, notably shorter than the
corresponding 3.666(3) A distance in the solvate.”® As a result, two of
the a-carbons are found at the same distances from the K* (3.01, 3.07
A) as are the olefinic carbons (average distance of 3.06 A), even though

the oi-carbons are saturated and not similarly basic. The [SnA’s]~ frame-
work distorts enough that the third K* - carbon contact (K*-+-C10)
is moved away to 3.20 A.

A notable difference of 1 from its Be, Zn, and solvated-Sn precedents
is that it exists in the solid state as a coordination polymer, with the K*
ion interacting with a methyl group on a neighboring molecule at a dis-
tance of 3.198(8) A. This distance is about 0.1 A longer than that of K*
to the olefinic carbons of the allyl groups, but it is similar to the K* --- CH3
linkage found in the coordination polymer [K(18-C-6)SnMes]«
(3.181(3) A), for example, or in the discrete anion [ (Me:SnCH3)K(18-
¢-6)SnMes]~ anion (3.237(2) A).** DFT calculations on the latter pro-
vided a K*+-- CHs force constant (k) of 16-17 N m™, in the range of hy-
drogen bonds.® The unit cell of 1 (P21/n, Z = 4) comprises parts of two
chains; all of the stannate units in a single chain possess the same ar-
rangement of allyl ligands around the tin (R,R,R, or S,S,S, with the latter
shown in Figure 3). The other chain displays the opposite configuration,
so that a racemic mixture of chains is present.

The weakness of the intermolecular interaction in 1 explains its facile
disruption, as happens from the presence of the coordinated thf ligand
in [SnA3K(thf)].2® The ease of such disruption was also demonstrated
from one particular recrystallization attempt of 1, in which trace adven-
titious water, evidently from the solvent, was found to be bound to the
K* ion, interrupting the K*---CHs linkage and converting the stannate
into discrete solvated monomers, [SnA3K(OH.)], 2 (Figure 4). The
near absence of other evidence of hydrolysis products (e.g., HA' in 'H
NMR) is a testament to the minute amount of water involved, the
greater Lewis acidity of K* relative to the tin center, and to the relatively
low polarity of the Sn~C bonds. Like [SnA’sK(thf)], 2 has crystallo-
graphically imposed 3-fold symmetry (the H atoms on water are disor-
dered), and the water is associated with an increase in the effective coor-
dination number of K*. The average distance of the K* to the olefinic
carbons lengthens from 3.06 A in 1 to 3.13 Ain 2, a change that tracks
with the difference between the ionic radii of 6- and 7-coordinate K*

(0.08 A).3¢

The possibility that the unsolvated 1 might be usable as a 6-e” donor
ligand, isoelectronic with Cp~, and a tripodal synthon for heterobimetal-
lic allyl complexes prompted a more thorough examination ofits prep-
aration. As a first step, the reagent stoichiometry of K[A'] and SnCl, was

Figure 3. Thermal ellipsoid plot (50% level) of two molecules of 1. For
clarity, hydrogens have been removed from trimethylsilyl groups, and
with the exception of C14, their carbon atoms have been replaced with
grey circles. Selected bond distances (A) and angles (deg): Sn1-C1:
2.324(5); Sn1-C10: 2.346(5); Sn1-C19: 2.310(5); K1-C1: 3.073(7);
K1-C2: 3.090(6); K1-C3: 2.979(6); K1-C10: 3.204(5); K1-C11:
3.126(5); K1-C12: 3.007(5); K1-C19: 3.010(6); K1-C20: 3.069(6);
K1-C21:3.062(5); K1---C14:3.198(8); C1-Sn1-C10: 97.47(19); C1-
Sn1-C19: 96.77(19); C10-Sn1-C19: 95.45(18).



Figure 4. Thermal ellipsoid plot (50% level) of the unit cell of 2 (space
group R3m, Z = 3). For clarity, all hydrogens have been removed except
from the water molecules, and carbon atoms have been assigned arbi-
trary isotropic radii. Crystallographically imposed disorder in the allyl
ligands has also been removed. Selected bond distances (A) and angles
(deg): Sn—C: 2.338(7); K-0: 2.729(14); K- C: 3.09-3.17 A; C-Sn—
C’:96.6(2).

adjusted from 2:1 to 3:1, in order to improve the yield of the original
reaction; this was also the ratio originally used to produce [ SnA'sK(thf) ]
in THE.”® Now, however, milling the two reagents for 5 min left an oily
residue. Extracting the solid with hexanes left an insoluble heterogene-
ous mixture of a light bluish-grey and dark grey powder, assigned to po-
tassium chloride and tin metal, respectively.® Filtration of the hexanes
extract followed by removal of solvent from the filtrate left a beige solid
(3). It quickly became evident that 3 was a substance considerably dif-
ferent from the intended 1.

A striking feature of 3 is its instability in solution. In the solid state
at room temperature under an inert atmosphere, 3 is sufficiently sta-
ble to obtain combustion analysis and confirm the bulk purity of the
freshly prepared material. Even a 6-month old sample was only par-
tially decomposed, and contained crystals of satisfactory quality to
allow a redetermination of its X-ray structure (see below). However,
when dissolved in hexanes, only about an hour of working time is
available before visible decomposition is evident, which is accompa-
nied by the formation of a precipitate. One of the species present in
the aged solution is tetrakis(trimethylsilyl)-1,5-hexadiene {A%}, a
product of allyl radical coupling.*® Nevertheless, rapid recrystalliza-
tion is possible from freshly prepared hexanes solutions, and alt-
hough crystals suitable for X-ray analysis could be obtained this way
(see below), such attempts often resulted in the formation of oily
solids. Dissolved in C¢Ds at room temperature for the purpose of
NMR studies, the onset of decomposition is even more rapid, with
the initial amber solution beginning to turn brown after ca. 10 min,
and eventually yielding a dark precipitate. This had the consequence
of making clean NMR spectra difficult to obtain. Even with the ad-
ditional step of freezing the sample in liquid nitrogen immediately
after preparation, and thawing it just before signal collection, decom-
position products were invariably detectable in NMR spectra.

Despite difficulties with sample stability, a '"*Sn NMR spectrum
of 3 was eventually obtained that displayed a single peak at 4 -36.6
ppm, a roughly 100 ppm downfield shift from that for [SnA'sK]. If
all else were equal, the decrease in shielding would suggest a reduc-
tion in metal coordination number, but given the broad chemical
shift range for “Sn in complexes with hydrocarbyl ligands (over

Figure S. Thermal ellipsoid plot (50% level) of 3. For clarity, hydrogens
have been removed from trimethylsilyl groups, and the others assigned
an arbitrary radius. Selected bond distances (A) and angles (deg): Sn1-
Cl1: 2.195(6); Sn1-C11: 2.203(5); Snl-C19: 2.206(5); Sn1-C28:
2.195(6); C1-C2:1.493(8); C2-C3: 1.337(8); C10-C11: 1.490(8);
C10-C11: 1.490(8); C19-C20:1.495(10); C20-C21: 1.334(9); C28-
C29: 1.484(8); C29-C30: 1.333(9); C1-Sn1-C10: 105.2(2); C1-
Sn1-C19: 110.0(3); C1-Sn1-C28: 112.7(2); Sn1-C1-C2-C3:
111.5(5); Sn1-C10-C11-C12: 126.4(4); Snl-C19-C20-C21:
123.6(5); Sn1-C28-C29-C30: 101.7(5).

1000 ppm),” and the high sensitivity of the shift to minor structural
changes, this alone was not diagnostic of the structural differences
from [SnA;K]. The '"H NMR spectrum contains resonances con-
sistent with 6-bonded allyl ligands, but these are also not determina-
tive of structure. The identity of 3 was eventually established from
the results of a single crystal X-ray study, performed on a crystal ob-
tained from a rapidly evaporated hexanes solution. It proved to be
the tetra(allyl)tin(IV) complex, [SnA's] (Figure S), which repre-
sents the first crystal structure of a homoleptic tin allyl complex. Its
formation, discussed below, also represents the first example of a
mechanochemically driven organometallic disproportionation reac-

tion, occurring without the benefit of added external oxidants.*®

Around the central tin atom of 3, four 6-bound allyls are arranged
in a distorted tetrahedral fashion, all of which are attached with the
same relative stereochemistry, generating a chiral center. (In the
crystal selected for analysis, the orientation s S,S,S,S, although under
a microscope with polarizing filters, crystals that rotated light with
the opposite orientation were also observed.) The combined effect
is to give the molecule approximate D, symmetry, although this is
not crystallographically imposed. The average Sn—C bond length of
2.200(11) A is on the long end of known Sn-C(allyl) distances in
Sn(IV) compounds, but is similar to that found for the Sn—allyl bond
in the trimethylsilylated compound Sn(CH.Ph),[C(SiMes)s]-
[CH.CH=C(SiMe3)2] (2.19(1) A).* The Sn-C-C=C torsion angles
range from 101.7° to 126.4°, averaging to 115.8°. The angles are
larger than typical values observed in Sn-allyl compounds (100+10°,
see below), but they can be influenced by steric crowding (the value
in Sn(CHzPh)z[C(SIM€3)3] [CHzCHZC(SIM€3)2] iS 128.5°).40

To gain further insight into the origins of both 1 and 3, both of
which involve substoichiometric ratios of reagents, a wider range of
reagent ratios and grinding times (up to 60 min) was studied. With
a 2:1 ratio of K[A']:SnCL, and a 15 min grinding time, a more com-
plex mixture of products was observed, including 1, 3, and a small
amount of a new substance (4) that displayed a single peak in its
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Figure 6. Connectivity of 4. Thermal ellipsoids of Sn and Si are at 50%
probability; carbon atoms are given arbitrary radii, and all hydrogens
have been removed except for those required to illustrate the stereo-
chemistry at the a-carbon positions.

'Sn NMR spectrum at § -32.5 ppm, close to but distinctly different
from the § -36.6 ppm shift for 3. It yielded crystals following the
standard workup with hexanes, but the best X-ray diffraction data
that could be obtained was from a crystal that proved to be twinned
and from which almost no high angle information was obtained, so
that the resulting structure was essentially of connectivity only qual-
ity. Nevertheless, the space group (P, Z = 2) was clearly different
from that for 3 (P2.), and the heavy atom connectively is not in
doubt. It proved to be a diastereomer of 3; specifically, the connec-
tivity of the allyl ligands to the tin has R,S,R,S stereochemistry, so
that the molecule has meso symmetry (Figure 6). The idealized sym-
metry of 4 is Sy, rather than the D of 3.

Milling the 3:1 mixture of starting materials for 15 min led to a
mixture similar to that observed with the 2:1 ratio; i.e., not only was
3 present, but also 1,4, and K[A']. Extending the grinding time to 60
min did not reveal any other identifiable tin-containing species
(search conducted from & +500 to -2000 ppm).

DISCUSSION

Determining the course of mechanochemically activated reac-
tions is challenging, and although substantial progress has been
made in recent years by employing synchrotron radiation*"* or ex-
situ Raman spe:ctroscopy,‘“‘47 such experirnental set-ups are not yet
common or universally applicable.** In the present case, despite
the complex interrelationships between the various compounds pro-
duced from SnCL with K[A'], a plausible scheme for the reactions
with a 2:1 ratio of reagents that captures the non-stoichiometric
origin of the compounds can be constructed (Scheme 1). The non-
stoichiometric formation of 1 and 3 has precedent in beryllium
chemistry, where [KBeA';] is formed from the milling of a 2:1 mix-
ture of K[A'] and BeCL.” There is also related non-stoichiometric
behavior known in (solution-based) tin chemistry, as the reaction of
a 3:1 ratio of Li[Pr] and SnCls does not produce the expected
[Sn'Pr;Cl], but rather gives rise to a mixture of [Sn'Pr.], [Sn'PrCL],
and [Sn'Pr.Cl] in roughly equal amounts.*® The rapid formation of
1 is also paralleled in the formation of [KBeA';], which is assembled
within 15 min of the start of milling. The slower conversion of the
starting materials into 3 and 4 is understandable based on the need
for redox reactions to intervene and the ensuing steric congestion

around the metal center.

Computational investigations were performed to provide insight
into the properties of 3 and its relationship to 1 and 4. DFT calcula-
tions were conducted with the B3PW91 hybrid functional®' with ad-
ditional dispersion correction provided by Grimme’s D3 dispersion

4 K[AT+ 2 SnCl,

5 min

2 KCl 15 min

{[KSnA'g] + SnCI2 +K[AT} 2K

& T~ [SnA’4] +3n0 + 2 KCl

Scheme 1. Possible formation of 1 and 3 from a 2:1 ratio of K[A ] and
SnCL.

correction® and Becke-Johnson dampening (D3-BJ)** (see compu-
tational details in the SI).

Instability of [SnA’;]. The solution instability of 3 was unantici-
pated, as the parent tetra(allyl)tin is an air- and H,O-stable oil, bp
87-88°C/4 rnran,54 and the addition of trimethylsilyl groups to the
allyl ligands was, if anything, expected to enhance the stability of the
complex. It has of course long been known that organotin complexes
with unsaturated ligands (e.g., vinyl, phenyl, allyl) are more labile
than the corresponding saturated counterparts, which is the source
of their usefulness in synthetic chemistry.” In particular, the RsSn-
allyl bond has been estimated as being ca. 10 kcal mol™ weaker than
an analogous RsSn-alkyl bond, although this number has not been
experimentally verified.* The source of the weakening has been as-
signed to the so-called p-tin effect, which involves a hyperconjuga-
tive interaction between Gux and (7c-c)* orbitals.”*° This effect is
maximized when the Sn-allyl bond is roughly orthogonal to the
plane of the C=C group (in practice, the Sn-C-C=C torsional angle
is usually found to be in the range of 100+£10°). The delocalization
of the m-electrons has the consequence of weakening the Sn—C(al-
lyl) and C=C bonds, and greatly elevating the reactivity of allylstan-
nanes with electrophiles. A simplified depiction of the interaction is
provided in Figure 7a,b. A semi-quantitative indication of the bond-
ing changes is reflected in the Mayer bond orders®* for the model
complex [MesSn—A’] (Figure 7c). Whereas the Sn—C (methyl) bond
orders are all close to unity (average value of 1.02), that for Sn—
C(A’) is 0.81, a 20% decrease. The formal double bond of the allyl
ligand is weakened slightly (BO = 1.78), although the BO of the for-
mal C-C single bond does not reflect any strengthening (0.98). De-
spite these changes in bond strength, something more than the nor-
mal p-tin effect must be contributing to the extreme lability of 3.

A series of calculations was completed to determine whether
there were special consequences associated with the hyperconjuga-
tion in 3, beginning with a calibration on the energy of methyl group
dissociation from SnMe4 (SnMes — +SnMe; + «Me), for which an
experimental value is available (AH® = 6912 kcal mol™';* note that
this number is for the first methyl group cleavage, not the meanbond
dissociation enthalpy, D(Sn—C). The calculated value, 69.0 kcal

R3Sn R3Sn N
g g
\\\l)Ca O 8\ \I‘ C O
a. b. 0
Figure 7. Consequences of hyperconjugative interaction of Gs.x and
(mc=c)* orbitals in allyl-tin species. a. The formal bonding arrangement
without hyperconjugation. b. The Sn—C(allyl) and C=C bonds are weak-

ened. c. Mayer bond orders in the allyl ligand of [Me3Sn—A '] (green = Sn;
blue = Si).




mol” (AH®), is in excellent agreement with the experimental figure
(Table 1, no. 1). The free energy of dissociation is about 12 kcal
mol" lower than this. For the more relevant reaction involving
tetra(allyl)tin (i.e,, Sn(CsHs)s — +Sn(CsHs)s + «CsHs), both the
enthalpy and free energy of dissociation are lowered relative to tet-
ramethyltin (no. 2). Notably, the AG® value is 16.2 kcal mol ™' less,
reflecting a bond weakening consistent with the operation of the f3-
tin effect.

Adding silyl (SiHs) groups to the 1- and 3-positions of the allyls
leaves the free energy of dissociation essentially unaffected com-
pared to the unsubstituted allyl (Table 1, no. 3). For the full model
of 3 (SnA’s — «SnA'’s + «A’), however, the free energy value actually
increases by 12 kcal mol ™" (Table 1, no. 4), a result that was initially
unexpected in view of the substantial increase in the steric bulk of the
ligands, and the anticipated bond weakening that would occur
through interligand Pauli repulsion.

The steric congestion that is present in 3 and 4 can be visualized
in the encapsulation of the metal coordination sphere. As estimated
with the program Solid-G,* and specifically by the value of Geomplex,
the net percentage of coordination sphere covered by the ligands,
the value for [SnMe.] is low (60.5%), and increases only to 69.7%
for [Sn(CsHs)4] (Figure 8a). For 3 and 4, however, the Geomplex val-
ues rise to 97.1% and 96.2%, respectively (Figure 8b,c).*

A counteracting consequence of the proximity of the many SiMe;
groups is that they can serve to stabilize the molecule through the
operation of London dispersion forces (LDF). The ability of bulky
groups such as t-butyl or SiMe; to function as “dispensers” of attrac-
tive dispersion energy, and not simply as centers of repulsive force,
has been computationally demonstrated by Grimme,” and used to
explain the stability of the heavily substituted hexakis(3,5-di-t-bu-
tylphenyl)ethane,* even though the ostensibly less crowded parent
molecule hexaphenylethane cannot be isolated.” It has now been
recognized that a range of inorganic and organometallic molecules
owe their existence to the operation of LDF provided by groups such
as terphenyl, -C(SiMe:)3, [-N(SiMe3)2] ", and norbornyl.”

One of the distinctive structural markers of these LDF-stabilized
molecules is the presence of multiple interligand H---H’ contacts
that are at or below the sum of the van der Walls radii (2ru = 2.40
A)." Not surprisingly, both 3 and 4 display numerous such contacts
(Figure 9), and significantly, there are no analogous distances in the
calculated structures of [Sn(CsHs).] or [Sn{(1,3-SiH3)>CsH3) }4].

Computational support for the importance of LDF in stabilizing
3 was gathered by examining the dissociation reaction (SnA’y —

LA

Figure 8. Visualization of the extent of coordination sphere coverage
(Geomplex) of: () [Sn(CsHs)4], 69.7%; (b) 3 (D2 symmetry), 97.1%; (c)
4 (S4 symmetry), 96.2%. Optimized coordinates (B3PW91-D3B]/def2-
TZVP(Sn,Si),def2-SVP(C,H)) and the program Solid-G* were used.
The Geomplex value represents the net coverage, so that regions of the co-

ordination sphere where the projections of the ligands overlap are
counted only once.

Figure 9. Frameworks of 3 (a) and 4 (b), illustrating H---H" contacts
that are less than the sum of the van der Waals’ radii (< 2.4 A). The con-
tacts range from 2.07-2.30 A in 3, and from 2.01-2.29 A in 4. Contacts
are calculated from the geometry optimized structures; for contacts

from the X-ray data of 3, see the SIL

«SnA’s + «A’) without explicit dispersion corrections, i.e., using only
the unmodified B3PW91 functional (Table 1, no §). Both AH® and
AG? fall by 42%, and are well below the values found for the complex
with SiHs-substituted allyls. This both quantifies the role that LDF
plays in stabilizing the molecules, and indicates that the -SiMe;
groups would in fact be weakening the bonding owing to steric re-
pulsions if the dispersion forces were not opposing their effects.

Solvent interactions, even from alkanes, can interfere with the ac-
tion of LDFs,® and cyclohexane was found to do so with hex-
akis(3,5-di-t-butylphenyl)ethane to the extent that « CsH3(3,5-Bu).
radicals are formed in solution.*” It is appears that that hexanes and
toluene exert the same effect on 3, accounting for its rapid degrada-
tion in solution. The presence of {A%} in the solution spectra of 3 is
consistent with the disruption of the interligand LDF and the release
of «A’radicals, followed by their subsequent coupling.

Formation of [SnA's]. Starting from SnCL and K[A’], the for-
mation of 3 and 4 obviously involves multiple steps, including the
stereoregular assembly of the ligands around the metal and the oxi-
dation of Sn(II) to Sn(IV). It is most likely that the stannate 1 is the
precursor to the tetra(allyl)tins (see below), yet given the low yields
of 3 (ca. 20%), we considered the possibility that it is formed inde-
pendently of 1. That is, some of the unreacted SnCl, remaining after
the formation of 1 (see the products of the S min grind in Scheme 1)
could potentially undergo disproportionation to elemental tin and
SnClL, with the latter then reacting with the residual K[A'] to form
3. Using standard thermodynamic values,” the reaction in equation
1 is in fact slightly favourable.

25nCL(s) = SnCL(I) + Sn(s), AG® =-5.6kcal mol* (1)

This reaction can occur thermally, but at most to the extent of ca.
10%, and then only above temperatures of 500 °C.”* In test grinds of

Table 1. Energies of ligand dissociation (B3PW91-D3BJ, kcal mol ™)

No. | Reaction Energy (AH°, AG®)

1 | SnMes — «SnMe; + «CH; +69.014, +56.9

2 Sn(C3Hs)s = «Sn(C3Hs)s + «CsHs | +53.0,+40.7

3 Sn[(1,3-SiH3)>C3Hs) 4 — +59.7, +40.9
OSH[(1,3-siH3)zC3H3)]3 + -(1,3-
SiH;)2C3H;

4 SnA’s (D2) = +SnA’3++A’ +70.6, +52.9

S | SnA"4(Ds) = «SnA’s+ A’ +41.1,+30.90)

[)Experimental value (AH°) = 69+2 kcal mol".%* [Y)Both AH® and AG® are
calculated without dispersion corrections.
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Scheme 2. Proposed formation of 3 from 1. R = SiMe;. This is a sche-
matic to account for the reconnection of the various molecular frag-
ments, not a detailed mechanism.

//(U»’*/ , \—
—— 7.8 kcal mol™’
S4 (RSRS)

—— 11.8 kcal mol™’
C; (RSSS)

——— 0.0 kcal mol™’
D5 (SSSS)

Figure 10. Relative energies of 3, a nonsymmetric intermediate, and 4,
with conformations of (S,5,S,5), (RS,S,S), and (R,S,R,S), respectively.
Geometries were calculated at the B3PW91-D3BJ/def2-TZVP(Sn,Si),
def2-SVP(C,H) level.

of SnCL, alone (with times up to 2 hours at 600 rpm in a planetary
mill under N), we found no evidence for the formation of SnCl,
suggesting that the reaction is kinetically inhibited.” Since the test-
ing conditions were considerably more energetic than those present
during the formation of 3, it seems safe to discount this route as the
source of Sn(IV). It is consequently much more likely that the tin
that becomes oxidized is that in the stannate itself, given that the tin
center is more electron rich in 1 than in SnCl,, and that the stereo-
chemical attachment is already set for the three allyl ligands. Only a
single ligand needs to attach in the same conformation as the first
three to generate 3. The interchange of the ligands and electron
transfer is sketched in a schematic (Scheme 2).

Compound 4 never appears apart from 3, and then only at longer
grinding times, suggesting that its formation is more difficult and
takes additional steps. To compare the two energetically, both 3 and
4 were optimized under their idealized symmetry, i.e., D> and S, re-
spectively. At the level of theory employed here, both are minima on
their respective potential energy surfaces, and 4 is higher in energy
by 7.8 kcal mol ™' (AG®). This is consistent with the faster formation
of 3, but also speaks to the more complicated route required to syn-
thesize 4. Formation of 4 from 3 would require a loss of two allyl lig-
ands and their reattachment with the opposite stereoconfiguration.
Starting with 3 with a (§,S,S,S) configuration, for example, loss of a
ligand and then reattachment with inverted stereochemistry would
lead to an (R,S,S,S) intermediate, found to be 11.8 kcal mol ™" higher
in energy than 3. Repetition of the process with another S-bound al-
lyl would generate the S; form, 4.0 kcal mol™ (AG®) lower in energy
than the intermediate. The three relevant forms are compared in Fig-
ure 10.

CONCLUSIONS

In summary, we have demonstrated that the non-stoichiometric
reactions observed in beryllium and zinc chemistry with a sterically
bulky allyl ligand occur also with tin under mechanochemical condi-
tions, producing a stannate, [SnA’;K], from a 2:1 mixture of the po-
tassium allyl K[A'] and SnClL. Furthermore, extended grinding initi-
ates a redox reaction, from which tetra(allyl)tins, in both chiral and
meso forms, can be isolated. The work demonstrates that even in the
absence of solvent, stereochemical control can be maintained during
the assembly of compounds, from the R,R,R/S,S,S chains of the allyl
stannate, to the fully R,R,RR/S,S,S,S forms of the tetra(allyl)tin
[SnA’s]. Both 3 and 4 evidently owe their solid-state stability to the
operation of London dispersion forces provided by their SiMes
groups, which compensate for their otherwise sterically congested
ligand environments. Considering that neither the unsolvated stan-
nate 1 northe solution-unstable tetra(allyl)tins are isolable from sol-
vent-based reactions, these results exemplify unique characteristics
of mechanochemical activation. A high probability exists that related
transformative organometallic chemistry is to be found with other
redox-active elements.
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