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ABSTRACT: Ball milling a mixture of the bulky allyl K[A′] ([A′] = [1,3-(SiMe3)2C3H3]–) and SnCl2 in a 2:1 ratio for 5 min leads to the tris(al-
lyl) stannate [SnA′3K]∞, which forms a coordination polymer in the solid state. Longer grinding of the 2:1 mixture (15 min), or the use of a 3:1 
ratio of reagents, initiates a disproportionation reaction and the chiral tetra(allyl)tin species [SnA′4] is produced. A small amount of a diastere-
omeric [SnA′4] 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′4] 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,1 is a technique that has experienced a resurgence in modern pre-
parative chemistry, encompassing  the synthesis of organic,2-4 organ-
ometallic,5-9 and coordination compounds,10-13 and the generation of 
new nanomaterials.14-15 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,16-17 mechanochemistry can significantly alter reaction 
outcomes. Kinetics and mechanisms can be drastically changed,3 
providing access to new products in higher yields and shorter reac-
tion times than otherwise possible.4 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 [AlA′3] ([A′] = [1,3-(SiMe3)2C3H3]–) (Figure 1a).5 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 P4(NtBu)6 (Figure 1b).18 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 C60 with KCN. In so-
lution, the reaction stops with the hydrocyanation product 
[C60(CN)]–, whereas in the solid state, the cyano anion reacts with 

additional C60 to form the fullerene dimer, C120 (Figure 1c).19,20 
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.21 The corresponding neutral tin(II) alkyl and aryl complexes 
(stannylenes, [:SnR2]), in contrast, are generally more reactive, and 
unless stabilized with sterically bulky groups22 or cyclopentadienyl 
ligands,23 commonly occur only as transient reaction intermedi-
ates.24 Sterically enhanced allyl ligands25-27 have been used to sup-
press oligomerization and enhance kinetic stability in a wide range 
of metal complexes, and offer a way 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 SnCl2 in THF leads to the stannate [SnA′3K(thf)], in which the 
thf-coordinated potassium ion also interacts in a cation-π fashion 

a.  b.  c.	 	

Figure 1. Compounds formed exclusively through mechanochemical 
methods: a. an unsolvated tris(allyl) complex, [Al{1,3-
(SiMe3)2C3H3}3];5  b. a tBu-substituted phosphazane;18 c. the fullerene 
dimer, C120.19,20 
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with the double bonds of the three allyl ligands (Figure 2a).28 The 
same structural motif is found in isostructural beryllium29 and zinc30 
complexes (Figure 2b). These compounds have no counterparts 
with unsubstituted allyl ligands. 

All the [MIIA′3MI(thf)n] metallates are found in a C3-symmetric 
R,R,R (or S,S,S) configuration, with the stereodescriptors referring 
to the attachment site of the allyls to the metal centers. In contrast, 
the related neutral MA′3 (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.31 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.29 

 

RESULTS 

Even though the unsubstituted di(allyl)tin [Sn(C3H5)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′2].32 As a check to ensure that mechano-
chemical activation was actually needed, stirring a mixture of K[A′] and 
SnCl2 in hexanes produced no reaction, but grinding the same solids to-
gether in a 2:1 ratio for 5 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 1H NMR spectrum shows 5 resonances characteristic of s-
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 
119Sn NMR spectrum at d -138.7 ppm, not far from the d -132.9 ppm 
resonance reported for [SnA′3K(thf)],28 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′]:SnCl2 
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 SI).  

A single crystal X-ray structure of 1 revealed that the compound was 
in fact the stannate [SnA′3K], with three s-bound allyls ligands on tin 
and the K+ counterion coordinated to the π-bonds of the allyl ligand 
(Figure 3). The core structure, with its µ:h2:h1-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 thf in 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) Å in 1, notably shorter than the 
corresponding 3.666(3) Å distance in the solvate.28  As a result, two of 
the a-carbons are found at the same distances from the K+ (3.01, 3.07 
Å) as are the olefinic carbons (average distance of 3.06 Å), even though 

the a-carbons are saturated and not similarly basic. The [SnA′3]– frame-
work distorts enough that the third K+…a carbon contact (K+…C10) 
is moved away to 3.20 Å. 

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) Å. This distance is about 0.1 Å 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)SnMe3]∞ 
(3.181(3) Å), for example, or in the discrete anion [(Me2SnCH3)K(18-
c-6)SnMe3]− anion (3.237(2) Å).33 DFT calculations on the latter pro-
vided a K+…CH3 force constant (k) of 16-17 N m–1,  in the range of hy-
drogen bonds.33 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 [SnA′3K(thf)].28 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+…CH3 linkage and converting the stannate 
into discrete solvated monomers, [SnA′3K(OH2)], 2 (Figure 4). The 
near absence of other evidence of hydrolysis products (e.g., HA′ in 1H 
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′3K(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 Å in 1 to 3.13 Å in 2, a change that tracks 
with the difference between the ionic radii of 6- and 7-coordinate K+ 
(0.08 Å).34 

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 complexes28 prompted a more thorough examination of its prep-
aration. As a first step, the reagent stoichiometry of K[A′] and SnCl2 was 

a.   b.   

Figure 2. a. Schematic of [SnA′3K(thf)]; the coordination around Sn is 
pyramidal, with the sum of C–Sn–C′ angles = 288.5°.28 b. Schematic of 
[BeA′3K]; Be is in a near planar environment, with the sum of C-Be-C′ an-
gles = 357.6°.29 Similar trigonal planar coordination is found in the 
[ZnA′3M] (M = Li, Na, K) complexes.30 
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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 (Å) 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).  





 

119Sn NMR spectrum at d -32.5 ppm, close to but distinctly different 
from the d -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 (P1̄, Z = 2) was clearly different 
from that for 3 (P21), 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 S4, rather than the D2 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 d +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 radiation41-43 or ex-
situ Raman spectroscopy,44-47 such experimental set-ups are not yet 
common or universally applicable.48-49 In the present case, despite 
the complex interrelationships between the various compounds pro-
duced from SnCl2 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′3] is formed from the milling of a 2:1 mix-
ture of K[A′] and BeCl2.29 There is also related non-stoichiometric 
behavior known in (solution-based) tin chemistry, as the reaction of 
a 3:1 ratio of Li[iPr] and SnCl4 does not produce the expected 
[SniPr3Cl], but rather gives rise to a mixture of [SniPr4], [SniPrCl3], 
and [SniPr2Cl2] in roughly equal amounts.50 The rapid formation of 
1 is also paralleled in the formation of [KBeA′3], 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 functional51 with ad-
ditional dispersion correction provided by Grimme’s D3 dispersion 

correction52 and Becke-Johnson dampening (D3-BJ)53 (see compu-
tational details in the SI). 

Instability of [SnA′4]. The solution instability of 3 was unantici-
pated, as the parent tetra(allyl)tin is an air- and H2O-stable oil, bp 
87–88 °C/4 mmHg,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.55 In particular, the R3Sn–
allyl bond has been estimated as being ca. 10 kcal mol–1 weaker than 
an analogous R3Sn–alkyl bond, although this number has not been 
experimentally verified.56 The source of the weakening has been as-
signed to the so-called β-tin effect, which involves a hyperconjuga-

tive interaction between sM-X and (pC=C)* orbitals.57-60 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 π-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 orders61-62  for the model 
complex [Me3Sn–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 β-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 (SnMe4 ➝ •SnMe3 + •Me), for which an 
experimental value is available (∆H° = 69±2 kcal mol–1;63 note that 
this number is for the first methyl group cleavage, not the mean bond 
dissociation enthalpy, 𝐷"(Sn–C).64 The calculated value, 69.0 kcal 

    

Scheme 1. Possible formation of 1 and 3 from a 2:1 ratio of K[A´] and 
SnCl2. 

4 K[A′] +  2 SnCl2

{ [KSnA′3] + SnCl2 + K[A′] }

[SnA′4] + Sn0 + 2 KCl

  5 min

-2 KCl
15 min

  -2 KCl

1

3

    

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. 

a. b.  c.   

Figure 7. Consequences of hyperconjugative interaction of sSn-X and 
(πC=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).  
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