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Chapter 1: 

 

Introduction 
 

1.1 Introduction to mechanochemistry 
 

Mechanochemistry has seen an explosion in interest in the last decade alone, going 
from a tool for co-crystal formation to an all-purpose synthetic technique. Recently, many 
reviews and books have been published on its use in different subfields, on specific 
mechanochemical techniques1,2, and on our fundamental understanding of it.3  

 
Mechanochemistry in the broadest sense can be described as chemical 

transformations that are initiated or driven by mechanical force.4 Since the term was 
coined by Wilhelm Ostwald,5 this expansive technique has united mechanochemists across 
a broad range of subdisciplines. Researchers are applying mechanochemical techniques to 
a variety of synthetic challenges, including functional materials6 and co-crystals,7–10 
inorganic and organometallic chemistry,11–17 biomolecules and other organic 
compounds,1,18–24 catalysis,25–29 polymer synthesis,30,31 and more. This results in a broad 
range of methods. In terms of scale, mechanochemistry ranges from very small (bending 
individual crystals32 or breaking bonds in a single molecule with an atomic force 
microscope (AFM)33) to very large (using industrial tumblers or twin-screw extruders for 
kilogram-scale synthesis).34  

 
Thorough investigation by Prof. Takacs chronicles the history of mechanochemistry 

starting from antiquity.35–38 The development of mechanochemistry is often attributed to 
Theophrastus of Eresos, Michael Faraday, M. Carey Lea, and Wilhelm Ostwald.  
Theophrastus of Eresos, a 4th century BCE student of Aristotle, equally renowned for his 
works both dramatic and on natural philosophy, ground cinnabar (HgS) with vinegar in a 
copper vessel. This resulted in the displacement reaction producing mercury metal and 
copper sulfide, the first reported example of mechanochemistry, though of course it was 
not referred to as such.39 After a ~2000 year gap, the next reported example was in 1820, 
when Faraday investigated the reduction of AgCl with other metals done  “in the dry way”. 
The way this paper was written implies that knowledge of mechanochemical reactivity was 
relatively common, though poorly documented.35,40 Unfortunately, since the reactions 
attempted in this work can also be completed thermally, they do not serve to differentiate 
mechanochemistry from thermochemistry. In the 1880’s, Walthère Spring, a Belgian 
professor, developed an apparatus to place samples under very high pressure (~6000 atm). 
Being a professor of chemistry and mineralogy, he used this to study the effects of pressure 
on materials and imitate the immense pressure of geologic conditions. Though he 
demonstrated mechanochemical reactivity, the reaction conditions were complicated, 
consisting of repeated crushing and pelleting of samples until reaction completion. Given 
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the ill-defined conditions, even contemporary scientists speculated as to the role of 
moisture and what part of the pressure or grinding was responsible for reactivity.41 It was 
not until 1893 that M. Carey Lea definitively demonstrated divergent reactivity from 
grinding versus heating.42 In this work, Lea reported the decomposition of mercuric and 
silver chlorides upon grinding, while heating caused sublimation or melting.  In another 
work, he demonstrated that the grinding action significantly increased the rate of reactivity 
compared to simply applying pressure. Compared to the static pressure of 6900 atm, lightly 
grinding silver halides in a mortar and pestle caused rapid decomposition.43 Lea’s work is 
still frequently cited, and shows that the unique properties of mechanochemistry are not 
simply related to applying pressure to reagents, or aiding mixing. 

 
The vast majority of synthetic work covered in this thesis has been done 

mechanochemically, which has been the basis for much of the success and discovery 
discussed herein. While many synthetic chemists worry about choosing the proper solvent 
for a reaction, it is important to remember that not choosing is also always a choice. By 
choosing to not use a solvent, and instead grind reagents together, the Hanusa group has 
succeeded in isolating and characterizing a variety of astounding compounds that 
challenge the way chemists think about synthesis and main-group chemistry. It is our hope 
that our work will contribute to mechanochemistry becoming a technique that has similar 
popularity and is held in similar esteem to electrochemistry, photochemistry, microwave-
assisted chemistry, and other alternative techniques. 

 
In the Hanusa group, our mechanochemical infrastructure has evolved over time, 

the greater control of which has facilitated the pursuit of even more challenging targets. 
Though some groups are investigating other bulk mechanochemical techniques such as 
resonant acoustic mixing (RAM), we have always been focused on ball milling. Initially, 
reagents were added to a glass round bottom flask with stainless steel ball bearings that 
was rotated slowly on a rotary evaporator in a glovebox. This resulted in our first 
mechanochemical success, a long-sought after base-free tris-allyl aluminum.44 The next 
piece of equipment acquired was a tube disperser, which is designed to grind or 
homogenize samples. As the name suggests, it is a small machine similar to a vortexer that 
shakes a tube with steel or glass balls. There were many benefits to moving to a more 
advanced setup. First, reactions could be done outside of the box since the tubes were 
somewhat airtight. The reactions were also much faster than with the makeshift rotary 
evaporator mill, since speed did not need to be limited to avoid fracturing of glass vessels. 
With the results from this equipment in hand, the Hanusa group was able to secure funding 
for a planetary ball mill, which drastically increased our capabilities. Most synthetic groups 
use some sort of planetary or mixer mill, though there is work being done with bench-scale 
twin screw extruders, which allow continuous/flow synthesis. 
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In the work discussed in the following chapters, a planetary mill was used in almost 

all cases. There are a variety of reasons this mill was used, as there is also a mixer mill 
available, which theoretically allows for higher throughput (two reactions at once, as 
opposed to one with the Retsch PM100). In our hands, the mixer mills allow for a higher 
ball-to-reagent loading (BRR, the effects of which have been discussed in a recent paper),45 
and the use of larger ball bearings. Though there has not been systematic study on this 
phenomenon, in our hands, the mixer mill is better suited to reactions that are challenging, 
as fewer, larger ball bearings will impart more energy per impact, while an equivalent mass 
of smaller ball bearings in a planetary mill provides a larger number of less forceful impacts. 
Most of the reactions discussed occur through salt metathesis, which are partially driven 
by the elimination of a halide salt in the case of metal halide precursors. Because of this, 
the reactions have a strong intrinsic driving force that does not require harsh milling 
conditions. In most cases, a change in yield or product is not seen upon increasing milling 
time past 15 minutes. In fact, increasing milling time is potentially detrimental for a variety 
of reasons. One is the potential for heat buildup, as the reactions themselves are 
exothermic. This can alter selectivity and induce decomposition; in solution, many of these 
reactions must be done at low temperatures (standard conditions -78 °C). In many cases, 
even for a ~100 mg scale reaction, a successful reaction can be predicted before workup 
simply by touching the jar and feeling how warm it is, as a productive salt metathesis will 
generate heat. Another reason is the increased potential for side reactions, since all of the 
reagents and products continue to mix with each other and experience forces that may lead 
to reaction. Normally, for salt metathesis, the salt byproduct precipitates out and is 
functionally removed from the system. Under mechanochemical conditions, there is no 
phase separation in this case and halide salts or other “insoluble” byproducts are able to 
react or be incorporated into products. An example of this is the mechanochemical 
synthesis of ferrocene, where it was found after extended milling, the reaction actually 

Figure 1. Schematic illustration of mechanochemical equipment. (a) mortar and 
pestle, (b) planetary mill, (c) shaker and (d) extruder. Images of the instruments for 
mechanochemical synthesis: (e) mortar grinder, (f) planetary mills with equipment 
and (g) mixer mill with equipment (reproduced with permission of the RSC) 
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starts to go in the reverse direction (i.e., 2 CpTl + FeCl2 ⇄ Cp2Fe + 2 TlCl).46 Essentially, 
some reactions for which equilibrium may not be a concern have to be reconsidered under 
mechanochemical conditions. Finally, the longer a reaction is milling, the longer it is 
potentially exposed to oxygen and moisture, as our mills are on the benchtop.  
 

In the literature, there are reports of the stainless steel surfaces of jars and ball 
bearings acting as reducing agents.47 Despite the metal reagents being reducible (especially 
by the potassium allyl itself), stainless steel ball bearings and jars have been used without 
incident in the systems discussed in this thesis. It is possible some of the failed reactions 
that displayed reductive coupling could be due to the stainless steel, but in almost all cases 
the analogous solution reactions also resulted in coupling products. 
 

 A certain portion of our understanding has come from the development of in-situ 
monitoring techniques, including PXRD and Raman spectroscopy.48–50 Molecular 
dynamics calculations have also proven relevant to the microscopic phenomena at play. 
However, the detailed analysis of model reactions provides the most practically useful 
information. For instance, recent work studying the mechanochemical Knoevenagel 
condensation of vanillin and barbituric acid suggests that an entire spectrum of cohesive 
states of matter can have drastic effects on the kinetics and outcomes of mechanochemical 
reactions.51 From this study, it was found that an induction period was associated with a 
dry, powdery phase, the sigmoidal portion of the reaction was related to a transition from 
the dry powder to a rubbery mass that encapsulated the ball bearing, and then back to a 
powder. Though this is not necessarily relevant for every single mechanochemical system, 
it illustrates that there is an often-complex confluence of physical and chemical properties 
that the average solution-phase chemist can ignore. 

Figure 2. Comparison of conversion versus time for the Knoevenagel reaction in solution (DMSO-
d6) and under mechanochemical conditions (mixer mill, 25 Hz with added water 10 % wt). Error 
bars were calculated from three standard deviations from the mean of each dataset for each time 
point. (Reproduced with permission) 
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1.1.1 Mechanochemistry as a synthetic technique 
 

A common question posed by newcomers to ball milling is, how are these reactions 
actually occurring? What are the fundamental phenomena that facilitate reactivity? For 
reactions requiring thermal energy, solvents facilitate collisions and transfer of thermal 
energy to or from the reagents. Under mechanochemistry, milling action allows mixing of 
reagents, and kinetic energy from the ball bearings is transferred to the reagents, as 
opposed to thermal energy under solution conditions. However, the resulting thermal 
energy or lack thereof cannot be transferred as effectively as in solution, with the balls and 
jars acting as heat sinks.  The exact mechanism of mechanochemical reactivity is hotly 
contested, and likely varies depending on the reaction and reagents used. It has been 
hypothesized that at the ball-jar interface, localized hot spots up to 2000 °C may be 
generated, in a similar fashion to how ultrasonic cavitation is proposed to generate 
localized sites of very high pressure and temperature. In the field of mechanochemistry, 
this was initially used to explain occasionally highly divergent reactivity.52,53 However, work 
studying the effects of temperature on reactivity rate essentially discredited this theory. In 
work by the Užarević group in Croatia, a 45 °C increase in reaction temperature results in 
a six-fold reduction in reaction time.54 If the reaction was occurring through the production 
of hot spots >1000 °C, a 45 °C temperature difference should have little or no effect. 
Additionally, ball milling reactions with reagents and products that would decompose 
under these harsh conditions have contributed to the invalidation of hot spot theory for 
general synthesis, though it is invoked for metal and metal-alloy reactivity.38 In addition, 
the bulk temperature of mixer mill vessels only slightly increases even after milling for 
hours, which would not be the case if enough ~2000 °C events were occurring for all 
chemicals to react. Furthermore, calculations and systematic studies show that at least in 
most cases, this is extremely unlikely to be relevant.55–57 A more realistic hypothesis is the 
comminution or reduction of materials and reagents to generate very small particles. These 
can be on the nanometer scale and have high surface energy, rendering them extremely 
reactive. Another potential theory is the cracking of crystals upon deformation and size 
reduction results in dangling bonds and atoms that are very reactive, without even 
mentioning the localized electric field generated. It is also possible that crystalline 
compounds may be converted into a more reactive polymorph during grinding, which 
facilitates reactivity.58 
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The ball milling reaction variable of milling frequency has frequently been 
compared to temperature in solution reactions. Analogously to temperature, the milling 
speed of a ball mill should vary the speed of the ball bearings and therefore their force, and 
energy upon collision. A variety of papers, specifically from the Mack group, focus on 
deconvoluting the effect of milling frequency on yield and reaction selectivity. In one case, 
this was done for reactions where the effect of temperature is well understood (Diels-Alder 
cycloadditions) and calculations to investigate reaction barrier height can be completed.59 
In this specific case, the mechanochemical reaction outcome can be predicted based on the 
calculated reaction barrier height, with higher barriers requiring harder jar materials and 
higher milling frequency. Additionally, the Mack group has milling apparatus that can have 
its temperature modulated. 

 

Figure 3. Yields of Diels–Alder reactions under various ball-milling conditions. Note: all nine 
conditions produce overlapping yields for Ea 8.9, 11.9, 14.9, and 17.4 kcal mol−1. Teflon (PTFE), 
stainless steel (SS), and hardened steel (HS). Inset: population of energies determined by 
Boltzmann distribution overlaid on top of yield data. (Reproduced with permission from Chem. Sci. 
2017, 8 (8), 5447–5453.) 
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When the milling jar was cooled from the peak operating temperature of 38 °C to 
22 °C, the reaction between benzoquinone and 9,10-dimethylanthracene yield dropped 
from 92% to 12%. This indicates there is some type of synergistic effect or link between 
milling frequency and reaction vessel temperature and how they modulate reactivity. 
Though milling frequency may act as a mechanochemical temperature surrogate in some 
cases, frequency and temperature can also be used in tandem. In the paper, this is described 
as fine control (milling frequency) and coarse control (temperature). However, this work 
assumes that milling simply facilitates molecular collisions, which based on the changes in 
yield and reaction outcome when jar and ball materials are changed, is an 
oversimplification.60 Though this was not investigated in the work described in this thesis, 
the development and application of temperature-controlled milling will be necessary to 
continue the dramatic rate of advancement mechanochemistry is experiencing. 
Additionally, more investigation on the effect of jar materials, ball bearing quantity, mass, 
and size, and milling frequency is necessary, as these are all inherently related (milling 
frequency is assumed to modulate ball bearing collision speed, assuming ideal conditions) 
and are challenging to deconvolute. 

 
In many reported examples of mechanochemistry, some aspect of the reaction is 

often dramatically improved. Some of these potential benefits are shown in figure below.  
   

 
  

Figure 4: Advantages of mechanochemistry over solution-based 
chemistry (Reproduced with permission) 
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1.1.2 Inorganic and organometallic mechanochemistry 
 

Inorganic and organometallic mechanochemistry has been developed by a small 
vanguard of intrepid researchers across the globe. Notable groups include those led by 
Ito,26,61,62 Borchardt,9,25,63 Browne,64–67 Stolle,68 Garcia,12,13,69–71 Blair/Jurca,72 
Bolm/Hernandez,73–76 Lamaty,14,17,77 Friščić,20,60,78,79 Užarević80 and Mack,81,82 who have 
focused on investigating either the synthesis of molecular metal-containing species or their 
use in catalysis under mechanochemical conditions. A few groups specializing in 
lanthanide chemistry16,83 have also experimented in mechanochemistry, although this is 
rare due to the cost of commercially manufactured mechanochemical equipment 
(~$10,000 for a Retsch MM400). From this combined work, we see that mechanochemistry 
is a feasible alternative to conventional solution routes in many cases. It has a variety of 
benefits (reaction speed, selectivity, less harsh or stringent reaction conditions) and also 
provides access to new compounds and types of reactivity. A notable example of this is the 
use of piezoelectric perovskites under mechanochemical conditions as electron transfer 
reagents,84 where traditionally photoredox or transition metal catalysts are used (Figure 
5).85,86 The perovskite-mediated reactions can be done under air and are complete in as 
little as one hour, unlike the traditional methods which can take over 24 hours and must 
be done under an inert atmosphere. Though ball mills are specialized equipment, some of 
these reactions can actually be done by hand using a mortar and pestle or other manual 
equipment.84 
 

 

For organometallic synthesis, mechanochemistry has a few notable differences from 
solution reactions. A comparison of common considerations for solution phase vs 
mechanochemical reactions is shown below. Reactions can be stopped and started as 
quickly as the mill can stop or start, though some reactions are known to initiate by 
grinding and continue thereafter (accelerated ageing). Many compounds are sensitive to 
coordinating solvent, and mechanochemistry allows these to be avoided. Additionally, 
solubility of reagents is not so intrinsically linked to reactivity, though it may be relevant 
for workup procedures if the reaction does not go to completion or if there are byproducts. 

ball milling 
BaTiO

3
 (5 eq) 

under air, 1h 

ball milling 
LAG (0.12 µL/mg) 
BaTiO

3
 (5 eq) 

under air, 1h 

Figure 5. Perovskite-mediated borylation and arylation of aryldiazonium salts under 
mechanochemical conditions. The LAG solvent used for borylation is MeCN. 
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In practice, there are few truly “solvent-free” reactions, especially when the synthesis of 
commercially available reagents is considered.  

 

 
In terms of synthetic inorganic and organometallic chemistry, the recently released 

book chapter by Leon and Garcia87 provides an up-to-date summary of advances, though 
other reviews focused on similar material exist.11,29,88,89  Though the work in the following 
chapters is mostly based on salt metathesis reactions (which under mechanochemical 
conditions can be quite unpredictable, as will be discussed in later chapters), it is worth 
briefly showing that mechanochemistry is also amenable to systems that are more complex. 
A prime example is the mechanochemical formation of a Noels-type Ru-NHC species, 
where alkylation to form the ligand, metalation with silver, and transmetalation to 
ruthenium are all accomplished by ball milling. This product has so far only been formed 
mechanochemically, though it has not been attempted in solution. 
 

Figure 6. Variables associated with solvent-based and mechanochemical methodologies via route 
A and route B, respectively. (Reproduced with permission from Chem. Soc. Rev., 2019,48, 2274-
2292, published by The Royal Society of Chemistry) 

Figure 7. Lamaty’s mechanochemical synthesis of Ru-NHC Noel complexes; note the use of the 3 
ball symbol to represent ball milling 
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 Though the type of work discussed is of great interest, the fundamental main-group 
mechanochemistry that is reported in this thesis has much less precedent.90,91 In terms of 
s-block mechanochemistry, there are few examples. The closest example to our work is a 
report from the Blair group on the large-scale synthesis of Cp2Sr analogs for chemical vapor 
deposition (CVD) that has only been published as conference proceedings in the Faraday 
Transactions.92 There are other reports of s-block mechanochemistry, often focused on 
materials discovery or synthesis optimization.93–95 An illustrative example of 
mechanochemistry’s potential is the in-situ formation of LiBH4 from NaBH4 and LiCl, 
producing a much more powerful reagent from relatively inert starting materials.96 
 

A seminal example of mechanochemistry’s power to expand the available main 
group chemistry is the isodesmic rearrangement of a bulky phosphazane, shown below. In 
solution, with isopropyl groups, the reaction takes 12 days at 160 °C. For the tert-butyl 
substituted form, even 24 days at a similar temperature does not result in desired reactivity. 
In fact, this had previously been considered a sterically inaccessible compound. However, 
by simply grinding for 90 minutes with a salt additive (LiCl) at 30 Hz, the desired product 
is formed.12 

 
Figure 8. Isodesmic rearrangement of the tert-butyl macrocyclic bis-cyclodiphosphazane into its 
adamantoid structure, enabled only by ball milling. (Reused from Chem. Soc. Rev., 2019, 48, 2274 
with permission from RSC) 
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1.2 Modern computational methods (density functional theory) 
 
 Like many techniques, computational chemistry has gone from a specialist field to 
being so commonplace that most synthetic publications are expected to have some amount 
of computational work to rationalize or back up experimental results. Modern software and 
the exponential growth in computational resources (“Moore’s Law”) have made challenging 
calculations from 1-2 decades ago seem trivial today. A consequence of the growth of 
computational chemistry is the increase in breadth of available methods and ease of use. 
The amount of functionals available continues to grow, and quantum mechanical 
calculations using Hartree-Fock (HF) or density functional theory (DFT) no longer require 
supercomputers or clusters; publication-quality calculations can be easily run on personal 
computers. This can be intimidating to novices and must be approached cautiously, as most 
methods are relatively simple to run, but do not necessarily provide a physically relevant 
or trustworthy result when treated as a black box, especially for complicated systems. For 
the Hanusa group, computational investigation greatly contributes to our understanding 
of these often-complex systems, and for that reason my work often involves a significant 
computational component. 
 

Density functional theory and Hartree-Fock are electronic structure (quantum 
mechanical) methods that attempt to solve the Schrödinger equation, but in different ways. 
In either case, the goal is to predict electronic properties based on electrons. The 
Schrödinger equation can only be solved exactly for 1-electron systems (H2

+, He+, etc), and 
must be approximated numerically otherwise. For Hartree-Fock, the exact Hamiltonian for 
the Schrödinger equation is known, but the wave function is approximated. Electron 
exchange is handled perfectly, but electron-electron repulsion is averaged for the whole 
system, and functionally cancels out. The HF wave function accounts for 99% of the total 
energy, but the last 1% (correlation energy) is very important, and the basis for chemical 
phenomena. 

 
A variety of methods have been developed to recover this correlation energy. 

Unfortunately, these become extremely computationally expensive as the size of the system 
increases and each have their own flaws, rendering them impractical in many cases. A 
general problem with these so-called wave function theory (WFT) methods is the rapid 
scaling of variables. A wave function with N electrons has 3N variables (4N if spin is 
accounted for). Thankfully, in 1964, Hohenberg and Kohn demonstrated in a proof that the 
ground state energy of a system is determined completely by its corresponding electron 
density ρ. The practical outcome is that for each calculated electron density ρ, there is a 
unique ground state energy, and it only depends on 3 variables, the x, y, and z coordinates 
of the electron density. However, we do not know the exact functional that connects the 
electron density and the ground state energy. For this thesis, the details are not 
appropriate, merely that DFT is capable of much more accurately predicting correlation 
energy, which HF cannot. Using the Kohn-Sham theory (application of MOs and splitting 
of kinetic energy into an exact and a corrected component), DFT becomes practically 
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analogous to HF. Unfortunately, the addition of orbitals moves DFT from a 3-variable back 
to a 3N variable system, making the initial computational cost also analogous to HF. Just 
like HF, Kohn-Sham DFT ignores the electron-electron interaction. However, Kohn-Sham 
DFT allows the correlation energy to be recovered using an exchange-correlation functional 
(part of the overall energy functional). So, for decades, theoretical and computational 
chemists have taken a variety of approaches to developing exchange and correlation 
functionals that will either approach the “true functional” and work for all systems, or give 
very accurate results for certain systems. A DFT method generally consists of separate 
exchange and correlation functionals, which can be mixed and matched but should be done 
carefully, with certain combinations found to be particularly accurate. Generally, 
functionals should meet some physically relevant specifications but may be heavily 
parameterized to match experimental values in the hopes of developing highly accurate 
functionals for systems that are similar to the training sets.  

 
 
1.2.1 Dispersion-corrected DFT and the recognition of dispersion in inorganic and 
organometallic chemistry 
 

A major theme in inorganic and organometallic chemistry is the use of bulky, 
sterically encumbered ligands to stabilize reactive species. This is especially important for 
main group chemistry, where the goal is often to isolate unique and unstable species. This 
stabilization was attributed primarily to the steric shielding, physically blocking the metal 
center from reacting and providing kinetic stabilization. It is now understood that in many 
cases, part of this stabilization is due to the attractive London dispersion forces (LDF) that 
arise from inter- and intra-ligand dispersion interactions.97–102 In empirical terms, 
dispersion is the long-range electron correlation interactions that are not based on polarity 
or wave function overlap. It is based on dipole polarizability and atomic ionization 
potential.103 It is a non-covalent interaction. It contributes to stability and bonding in 
chemical systems, and accurately modelling it is quite important for chemical accuracy.  

 
We have already discussed that density functionals are designed to model 

correlation, but do not do this perfectly and often give poor agreement at long ranges, 
where dispersion is relevant. To remedy this, there are computational/theoretical chemists 
who focus on developing dispersion corrections that can be integrated into computational 
methods like DFT. Because dispersion is based on atomic properties, not on wave functions 
or any complex electronic structure, it should be easy to integrate into existing systems. 
Grimme and coworkers are leaders in this effort. The group’s D3 correction is the standard 
in terms of accuracy and computational expedience. It is based on atomic properties 
(pairwise interactions of the polarizability and ionization potentials) that have already been 
calculated using time-dependent DFT for each atom pair, adding a negligible amount of 
computational time. This correction only slightly deviates (~5%) from the “gold standard” 
wave function method that models dispersion well, CCSD(T) with complete basis set (CBS) 
extrapolations.104,105  
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The main goal of Grimme’s correction is to take functionals that do most things well, 
and add a correction that helps them model dispersion, to increase the accuracy for all 
systems, and especially for those that involve non-covalent interactions. Since many 
functionals already take some amount of dispersion into account and incorrectly model 
dispersion at different distance regimes, Grimme’s correction must be tailored for each. 
This is done using 2 parameters that empirically smooth short-range (that DFT handles 
well by itself) and long-range (that DFT handles poorly) dispersion into the medium-range. 
Everything else for the correction is built from first principles. Though higher level 
dispersion corrections are available, they are not necessarily available in computational 
software, do not offer much improvement in accuracy over Grimme’s D3 correction, 
ironically often have a more empirical basis, and are not fully integrable into existing 
computational software.106 For these reasons, the DFT-D3 method remains the standard 
for dispersion-corrected DFT. As is discussed in further chapters, accurately modeling 
dispersion is extremely important for some of the main group complexes investigated, as 
their bonding is often highly polar and easily interrupted or affected by what would 
normally be considered “weak” interactions. 

 
The large ligands used to stabilize reactive species often have many methyl groups 

and hydrogens that can interact with each other and contribute dispersion stabilization. In 
fact, ligands containing many methyl groups (trimethylsilyl, tert-butyl, etc.) are 
occasionally described as “dispersion donors” based on their propensity to contribute to 
dispersion. In some cases, the use of these bulky ligands with many C-H bonds result in 
structures and geometries that cannot explained solely by steric repulsion. In these cases, 
attractive dispersion interactions are often the explanation. Though intermolecular 
contacts with distances less than the sum of corresponding van der Waals radii were often 
noted in crystal structures,107 van der Waals forces themselves were not often invoked 
(except in some notable examples).108 In some cases, crystal packing was used to describe 
these unexpected geometries, though it is possible many of these can be explained using 
dispersion. Like hydrogen bonds, dispersion interactions are individually weak but when a 
large number are present, can significantly contribute to stability and alter systems. As an 
example, the C–H⋅⋅⋅H–C interaction of a methane dimer has been calculated to be about 
0.31 kcal/mol.109 This phenomenon is given as at least a partial explanation for the increase 
in melting point of linear hydrocarbons with increase in chain length. 
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 An illustrative example of the role of dispersion in stability is the so-called 
hexaphenylethane riddle.110 Hexaphenylethane was claimed to be synthesized from 
triphenylmethyl radicals,111 but cannot be synthesized despite seeming quite 
straightforward. In fact, the actual product, a methylenecyclohexadiene resulting from 
dimerization, was not settled upon until 1968.112 

The tri(4-tert-butylphenyl)methyl radical also does not dimerize to give the para-
substituted hexaphenylethane shown above. The instability of these two 
hexaphenylethanes was attributed to steric congestion, but a physical model does not show 
them to have a large amount of steric clash at all. In fact, the more congested meta-
substituted form is quite easy to synthesize, melts at 214 °C, and has been 
crystallographically characterized.113 The Grimme group97 used dispersion-corrected DFT 
calculations to show that the C-H⋅⋅⋅H-C interactions of the meta-substituted significantly 
stabilizes the compound (~60 kcal/mol), enough to make dissociation endothermic. 
 
Similarly, for some inorganic and organometallic systems, dispersion interactions can 
significantly stabilize compounds.98,100,102,114,115 A good example is that of transition metal 
norbornyls, specifically M(nor)4.116 These are unique because the +4 oxidation state is not 
commonly accessible, let alone stable, for many transition metals. However, these 
compounds are generally quite stable and for most of the first-row transition metals, high-
valent norbornyl complexes can be prepared. A large proportion of this stabilization is 
attributed to inter-ligand dispersion. As can be seen in the figure below, there are many C-
H⋅⋅⋅H-C interactions that overall contribute as much as 45.9 kcal/mol (M = Fe) according 
to dispersion-corrected calculations.101 

Figure 9. Clockwise from top left: hexaphenylethane, its all-
meta and all-para tBu-substituted analogs  R = tBu. 
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A program frequently used to evaluate steric crowding is Solid-G,117 which calculates 

the steric shielding a metal atom experiences, based on experimental or calculated 
structures. This is reported as the Gcomplex value, with 100% denoting 100% coverage of the 
metal atom coordination sphere by ligands. Just like in solution, we hypothesize that under 
mechanochemical conditions, sterically unsaturated compounds react easily. However, 
under mechanochemical conditions, there are generally no solvents to shield the metal 
center temporarily or permanently, leading us to believe that understanding steric effects 
under mechanochemical conditions is doubly important. For that reason, as will be 
discussed in further chapters, we often use Solid-G to understand the involvement of steric 
influences in known compounds, and in theoretical compounds we are surprisingly unable 
to isolate. In general, for electropositive/oxophilic elements, we hypothesize that a 
compound with low steric saturation may not be isolable from solution routes because the 
metal center is accessible to coordinating solvents. Unfortunately, it may also continue to 
react under mechanochemical conditions, but with careful reaction screening may be 
isolated or intercepted. In many cases, this continued reactivity provides access to 
compounds with unexpected stoichiometry, which we have been investigating and is 
discussed in further chapters. 
 
 

Figure 10. Crystal structure of Fe(1-norbornyl)4 with probable 
CH2⋅⋅⋅CH2 London dispersion interactions denoted by dotted red 
lines (hydrogens omitted for clarity) 
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1.3 The chemistry of metal-allyl complexes 
 
 As the smallest delocalized anion, the allyl (C3H5

-) ligand has been studied 
frequently since the 1960s. A variety of metal-allyl compounds were made with transition 
metals by Wilke and Bogdanovic in the 1960s.118–120 Work with the parent allyl showed that 
these compounds are often extremely unstable at room temperatures for 1st-row transition 
metals, and in some cases are pyrophoric or decompose explosively. Allyl complexes made 
with 2nd or 3rd row transition metals are much more stable, which has resulted in metal-
allyl complexes being used as starting materials for or involved as intermediates in catalytic 
reactions.121–123 While transition metals favor η3-coordinated allyls because of d-orbital 
interactions in almost all cases124, the structural allyl chemistry of main-group elements is 
much more varied. In fact, just for the parent allyl coordinated to main-group elements, 
there are more than 13 crystallographically characterized bonding motifs as of 2013.125 
 

Of particular relevance to this thesis is the continuum of bonding between η1- or σ- 
bound and η3-bound allyls. In some cases η3-coordination is described as π-coordinated, 
but this is a less specific description, as η2-coordination also involves the π-system. As is 
discussed in further detail in the following chapters, the factors that affect whether η1- or 
η3-coordination is favored is complicated and depends on a variety of factors depending on 
the element. As shown above, the bonding can be quite complicated. However even these 
figures are a gross simplification, with many examples not simply fitting neatly into η1- or 
η3. For example, the allyllithium pentamethyldiethylenetriamine (PMDTA) complex has an 
unsymmetrical bonding situation where the allyl is almost completely delocalized (C1-C2 
and C2-C3 bonds similar length) but the C1-Li distance is much shorter than C2-Li.126 

Figure 11. Structurally authenticated bonding modes of the parent allyl with main group elements 
ca. 2013 (Reprinted from Angew. Chem. Int. Ed., 2013, 52: 5228-5246 with permission from Wiley) 
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Some elements favor a specific bonding mode except under extreme situations. For 

instance, calcium, prefers η3-coordinated allyls in almost all cases.127 A notable exception is 
the 18-crown-6 supported allylcalcium monocation, whose structure also contains the tris-
allyl zincate anion.128 In general, main-group elements (and group 12) that can support 
covalent bonds to carbon will favor η1- allyls, while elements with more ionic M-C bonding 
character favor η3-allyls. As will be discussed, for group 2 elements, this is often confounded 
by changes in size and propensity for interaction with Lewis basic solvent.  
 
 There is a surprising lack of information about some basic metal-allyl systems. 
Though the homoleptic metal allyl complexes seem simple, many of their structures are 
unknown or disputed. For example, recent reinvestigation of the bis-allyl zinc system 
revealed new structural motifs.129  This holds true for many of the alkaline earth elements. 
Though one would expect the homoleptic bis-allyl magnesium and calcium to be well 
studied during the early years of organometallic chemistry, the first crystallographically 
characterized calcium-allyl bond was reported by our group in 1999.130 M(C3H5)2 (M = Mg, 
Ca) are assumed to be insoluble extended coordination polymers. The patent literature 
reports synthesis of essentially uncharacterized [Ca(C3H5)2] by transmetallation with 
mercury or tin allyls,131,132 but very little was known about this species until work by the 
Okuda group in 2009.127 They reported that [Ca(C3H5)2] is in fact quite soluble, and 
obtained a crystal structure of the triglyme adduct. The literature on homoleptic calcium 

Figure 12. Crystal structure of (pmdta)Li(C3H5) showing 
unsymmetrical allyl coordination to Li. Hydrogens on 
PMDTA ligand are removed for clarity. 
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allyls is essentially nonexistent except for this paper and our report of 
Ca(SiMe3C3H3)2•2THF.  Given this dearth of knowledge, the Hanusa group has been 
focused on the fundamental organometallic chemistry of metal-allyl systems, specifically 
with main-group elements. We hope that a stronger understanding of bonding and 
structure will allow us to exploit these compounds as catalysts and polymerization 
initiators, and to design more useful systems. To do this, we employ the trimethylsilyl-
substituted allyl anion 1,3-(SiMe3)2C3H3 [A´]- as a ligand. This was initially developed to 
study allyllithium structures in solution, which is described as “chameleon-like”.133 The 
trimethylsilyl groups play a number of roles: increasing solubility of resulting compounds, 
providing steric shielding (and dispersion), and stabilizing the anion itself. The lithium allyl 
form is extremely soluble, which complicates purification. [LiA´] is transmetallated with 
KOtBu, yielding [KA´]. This reagent is insoluble in hexanes and when used for salt 
metathesis results in the much less soluble and recalcitrant KX. The overall synthetic 
scheme for [KA´] is shown below. The mono- and tri-substituted allyls are also known, but 
in our experience provide insufficient steric shielding or inhibit reactivity.134 As mentioned 
with respect to the calcium allyl, the Hanusa group has used this ligand to great effect, 
synthesizing compounds whose analogs with the parent allyl are extremely stable or 
completely unknown. 

 

Figure 13. Space filling model of [A´]-, which is 
~2.5x bulkier than the parent allyl 

 

 
Figure 14: Space filling model of [A´]-, which is 
~2.5x bulkier than the parent allyl 

 

Figure 14. Synthetic scheme for the synthesis of [KA´] 
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A peculiarity of many electropositive organometallic complexes is the high degree 
of fluxionality. This is especially true for allyl complexes, and one of the reasons for 
Fraenkel’s “chameleon-like” description. The NMR spectra at low-, room-, and high-
temperature can vary significantly, and in some cases, none are particularly representative 
of the crystal structure, if any are known. This can complicate combined interpretation of 
solution and solid-state data. For example, initial mechanochemical studies on the Ca-A´ 
system yielded a crystal structure that had 2 unique allyl environments. 1H NMR also 
showed 2 allyl environments, but further reaction optimization (shown in chapter 6) 
revealed that these belong to two unique complexes. In some cases, ligands are fluxional at 
all experimentally accessible temperatures (~ -80 °C in toluene-d8), such the beryllium 
indenyl complex described in Chapter 7. This is one of the reasons the Hanusa group relies 
on computational chemistry to provide more data and insight into these complicated 
systems. 
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1.4 Conclusion 
 
 In this chapter, I have attempted to give a brief overview of three themes; 
mechanochemistry, computational chemistry, and metal allyls (though much is extendible 
to other forms of delocalized ligands). The following chapters are an account of my work 
grappling with these topics and attempting to use each of them to understand more about 
the others. One of the group’s goals is to show that mechanochemistry is a surprisingly 
useful tool for making unique and sensitive compounds, despite at first glance appearing 
to be a harsh synthetic technique, having a relatively high barrier to entry due to the cost 
of equipment, and having little work dedicated to synthetic inorganic and organometallic 
chemistry. 
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Chapter 2 

 
Dispersion and Distortion in Heavy Group 2 and Lanthanide 

Decamethylmetallocenes: the (C5Me5)2(Sr,Sm) Connection 
 

Reprinted with permission from Ross F. Koby and Timothy P. Hanusa. J. Organomet. 
Chem. 2018, 857. © 2017 Elsevier B.V 

 
 

2.1 Introduction 
The highly electropositive lanthanide (Ln) metals and the related heavy group 2 (Ae) 
elements calcium, strontium, and barium are characterized by metal–ligand (Ln–L or Ae–
L) interactions that are strongly polar. Lacking metal valence electrons (or in the case of 
the lanthanides, possessing “core-like” 4f valence electrons) that could influence the 
orientation of ligands, a simple electrostatic analysis of the bonding in LnL2 or AeL2 
compounds predicts that their geometries should be linear, and that LnL3 or [AeL3]– species 
should be trigonal planar, i.e., that the ligands should be as far from each other as is 
possible.1 Nevertheless, it has long been known, for example, that heavy Ae difluorides (Ae 
= Ca–Ba) are bent in the gas phase,2 that the unsolvated 2-coordinate dialkyl compound 
Ca[C(SiMe3)3]2 is nonlinear,3,4 and that, with the exception of species with extremely bulky 
rings,5–9 almost all Cp′2Ae complexes10,11 (and the comparable organolanthanide 
metallocenes Cp´2Sm, Cp′2Eu, and Cp′2Yb)12,13 possess non-parallel cyclopentadienyl rings 
(Figure 15, for the case of Cp′ = C5Me5). 
 

 Reconciliation of an electrostatically-based bonding scheme for AeL2 or LnL2 
compounds with their nonlinear structures has proven to be difficult, especially as the 
molecules are geometrically “floppy” (in some cases, “quasilinear”),14 with the energy 
required to bend the bonds from linearity or planarity to the observed values being small 
(generally ≲2 kcal mol–1); this can challenge computational accuracy with heavy metal 
compounds.2 It is not surprising, therefore, that a range of explanations (not necessarily 
mutually exclusive)15 have been proposed for the phenomena, including: 1) reverse (core) 
polarization of the metal cation by the ligands; i.e., perturbation of the core electrons by 

Figure 15. Geometries of bis(pentamethylcyclopentadienyl)metal 
complexes: (a) parallel rings; (b) nonparallel rings (bent 

metallocene);  is the ring centroid–metal–ring centroid angle. 
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the ligands that induces a dipole moment, resulting in a non-uniform distribution of 
electrons to counteract it;1,16 2) for the group 2 elements, participation of (n − 1)d orbitals 
of the cation; 3) pseudo-Jahn Teller effect-induced distortions;17 and 4) in appropriate 
complexes, attractive van der Waals (dispersion) interactions between the ligands.18 The 
latter explanation has been proposed as an explanation for the bending in the 
decamethylmetallocenes of Ca–Ba and Sm, Eu, and Yb, and has been supported with the 
use of molecular mechanics calculations that reproduce the bending angles (ring centroid–
metal–ring centroid) angles observed in the gas-phase structures.19,20 Intriguingly, this 
explanation was considered but then rejected for the bending in (C5Me5)2Yb and 
(C5Me5)2No.21 The reason was that the dispersion force explanation implies that the 
existence of the metal is irrelevant to the bent geometries. In a density functional theory 
(DFT) study, two [C5Me5]– rings sandwiching a dummy atom were found to prefer a linear 
(parallel ring) orientation, contrary to the result expected from the operation of interligand 
van der Waals attractions.21 
 
 The potential role of dispersion interactions in the bending of Group 2 and 
lanthanide metallocenes has been explored more recently for the particular cases of 
(C5Me5)2Sr and (C5Me5)2Sm,22 especially as computational disentanglement of the 
explanations for bending has become feasible with the development of density functionals 
with additive empirical terms that capture the effects of dispersion interactions.23 Such 
functionals allow dispersion corrections to be turned “on” or “off”, and thus provide a 
means to distinguish between various bending forces in the molecules. 
 
 We have had a long-standing interest in compounds of the group 2 elements and 
the lanthanides, and in particular with issues of bonding and geometry for which unique 
explanations are not always evident. In some cases, this may take the form of structural 
resemblances between compounds that have no obvious reason to be similar, e.g., the 
comparable bending angles in stannocenes (Cp'2Sn) and calcocenes (Cp'2Ca), even though 
the former have a metal-centered lone pair of electrons that is usually cited as being 
responsible for the bending, and the latter do not.24 In other cases, interligand steric 
effects from bulky ligands can force distortions on molecular geometries, thereby 
obscuring other metal-ligand interactions. Thus the structural anomalies found in various 
M(E(SiMe3)2)3 complexes (M = f-element; E = N, CH) can be reproduced in calculations 
using orbital-free molecular mechanics methods, even though agostic M…(CH) interactions 
are also present that could produce similar effects.3 
 

We wondered whether a related situation existed with the group 2 metallocenes, 
i.e., whether the fact that molecular mechanics calculations or the use of dispersion-
corrected functionals reproduced the bending in the complexes might have masked other 
influences on their bonding. We therefore reexamined the computed geometry of 
(C5Me5)2Sr, and compared it to that of (C5Me5)2Sm. As Nief, et al., has noted,22 these two 
metallocenes provide a convenient pair for evaluation, as the ionic radii of Sr2+ and Sm2+ are 
nearly identical (1.18 Å and 1.17 Å, respectively).25 even though the electronic structures of 
the ions are markedly different ([Kr] and [Xe]4f6, respectively). 
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2.2 Methods 
 

2.2.1 Basis set requirements’ 

 
 The electronic structures of the group 2 elements and their common ions 
([NG]ns2 and [NG]2+, respectively) create distinctive challenges for their computational 
chemistry.26 In particular, there is poor spatial separation between the valence ns and sub-
valent (“semi-core”, (n-1)s,p) orbitals in these metals.15 Consequently, polarization of either 
the valence or subvalent orbitals will influence the other, and semi-core electrons must be 
explicitly described in the metal basis sets used for calculations to yield calculations with 
meaningful results (if a pseudopotential (ECP) is used to replace some of the inner 
electrons, it must be “small core”).27 Another consequence is that in the heavier group 2 
metals, particular care must be used in construction of the (n-1)d orbitals,28 as they are 
formally unoccupied but have been considered “virtual states of the core”.29 
 
 In the design of basis sets for Sr, in particular, several features must be considered. 
One is relativistic effects, potentially a concern in a 4th row metal such as strontium. Sadlej 
has argued that although relativistic effects are important in accurate polarizability 
calculations with the neutral Sr atom, and to a lesser extent, with the Sr+ cation, they 
become “negligible” compared to electron correlation effects in the Sr2+ cation.30 The small 
effect of relativistic corrections for calculations on molecular strontium species has been 
noted as well.31 Nevertheless, relativistically corrected basis sets, either all-electron or 
containing ECPs that replace some of the core electrons, are available that can account for 
major scalar effects. 
 
 In view of the overlap between semi-core, valence, and (n-1)d orbitals of the group 
2 metals, highly flexible valence functions must be present in the basis sets for accurate 
results with strontium compounds.14 In studies of the quasilinear molecule SrCl2, for 
example, it was shown that the use of the standard small-core Stuttgart/Dresden SDD basis 
set for Sr32, which is constructed around a pseudopotential and is accompanied by a valence 
basis set with a 3,2 contraction of the “d” space ((6s,6p,5d) → [4s,4p,2d]), led to a linear 
molecule at the RHF level of theory.28 Simply uncontracting the d shell allowed the 
molecule to bend (167.3°), although higher levels of theory and further elaboration of the 
valence basis set, including the addition of f functions, was necessary to model the 
experimentally determined bent structure adequately.14 
 
 Basis sets for Sr with more flexible valence spaces than the standard one originally 
developed for the SDD ECP are now available, and were used in the present study. Among 
them are the “dhf-” segmented contracted basis sets of Weigend and Baldes.33 These are 
available in split (double zeta) valence to quadruple zeta valence quality, which allows for 
a systematic exploration of the effect of the basis set size on the resultant geometries. The 
valence sets are matched with a small-core, ten-valence electron energy-consistent 
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pseudopotential, which includes corrections for scalar relativistic effects.34 The 
pseudopotential is an updated version of the original SDD ECP. 
 

2.2.2 Density functional requirements 
 
 The development of density functionals designed to model dispersion interactions 
accurately has been one of the most actively developed areas of recent computational 
design, and the various approaches taken to address the issue have been reviewed.23 For 
the present study, we were particularly interested in the use of specifically designed 
“dispersion-free” functionals, and their dispersion-corrected forms.35–37 The rationale 
behind their development is not only that commonly used functionals do not describe 
long-range dispersion interactions correctly (e.g., with R−6 dependence on the interatomic 
distance R), but they may also display non-physical attractive or repulsive interactions that 
vary with R. This anomaly occurs with many commonly used functionals, including B3LYP, 
B3PW91, TPSS, PBE1PBE, M06-2X, and B2PLYP (figure 16).37 Empirical semiclassical 
corrections that patch conventional functionals (e.g., with the DFT-Dn approach) do not 
correct the underlying over/underbinding, and in some cases, can worsen it.38,39 
 

 

Figure 16: Plot of χ(R), the relative error in the dispersion energy for the case of Ne2. χ(R) will 
approach a constant value at long interatomic distances with a functional that includes the 
proper R−6 dependence for dispersion. Standard DFT functionals produce χ(R) that goes to 0, either 
from above (attractive interactions at shorter R) or from below (repulsive interactions at shorter R). 
APF provides minimal error in this regard. Reprinted with permission from A. Austin, G.A. 
Petersson, M.J. Frisch, F.J. Dobek, G. Scalmani, K. Throssell, J. Chem. Theory Comp., 8(12) (2012), 
4989–5007. Copyright 2012 American Chemical Society. 
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The dispersion-free functional used in this study is APF, an empirical combination 

of the well-established B3PW91 and PBE1PBE functionals (with approximately 23% HF 
admixture) that is designed to minimize spurious dispersion interactions. The APF-D 
modification has a spherical atomic model for dispersion forces.37 APF-D approximates 
dispersion forces with an accuracy comparable to the CCSD(T)/aug-cc-PVTZ level of 
theory, and its modeling of electron density is also among the very best provided by current 
density functionals. It provides results similar to those from ab initio methods such as 
CCSD(T) or MP2.40 

 

2.2.3 Computational details 
 
 All geometry optimizations and energy calculations were performed with the 
Gaussian 09 suite of programs.41 The majority of calculations employed the APF or APF-D 
functionals, described above.37 The dhf-ECP basis sets were used for Sr.33,34 For Sm, the 
small core Stuttgart-Dresden relativistic effective core potential (SDD) was used, along 
with its standard valence set ((12s,11p,9d,8f)/[5s,5p,4d,3f]). For comparison, the Stuttgart 
ECP ANO valence basis set for Sm was also tested.42 For C and H, the def2-SVP basis sets 
were generally used; trial calculations with other basis sets of polarized double zeta or 
better quality indicated that there were only small effects on the geometry. An ultrafine 
integration grid (99,590) was used during all geometry optimizations, which were 
conducted without imposed symmetry. Based on the final structures obtained when the 
starting geometries were changed, the error in the calculated centroid-metal-centroid 
angles in the metallocenes (α) was placed at ±4°. AIM and Mulliken analyses of the 
molecular topology were conducted with the Multiwfn package (v. 3.3.9).43 
 
2.3 Results and discussion 
 

2.3.1 Calibration calculations 
 
 Several calculations were performed to establish the reliability of the basis sets for 
Sr and the APF functional to describe the geometries of the systems under investigation 
(Table 1, see next page). Where possible, these results were compared with experimentally 
determined values and various high-level ab initio approaches. 
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Table 1: Calculated geometries of Sr2, SrO, and strontium halides. 

 
Entry Complex Method Sr basis set other basis Sr–X (Å) Angle (°) ref. 
        

1 Sr2 exper. (gas phase) n/a 4.672 n/a 44 
2 Sr2 CCSD(T) CBS (extrap.) n/a 4.710 n/a 45 
3 Sr2 CASPT2 ANO–RCC n/a 4.772 n/a 46 
4 Sr2 APF def2-TZVP n/a 4.642 n/a a 
5 Sr2 B3LYP def2-TZVP n/a 4.838 n/a a 
6 Sr2 M06 def2-TZVP n/a 4.528 n/a a 
 

7 SrO exper. (gas phase)  1.920 n/a 47 

8 SrO CISD Sadlej pVTZ cc-pVTZ 1.917 n/a 48 
9 SrO APF def2-TZVP def2-TZVP 1.915 n/a a 
10 SrO B3LYP def2-TZVP def2-TZVP 1.937 n/a a 
11 SrO M06 def2-TZVP def2-TZVP 1.911 n/a a 
 

12 SrF2 exper. (Kr matrix–IR)  2.20 108 49 
13 SrF2 CCSD(T) SDD(uc)+fb cc-pVTZ 2.142 136.9 17 
14 SrF2 CISD SDD(uc)+fb SDD 2.161 138.8 28 
15 SrF2 B3LYP SDD(uc)+fb cc-pVTZ 2.119 128.5 50 
16 SrF2 APF SDD def2-TZVP 2.124 130.6 a 
17 SrF2 APF cc-pwCVTZ-PP def2-TZVP 2.116 131.0 a 

18 SrF2 APF ANO-RCC(full) def2-TZVP 2.110 130.8 a 
 
19 SrCl2 exper. (ED, equil. values)  2.607(13) 143.3(3.4) 14 
20 SrCl2 CCSD(T) SDD(uc)+fb cc-pVTZ 2.634 167.3 17 
21 SrCl2 CISD SDD(uc)+fb SDD 2.640 159.5 28 
22 SrCl2 B3LYP SDD(uc)+fb cc-pVTZ 2.632 155.5 50 
23 SrCl2 APF SDD def2-TZVP 2.612 151.6 a 
24 SrCl2 APF cc-pwCVTZ-PP def2-TZVP 2.603 148.7 a 

25 SrCl2 APF ANO-RCC(full) def2-TZVP 2.598 148.0 a 
 

a This work; b The valence d orbitals were uncontracted and a single f orbital was added 
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The Sr2 molecule in its ground state (X1Σg+) is not covalently bound, and its binding 
energy (1081.6 cm−1, 3.09 kcal mol−1)44 is reflective of a van der Waals dimer.51 Nevertheless, 
the bond length is captured about as well with the APF functional (entry 4) as with several 
ab initio techniques (entries 2,3).37 Note that the reproduction of the equilibrium bond 
length in the dimer does not mean that its potential energy curve is accurately accounted 
for.52 Strontium monoxide (SrO), in contrast, is more representative of a typical strontium 
compound, and its bond length is readily reproduced with a variety of DFT functionals, 
including APF (entry 9). 
 
 Molecules of greater relevance to the metallocene systems are the strontium 
dihalides. Strontium fluoride is known to be a bent molecule, but the actual angle is poorly 
determined. The results of krypton matrix isolation studies provide a value of 108°,49  but 
this is almost certainly strongly distorted by interaction with the krypton matrix. CCSD(T) 
calculations put the bending angle at 136.9°, and DFT calculations with the B3LYP 
functional reduce this to 128.5° (entry 15).50 The value from an APF/dhf-TZVP calculation 
is 131.1° (entry 17), in line with the B3LYP results. 
 
 The best available estimate for the equilibrium bending angle of the quasilinear 
molecule SrCl2 is from electron diffraction measurements coupled with corrections for 
anharmonic vibrations.14 This is a difficult value to reproduce computationally (see a full 
discussion of the issue),14 although the APF/dhf-TZVP combination gets within 6° of the 
angle (entry 23). 
 

2.3.2 Calculations on (C5H5)2(Sr,Sm) 
 
 Both (C5H5)2Sr and (C5H5)2Sm have long been known, although the structure of 
neither has been experimentally determined. They are presumed to be polymeric in the 
solid state.53,54 The parent (C5H5)2Sr molecule has been studied computationally several 
times, and both bent55 and linear56–58 forms have been found as the lowest energy 
configuration. The energy difference between the conformations is consistently found to 
be small, and not surprisingly, the results are sensitive to the level of calculation employed. 
As an example, an early calculation reported that (C5H5)2Sr optimized to a bent structure 
(α = 145°) with the use of the BP86 functional and DFT-optimized all-electron DGDZVP 
basis set.55 We repeated the calculation with the same functional and basis set, and also 
found a bent geometry (Table 2, entry 1), although the angle is larger (α = 164°), perhaps 
because we conducted a full optimization (no imposed symmetry) rather than a limited 
one (only ring rotation and the bending angle were varied in the original study). A 
reinvestigation of this system by the same authors58 using a triple-ζ Slater-type orbital with 
a frozen core (3d and below) and the BP86 functional found that (C5H5)2Sr optimized to a 
linear structure; the previous bent structure was ascribed to deficiencies in the DGDZVP 
basis. Actually, issues with the functional need to be considered as well, as we find that the 
combination of the APF functional and the DGDZVP basis set also optimizes to a linear 
structure (entry 2). This suggests that it is the BP86/DGDZVP combination that overbinds 
the molecule. Several additional test calculations were then performed on (C5H5)2Sr to 
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ensure that there were no spurious effects on the geometries induced by the APF(-D) 
functional (entries 3–5). 
 
Table 2: Geometry of (C5H5)2M optimized with various functional/basis set combinations. 

 
Entry Complex Functional M basis seta M–centroid (Å) Angle (deg) 

1 (C5H5)2Sr BP86 DGDZVPb 2.537 164.1 

2 (C5H5)2Sr APF DGDZVPb 2.532 180 

3 (C5H5)2Sr APF SDD 2.539 180 

4 (C5H5)2Sr APF-D SDD 2.533 180 

5 (C5H5)2Sr B3LYP-D3 SDDc 2.550 180 

6 (C5H5)2Sr APF ANO(full) 2.509 162.6 

7 (C5H5)2Sm APF SDD 2.495 147.7 

8 (C5H5)2Sm APF ANO/ECP 2.494 141.9 

adef2-SVP is used on C, H in all calculations using the APF(-D) functionals; bthe 

corresponding DGDZVP basis was also used on C, H;  c6-31G(d,p) on C, H. 

 
 With the SDD basis set on Sr and the APF functional, a linear geometry is again 
obtained for (C5H5)2Sr (entry 3). This is the same result found with the BP86 functional 
and the SDD basis set on Sr.57 Adding dispersion corrections with APF-D does not change 
the result (entry 4). With the larger dhf-TZVP valence set on Sr, (C5H5)2Sr still stays linear 
(entry 5). As a check with one of the functional/basis set combinations previously used to 
study the decamethylmetallocenes,22 (C5H5)2Sr also remains unbent with the B3LYP-
D3/SDD combination (entry 6). With the exception of the problematic entry 1, all these 
DFT results support conclusions from previous CCSD(T) calculations; i.e., that to a high 
level of approximation, (C5H5)2Sr has a linear or quasilinear geometry.57 
 
 A different situation exists with the samarium analogue, (C5H5)2Sm; it also has been 
the subject of previous studies, where it is always found to be bent at levels of theory above 
Hartree-Fock.56,59 With the use of the standard double-ζ valence set on the SDD ECP, 
(C5H5)2Sm bends with an angle of 147.7° (entry 7). With the use of the larger Stuttgart 
ANO/ECP basis set, used in a previous study of the bending angle of (C5Me5)2Sm,22 the 
bending angle of (C5H5)2Sm (141.9°, entry 8) is not far from that found in the crystal 
structure (α = 140.1°),12 which supports the conclusion that dispersive interactions between 
the methyl groups are comparatively unimportant contributors to its bending. 
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2.3.3 (C5Me5)2Sr calculations 
 
 The determination of how well various methods reproduce the geometry of 
(C5Me5)2Sr is tempered by the fact that its structure is known only from gas-phase electron 
diffraction measurements. To the best of our knowledge, the crystal structure of (C5Me5)2Sr 
has not been reported in the open literature; the Cambridge Structure Database (v. 5.38, 
November, 2016) has no entry for the compound. The reference cited for this,22 which 
purportedly describes the solid state structure, is actually for the gas-phase structure 
determined by Blom, et al.11 Hence the values for the solid state bond distances and angles 
of (C5Me5)2Sr listed22 cannot be used as reference numbers. The thermal average ring 
centroid–Sr–centroid angle of 149° has an estimated error of ±3°.11 In contrast to the 
experimental structure, and as previously found with the SDD basis set and various 
functionals without explicit dispersion corrections, (C5Me5)2Sr optimizes to a linear 
geometry with the APF functional (Table 3, entry 1). Addition of the SAM dispersion 
correction leads to a bent molecule with a centroid–Sr–centroid angle of 146.6° (entry 2). 
This is consistent with the values of 145–153° previously found with the SDD basis and other 
commonly used functionals, including B3LYP-D3, M05, M05-2X, M06, and wB97X-D.22 
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Table 3: Geometry of (Me5C5)2Sr optimized with various functional/basis set combinations.  

 

Entry Method Sr basis set C, H basis sets Sr–centr (Å) Angle (, deg) 

1 APF SDD def2-SVP 2.517 180 

2 APF-D SDD def2-SVP 2.486 146.6 

3 APF def2-TZVP def2-SVP 2.509 163.2 

4 APF def2-TZVP 6-31G(d,p) 2.507 161.4 

5 APF def2-TZVP def2-TZVP 2.505 159.6 

6 APF def2-QZVPP def2-SVP 2.496 165.3 

7 APF ANO-VDZ def2-SVP 2.559 180 

8 APF-D ANO-VDZ def2-SVP 2.546 163.3 

7 APF ANO-VDZP def2-SVP 2.481 166.4 

8 APF-D ANO-VDZP def2-SVP 2.464 151.3 

9 APF ANO-VTZP def2-SVP 2.498 157.1 

10 APF-D ANO-VTZP def2-SVP 2.475 146.1 

11 APF ANO-VQZP def2-SVP 2.463 154.6 

12 APF-D ANO-VQZP def2-SVP 2.437 147.0 

13 APF ANO(full) def2-SVP 2.481 151.2 

14 APF ANO(full) def2-TZVP 2.504 146.3 

15 B3LYP ANO(full) def2-SVP 2.509 150.8 

16 APF-D ANO(full) def2-SVP 2.460 144.4 

    exper. (ED)11 2.469(6) 149(3)  
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 Exchanging the Sr SDD basis set for the dhf-SVP + ECP basis combination replaces 
both the ECP and the valence functions; for the latter, the p and d functions are contracted 
differently, and a single f function has been added.33 Nevertheless, (C5Me5)2Sr remains 
unbent at this level with the APF functional (entry 3). With the APF-D functional, the 
molecule again strongly bends (α = 147.9°, entry 4). 
 
 Compared with the def-SVP basis for Sr, dhf-TZVP adds extra s and p functions, and 
supplies a different contraction pattern for the d polarization functions ((8s,8p,5d,1f) → 
[6s,5p,3d,1f]). With the APF functional, this change results in a very slightly bent (C5Me5)2Sr 
(α = 174.8°, entry 5). This amount of bending is barely outside the error limit of a significant 
difference from 180°, but bending persisted even using tighter convergence criteria (10−4 au 
in maximum force), and we take it as real effect. Application of the dispersion correction 
not surprisingly led to a much more strongly bent molecule, with a centroid–Sr–centroid 
angle of 147.2° (entry 6). 
 
 Finally, use of the def-QZVP basis ((9s,9p,6d,2f,1g) → [7s,6p,4d,2f,1g]) with the APF 
functional led to an unambiguously bent molecule (α = 160.6°, entry 7). The angle is 
relatively unaffected by the basis sets on C and H, as long as they are polarized double zeta 
or better (entries 8, 9). The bent structure is a minimum on the potential energy surface 
(Nimag = 0), and forcing the molecule to remain linear during optimization with 
imposed D5 symmetry resulted in the generation of 2 imaginary frequencies (−23 cm−1). 
These results indicate that bending of (C5Me5)2Sr is possible even with the use of a 
functional that is explicitly designed not to capture dispersion interactions. Using the SAM 
dispersion correction resulted in further bending to 146.2° (entry 10). It should be noted 
that the energy difference (ΔH°) between the bent structure of entry 10 and that of the 
linear counterpart (D5 symmetry) is only 0.51 kcal mol−1, in line with other estimates of the 
bending force.57  It is also a testament to the very small amounts of energy that are involved 
in these calculations. The results with the dhf-basis sets and APF(-D) functional are 
summarized in Table 3, entries 3–10, and are depicted in Figure 18. 
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2.3.4 Covalency in the bonding in (C5Me5)2Sr 
 
 Given the low electronegativity of the heavy group 2 metals—(that for Sr is ∼1.0)60 
—there is no question that the bonding in their organometallic complexes, and in 
(C5Me5)2Sr in the present case, is highly polar, even if not actually electrostatic. The 
quantification of the polarity is difficult, as is determining how different computational 
treatments affect such measures. Detailed orbital analysis have been made for bonding in 
the group 2 metallocenes,55,57,58 and it is not the intent to repeat such information here. 
Rather, we wish to highlight the effect on indicators of covalency caused by the addition of 
methyl groups to the metallocenes, and of the use of highly flexible basis sets in the 
optimization of the compounds. One such indicator is the calculated charge(s) on the 
metal centers. Natural population charges (NPA) are relatively insensitive to basis set 
composition,61 and of note is that NPA charges reported for Sr in (C5H5)2Sr have clustered 
near +1.8 (i.e., +1.86756, +1.7757, +1.8058), despite the use of different basis sets and 
computational methods. Interestingly, the NPA charge previously reported for the Sr 
center in (C5Me5)2Sr, +1.5322  is similar to that calculated with the dhf-QZVP basis set and 
the APF functional, +1.60 (entry 7 Table 3). The difference in average metal charge 
(Δq = 0.25) between the two molecules is large enough that it likely reflects the better 

Figure 17. Ring centroid-Sr-centroid angles for (C5Me5)2Sr as a function of basis 
set size. The dhf-basis sets are used with Sr; the def2SVP basis was used on C, H. 
The error bars are set at ±4°. 
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donor properties of the pentamethylcyclopentadienyl ring compared to the unsubstituted 
ligand. 
 
 An alternative investigation of the possible importance of covalent interactions was 
conducted with Bader's atoms in molecules (AIM) theory.62 When examined at the B3LYP-
D3/SDD level, the structure of (C5Me5)2Sr was found to have only three bond-critical paths 
between the Sr atom and the ring carbons, providing little evidence for covalence between 
the metal and ligands, and an additional three bond-critical paths between the methyl 
groups on the bent side of the molecule, taken as representing the stabilizing effect of van 
der Waals forces.22 For the present study, bond-critical points and paths were calculated 
for (C5Me5)2Sr with the APF-D/dhf-QZVP optimized structure (entry 10, Table 3). Fig. 19 
illustrates that bond critical paths are now clearly evident between the metal and the 10 
carbon atoms in the ring, and additional ring critical points, indicative of delocalization in 
space, are also present. There are also three bond-critical paths found between hydrogen 
atoms on the methyl groups on the bent side. The average electron density (in au) at the 
bond critical points along the paths from Sr to the ring carbons is 0.029, over six times the 
value for the points along the paths that represent van der Waals interactions between the 
methyl groups (avg. 0.0043). Of course, even the Sr…C interactions involve only a fraction 
of the electron density found in the ring bonds (e.g., the average for the bond critical paths 
between the ring carbons is 0.29). Nevertheless, the analysis provides evidence for both an 
orbital-based and a dispersion contribution to the bending. 
 

 

Figure 18. AIM representation for (C5Me5)2Sr; bond critical points are in green, 
ring critical points are in blue and cage critical points are in magenta. 



42 
 

 In an analysis of the orbitals of (C5Me5)2Sm,22 it was noted that they fell into three 
different categories: one of pure metal orbitals, one of pure ligand orbitals, and one of 
mixed metal-ligand character (ca. 5% 4f and 10% 5d per orbital). Critically, it was also 
observed that the set of mixed metal-ligand orbitals was missing in (C5Me5)2Sr, a sign of 
the higher ionic character in the bonding. In this context, it is noteworthy that with the 
dhf-QZVP basis set, evidence for mixed metal–ligand orbitals is in fact present. Fig. 20 
presents the six highest occupied orbitals of (C5Me5)2Sr. Whereas 75, 76, 79, and 80 
(HOMO-5, HOMO-4, HOMO-1, and HOMO, respectively) are evidently largely ligand-
based, Mulliken orbital analysis indicates that 77 (HOMO-4) contains 9.4% of Sr d 
character, and 78 (HOMO-2) has 7.4% d character. The mixing is not as extensive as in 
(C5Me5)2Sm, but it does give an indication that the flexibility of the valence representation 
on the metal center can alter the calculated percentage of metal-ligand interactions. 
 

  

Figure 19. Highest energy occupied orbitals of (C5Me5)2Sr, optimized with the APF-D 
functional, dhf-QZVP basis set on Sr. Isodensity surfaces are drawn at the 0.40 level. 
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2.4 Conclusion 
 
 By using the “dispersion-free” functional APF and its accompanying dispersion 
correction (APF-D), we have found that, provided a sufficiently flexible basis set is used on 
strontium, the bent structure of the heavy alkaline earth metallocene (C5Me5)2Sr can be 
shown to be bent, even without the application of dispersion corrections. However, 
dispersion effects do bring the bending of the metallocene into conformity with the 
experimentally determined structure. The methyl groups both provide the possibility for 
dispersion interactions and slightly increase the covalency in the metal-ring bonding, so 
that orbital and dispersion effects contribute together to the bending. Dispersion 
corrections alone can cause bending, however, and in a structurally floppy molecule such 
as (C5Me5)2Sr, can mask deficiencies in the basis sets and/or density functionals used. An 
additional consequence of these findings is that (C5H5)2Sr, whose linearity has been 
reconfirmed in this study, should not be used as a surrogate for the decamethylated 
species.55 The contribution of the methyl groups to the geometry of (C5Me5)2Sr cannot be 
ignored. 
 
 Although the covalent contribution to the bonding in (C5Me5)2Sr is certainly less 
than in the lanthanide counterpart (C5Me5)2Sm, it is not completely negligible. These 
results leave the door open to orbitally based explanations of the bending, such as pseudo-
Jahn Teller effect-induced distortions.17 
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2.5 Appendix 
 

2.5.1. Coordinates of Optimized Structures 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 
 

2 
Sr2; APF/def2TZVP; ∆G° = -61.420796 au 
Sr 0.000000 0.000000 2.321026 
Sr 0.000000 0.000000 -2.321026 

 
2 
Sr2; B3LYP/def2TZVP; ∆G° = -61.436620 au 
Sr 0.000000 0.000000 2.418795 
Sr 0.000000 0.000000 -2.418795 
 
2 
Sr2; M06/def2TZVP; ∆G° = -61.338315 au 
Sr 0.000000 0.000000 2.264070 
Sr 0.000000 0.000000 -2.264070 

 
2 
SrO; APF/def2TZVP; ∆G° = -105.904094 au 
Sr 0.000000 0.000000 0.333019 
O 0.000000  0.000000 -1.581840 

 
2 
SrO; B3LYP/def2TZVP; ∆G° = -105.969752 au 
Sr 0.000000 0.000000 0.336895 
O 0.000000  0.000000 -1.600253 

 
2 
SrO; M06/def2TZVP; ∆G° = -105.881993 au 
Sr 0.000000 0.000000 0.332336 
O 0.000000  0.000000 -1.578598 

 
3 
SrF2; APF/SDD(Sr),def2TZVP(F); ∆G° = -230.511369 au 
Sr 0.000000 1.930015   -0.602441 
F 0.000000  -1.930015   -0.602441 
F 0.000000  0.000000 0.285367 

 
3 
SrF2; APF/cc-pwCVTZ-PP(Sr),def2TZVP(F); ∆G° = -230.523904 au 
Sr 0.000000 1.925463 -0.595644 
F 0.000000  -1.925463 -0.595644 
F 0.000000  0.000000 0.282147 

 
3 
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SrF2; APF/ANO(full)(Sr),def2TZVP(F); ∆G° = -3298.666971 au 
Sr 0.000000 1.919208 -0.595687 
F 0.000000  -1.919208 -0.595687 
F 0.000000  0.000000 0.282168 

 
3 
SrCl2; APF/SDD(Sr),def2TZVP(F); ∆G° = -951.130036 au 
Sr 0.000000 2.531878    0.337749 
Cl 0.000000  -2.531878     0.337749 
Cl 0.000000  0.000000 -0.302196 
 
3 
SrCl2; APF/cc-pwCVTZ-PP(Sr),def2TZVP(F); ∆G° = -951.139932 au 
Sr 0.000000 2.506334 -0.370941 
Cl 0.000000  -2.506334 -0.370941 
Cl 0.000000  0.000000 0.331895 
 
3 
SrCl2; APF/ANO-RCC(full) (Sr),def2TZVP(F); ∆G° = -4019.279904 au 
Sr 0.000000 2.497424 -0.377508 
Cl 0.000000  -2.497424 -0.377508 
Cl 0.000000  0.000000 0.337770 

 
21 
Cp2Sr; BP86/DGDZVP(Sr),DGDZVP(C,H); ∆G° = -3520.324180 au 
C -1.883695 2.428115 -0.414131 
C -2.798342 3.516317 -0.570838 
C -4.126778 2.991074 -0.501110 
C -4.033570 1.577785 -0.301588 
C -2.646868 1.229548 -0.248067 
H -0.792710 2.507143 -0.370780 
H -2.529527 4.572182 -0.673882 
H -5.051335 3.575756 -0.538697 
H -4.874723 0.892884 -0.153023 
H -2.241795 0.231918 -0.049489 
Sr -3.089448 1.998384 -2.920012 
C -2.098004 3.059685 -5.328880 
C -2.092727 1.643366 -5.528526 
C -3.459766 3.493247 -5.272921 
H -1.215828 3.705895 -5.281855 
C -3.451869 1.201467 -5.595817 
H -1.205405 1.017332 -5.667892 
C -4.296546 2.345286 -5.438185 
H -3.800874 4.528375 -5.173355 
H -3.785998 0.178597 -5.798015 
H -5.389890 2.349866 -5.492939 

 
21 
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Cp2Sr; APF/DGDZVP(Sr),DGDZVP(C,H); ∆G° = -3519.493820 au 
C -1.891930 2.377492 -0.383704 
C -2.764850 3.494878 -0.387534 
C -4.097282 3.009954 -0.391697 
C -4.047869 1.592873 -0.390487 
C -2.684857 1.201986 -0.385552 
H -0.807965 2.415392 -0.327945 
H -2.465993 4.537699 -0.335221 
H -4.996781 3.616649 -0.343203 
H -4.902887 0.925037 -0.340782 
H -2.314041 0.182627 -0.331363 
Sr -3.088862 2.333588 -2.920002 
C -2.129196 3.077323 -5.448414 
C -2.080969 1.660200 -5.449263 
C -3.491855 3.469390 -5.452799 
H -1.273605 3.744503 -5.497044 
C -3.413832 1.176431 -5.454173 
H -1.181990 1.052813 -5.498705 
C -4.285794 2.294576 -5.456377 
H -3.861782 4.489151 -5.505414 
H -3.713573 0.133943 -5.508098 
H -5.369790 2.257717 -5.512222 

 
21 
Cp2Sr; APF/SDD(Sr),def2SVP(C,H); ∆G° = -417.126062 au 
C        2.541135   -0.211181   -1.185529 
C        2.539740    1.064087   -0.566031 
C        2.536931    0.868923    0.838249 
C        2.536538   -0.526931    1.086568 
C        2.539155   -1.194497   -0.164175 
H        2.597462   -0.402254   -2.259257 
H        2.594779    2.026326   -1.079478 
H        2.589375    1.654687    1.594809 
H        2.588559   -1.003541    2.067737 
H        2.593556   -2.274827   -0.314149 
Sr      -0.000032   -0.000141   -0.003354 
C       -2.540379   -0.870186   -0.833216 
C       -2.537606   -1.063002    0.571393 
C       -2.540778    0.525324   -1.083826 
H       -2.595982   -1.657204   -1.588255 
C       -2.536322    0.213299    1.188781 
H       -2.590703   -2.024406    1.086602 
C       -2.538246    1.194933    0.165832 
H       -2.596762    1.000368   -2.065541 
H       -2.588200    0.406100    2.262415 
H       -2.591895    2.275508    0.314296 
 
21 



47 
 

Cp2Sr; APF-D/SDD(Sr),def2SVP(C,H); ∆G° = -417.134556 au 
C  2.534165 1.148104 0.368059 
C 2.533759  0.004204 1.205941 
C 2.532918 -1.146155 0.376952 
C 2.532791 -0.713223 -0.973277 
C 2.533564 0.704709 -0.978773 
H 2.587414 2.187084 0.701189 
H 2.586637 0.008404 2.297029 
H 2.585000 -2.182580 0.718132 
H 2.584720 -1.358014 -1.853523 
H 2.586234 1.342602 -1.863992 
Sr 0.000000 0.000865 0.000392 
C -2.533946 1.145154 -0.377584 
C -2.533166 -0.005351 -1.206362 
C -2.534022 0.712462 0.972728 
H -2.586969 2.181463 -0.718975 
C -2.532768 -1.149095 -0.368274 
H -2.585460 -0.009810 -2.297477 
C -2.533296 -0.705464 0.978480 
H -2.587121 1.357353 1.852832 
H -2.584698 -2.188190 -0.701245 
H -2.585749 -1.343257 1.863782 

 
21 
Cp2Sr; B3LYP-D3/SDD(Sr),6-31G(d,p)(C,H); ∆G° = -417.748190  au 
C -1.896411 2.384099 -0.363368 
C -2.775970 3.498839 -0.375323 
C -4.107964 3.006650 -0.380346 
C -4.051580 1.587674 -0.371576 
C -2.684685 1.202928 -0.361111 
H -0.814774 2.427563 -0.303104 
H -2.482874 4.541480 -0.325899 
H -5.008904 3.608098 -0.335435 
H -4.901923 0.917164 -0.318541 
H -2.309686 0.187571 -0.298574 
Sr -3.088161 2.321116 -2.919999 
C -2.118330 3.074063 -5.460158 
C -2.076918 1.654630 -5.468263 
C -3.481032 3.473448 -5.465148 
H -1.260895 3.736024 -5.505593 
C -3.414101 1.176713 -5.478275 
H -1.182438 1.044237 -5.521182 
C -4.281793 2.300832 -5.476401 
H -3.845101 4.493456 -5.514969 
H -3.718291 0.137911 -5.540287 
H -5.363868 2.269727 -5.536449 
 
21 
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Cp2Sr; APF/ANO(full),def2SVP(C,H); ∆G° = -3485.280479 au 
C -1.889765 2.409105 -0.447986 
C -2.778166 3.499008 -0.618763 
C -4.102149 3.001219 -0.542715 
C -4.032588 1.603080 -0.325117 
C -2.664789 1.236774 -0.266874 
H -0.800231 2.470426 -0.408020 
H -2.492881 4.545925 -0.738885 
H -5.014946 3.598392 -0.591127 
H -4.882791 0.935422 -0.169717 
H -2.276870 0.237725 -0.056361 
Sr -3.090498 1.969706 -2.920029 
C -2.123261 3.068214 -5.285513 
C -2.095117 1.668674 -5.503185 
C -3.478819 3.474951 -5.225665 
H -1.253746 3.725864 -5.225885 
C -3.434069 1.210312 -5.577755 
H -1.199732 1.060259 -5.647633 
C -4.289061 2.327291 -5.406445 
H -3.835946 4.500085 -5.109744 
H -3.750592 0.187306 -5.792625 
H -5.379685 2.314485 -5.459956 
 
21 
Cp2Sm; APF/SDD,def2SVP(C,H); ∆G° = -1044.476230 au 
C -2.060640 2.773527 -0.603950 
C -3.236453 3.514892 -0.878102 
C -4.348631 2.663503 -0.664778 
C -3.860403 1.397208 -0.257857 
C -2.446129 1.465347 -0.220100 
H -1.039379 3.157705 -0.638442 
H -3.279353 4.567127 -1.163269 
H -5.398856 2.948226 -0.753349 
H -4.468928 0.536416 0.026925 
H -1.773719 0.666009 0.098173 
Sr -3.091893 1.669150 -2.920067 
C -1.854396 2.738507 -5.150282 
C -2.249441 1.442160 -5.563521 
C -3.024466 3.515749 -4.965259 
H -0.827386 3.091466 -5.038593 
C -3.663926 1.417280 -5.633072 
H -1.579582 0.622341 -5.831021 
C -4.142719 2.698378 -5.263021 
H -3.056770 4.569173 -4.683114 
H -4.275165 0.575014 -5.963745 
H -5.187465 3.015046 -5.253557 
 
21 
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Cp2Sm; APF/ANO(full),def2SVP(C,H); ∆G° = -1044.476476 au 
C -1.897041 2.448349 -0.585405 
C -2.806204 3.469701 -0.953358 
C -4.120241 2.968840 -0.781354 
C -4.022983 1.637288 -0.306425 
C -2.648523 1.314377 -0.186762 
H -0.808779 2.535079 -0.570165 
H -2.542265 4.476690 -1.279578 
H -5.043786 3.526786 -0.945776 
H -4.859731 0.991222 -0.032548 
H -2.240377 0.377496 0.198220 
Sm -3.088563 1.553690 -2.919947 
C -2.103836 3.033407 -5.035322 
C -2.103682 1.698829 -5.511543 
C -3.451280 3.448096 -4.894557 
H -1.222453 3.649673 -4.849485 
C -3.451191 1.287540 -5.662722 
H -1.220669 1.108438 -5.765077 
C -4.283542 2.370180 -5.282591 
H -3.787260 4.435849 -4.575766 
H -3.788778 0.326475 -6.056322 
H -5.374517 2.386221 -5.323519 
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Chapter 3 

 
Mechanochemically Driven Transformations in Organotin Chemistry: 

Stereochemical Rearrangement, Redox Behavior, and Dispersion-Stabilized 
Complexes 

 
Reprinted with permission from Ross F. Koby, Nathan D. Schley, and Timothy P. Hanusa. 

J. Am. Chem. Soc. 2018, 140, 15934−15942 © 2018 American Chemical Society 
 
 

3.1 Introduction 
 
 Mechanochemistry, especially in the form of grinding and ball milling, is a 
technique that has experienced a resurgence in modern preparative chemistry, 
encompassing the synthesis of organic,1–3 organometallic,4–11 coordination compounds,12–15 
and the generation of new nanomaterials.16,17 In the broadest sense, a mechanochemical 
reaction is one induced by the direct absorption of mechanical energy. Such energy can be 
supplied in various forms, including that from surface friction (tribology), sound 
(sonochemistry), shock waves, bond stretching (in macromolecular systems), and 
trituration (grinding and milling). The last form is under consideration here. 
 
 In most cases, reactions performed mechanochemically require little to no solvent, 
use less energy, and proceed more quickly than conventional solvent-based reactions. 
Besides being compatible with the philosophy and practice of green chemistry,18–21 
mechanochemistry can significantly alter reaction outcomes. Kinetics and mechanisms can 
be drastically changed,2 providing access to new products in higher yields and shorter 
reaction times than otherwise possible.3 Most intriguingly, mechanochemistry has been 
used to form a variety of organic and organometallic 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 solvents 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 21a).4 Alternatively, usable solvents, even at their boiling points, 
may not provide enough energy input to overcome the reaction barrier, preventing a 
molecule from being assembled, as with the sterically encumbered adamantoid 
phosphazane P4(NtBu)6 (Figure 21b).22 In a third case, owing to different reaction rates and 
effective concentrations of reagents, solution-based and mechanochemical reactions may 
reach different end points, as in the reaction of C60 with KCN. In solution, 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 21c).23,24 These 
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examples do not exhaust the ways that solvent removal combined with mechanochemical 
activation can facilitate the synthesis of new compounds. We describe here the formation 
through mechanochemical 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 considerable thermal, 
hydrolytic, and oxidative stability, which in general is a result of kinetic factors and not 
especially strong Sn–C bonds. For example, [SnMe4] decomposes above 400 °C, for 
example, but its mean bond enthalpy [D̅(Sn–C)] is only 52 kcal mol–1.25 The corresponding 
neutral tin(II) alkyl and aryl complexes (stannylenes, [:SnR2]) in contrast, are generally 
more reactive and unless stabilized with sterically bulky groups26 or cyclopentadienyl 
ligands,27 commonly occur only as transient reaction intermediates.28 Sterically enhanced 
allyl ligands29–32 have been used to suppress oligomerization and enhance kinetic stability 
in a wide range of metal complexes and offer a way to generate stabilized tin(II) allyl 
species. Layfield et al. explored the use of the trimethylsilylated allyl ligand 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 with the double bonds of the three allyl ligands (Figure 22a).33 The same structural 
motif is found in isostructural beryllium34 and zinc35 complexes (Figure 22b). These 
compounds have no counterparts with unsubstituted allyl ligands. 
 
  

Figure 20. Compounds formed exclusively through mechanochemical methods: (a) an unsolvated 
tris(allyl) complex, [Al{1,3-(SiMe3)2C3H3}3]; (b) a tBu-substituted phosphazane; and (c) the fullerene 
dimer, C120.  
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 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 diastereomeric forms, with R,R,R (equivalently, S,S,S) and R,R,S (or S,S,R) 
arrangements.36 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.34 
 
3.2 Results 
 
 Even though the unsubstituted di(allyl)tin [Sn(C3H5)2] is unknown, it seemed 
possible that the use of only 2 equiv of K[A′] and the avoidance of a coordinating reaction 
solvent could lead to the isolation of the substituted analogue, [SnA′2]. Monomeric [SnA′2] 
is calculated to be a minimum on its potential energy surface at the B3PW91-D3BJ/def2-
TZVPD level. The dissociation step SnA′2 → •SnA′ + •A′ is estimated as 36.8 kcal mol–1 (ΔH°; 
ΔG° = 22.1 kcal mol–1). Of course, were [SnA′2] to be generated, it might well exist in the 
form of a coordination polymer with different energetics. See the appendix for geometry-
optimized coordinates. 
 

As a check to ensure that mechanochemical activation was actually needed, stirring 
a mixture of K[A′] and SnCl2 in hexanes produced no reaction, but grinding the same solids 
together 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, the 1H NMR spectrum of which shows five resonances 
characteristic of σ-bound A′ ligands [two singlets for the trimethylsilyl groups and three 
allylic signals; details in the appendix]. This data and the observation of a singlet in the 119Sn 
NMR spectrum at δ −138.7 ppm, not far from the δ −132.9 ppm resonance reported for 
[SnA′3K(THF)],33 suggested that a similar structure 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 

Figure 21. (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′3K]; Be is in a near 
planar environment, with the sum of C–Be–C′ angles = 357.6°.Similar trigonal planar 
coordination is found in the [ZnA′3M] (M = Li, Na, K) complexes.  
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K[A′]:SnCl2 system, as it can be formed under a range of mechanochemical conditions, 
including changes of scale and reaction stoichiometry (from 1:1 to 5:1), although its purity 
and yield varies with the specific reaction parameters used (see additional examples in the 
appendix). 
 
 A single-crystal X-ray structure of 1 revealed that the compound was in fact the 
stannate [SnA′3K], with three σ-bound allyl ligands on tin and the K+ counterion 
coordinated to the π-bonds of the allyl ligand (Figure 23). The core structure, with its 
μ:η2:η1-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.33 As a 
result, two of the α-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 α-carbons are 
saturated and not similarly basic. The [SnA′3]− framework distorts enough that the third 
K+···α carbon contact (K+···C10) is moved away to 3.20 Å. 
 

 
Figure 22. 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 gray 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). 
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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 distance 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].37 DFT calculations on the 
latter provided a K+···CH3 force constant (k) of 16–17 N m–1, in the range of hydrogen 
bonds.37 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 arrangement of allyl ligands around the tin 
(R,R,R or S,S,S, with the latter shown in Figure 23). 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 due to the presence of the coordinated THF ligand in [SnA′3K(THF)].33 The ease 
of such disruption was also demonstrated from one particular recrystallization attempt of 1, 
in which trace adventitious 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 24). 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, to 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 crystallographically imposed 3-
fold symmetry (the H atoms on water are disordered), and the water is associated with an 
increase in the effective coordination 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 six- and seven-coordinate K+ (0.08 Å).38 
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 The possibility that the unsolvated 1 might be usable as a six-e– donor ligand, 
isoelectronic with Cp–, and a tripodal synthon for heterobimetallic allyl complexes33 
prompted a more thorough examination of its preparation. As a first step, the reagent 
stoichiometry of K[A′] and SnCl2 was 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′3K(THF)] in 
THF.33 Now, however, milling the two reagents for 5 min left an oily residue. Extracting the 
solid with hexanes left an insoluble heterogeneous mixture of light bluish-gray and dark 
gray powders, assigned to potassium chloride and tin metal, respectively. Milled KCl 
typically has a pale bluish-gray appearance, visibly distinct from the tin remaining after the 
formation of the Sn(IV)-containing 3. As a check on the presence of other tin species, a 
119Sn NMR spectrum was taken of the powder placed in C6D6; no signal was observed from 
δ +500 to −2000 ppm 
 

Figure 23. 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 arbitrary isotropic radii. Crystallographically imposed disorder in the allyl ligands 
has also been removed. Selected bond distances (Å) and angles (deg): Sn–C, 2.338(7); K–O, 
2.729(14); K···C, 3.09–3.17 Å; C–Sn–C′, 96.6(2). 
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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 different 
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 stable to obtain combustion 
analysis and to confirm the bulk purity of the freshly prepared material. Even a 6-month-
old sample was only partially 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 1 h of working time is available before visible decomposition is evident, 
which is accompanied by the formation of a precipitate. One of the species present in the 
aged solution is tetrakis(trimethylsilyl)-1,5-hexadiene {A′2}, a product of allyl radical 
coupling.39 Nevertheless, rapid recrystallization is possible from freshly prepared hexanes 
solutions, and although crystals suitable for X-ray analysis could be obtained this way (see 
below), such attempts often resulted in the formation of oily solids. When dissolved in 
C6D6 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 additional step of freezing the sample in liquid 
nitrogen immediately after preparation and thawing it just before signal collection, 
decomposition products were invariably detectable in NMR spectra. 

 
Despite difficulties with sample stability, a 119Sn NMR spectrum of 3 was eventually 

obtained that displayed a single peak at δ −36.6 ppm, a roughly 100 ppm downfield shift 
from that for [SnA′3K]. If all else were equal, the decrease in shielding would suggest a 
reduction in metal coordination number, but given the broad chemical shift range for 119Sn 
in complexes with hydrocarbyl ligands (over 1000 ppm)40 and the high sensitivity of the 
shift to minor structural changes, this alone was not diagnostic of the structural differences 
from [SnA′3K]. The 1H NMR spectrum contains resonances consistent with σ-bonded allyl 
ligands, but these are also not determinative of structure. The identity of 3 was eventually 
established from the results of a single-crystal X-ray study, performed on a crystal obtained 
from a rapidly evaporated hexanes solution. It proved to be the tetra(allyl)tin(IV) species, 
[SnA′4] (Figure 25), which represents 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 reaction, occurring without 
the benefit of added external oxidants.9,41  
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Around the central tin atom of 3, four σ-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 is 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 D2 symmetry, although this is not crystallographically imposed. The average 
Sn–C bond length of 2.200(11) Å is on the long end of known Sn–C(allyl) distances in Sn(IV) 
compounds, but it is similar to that found for the Sn–allyl bond in the trimethylsilylated 
compound Sn(CH2Ph)2[C(SiMe3)3][CH2CH═C(SiMe3)2] [2.19(1) Å].42 The Sn–C–C═C 
torsion angles range from 101.7° to 126.4°, averaging 115.8°. The angles are larger than 
typical values observed in Sn-allyl compounds (100° ± 10°; see below), but they can be 

Figure 24. 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 (Å) and 
angles (deg): Sn1–C1, 2.195(6); Sn1–C11, 2.203(5); Sn1–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); Sn1–C19–C20–C21, 123.6(5); Sn1–
C28–C29–C30, 101.7(5) 



62 
 

influenced by steric crowding {the value in Sn(CH2Ph)2[C(SiMe3)3][CH2CH = C(SiMe3)2] is 
128.5°}.42 

 
To gain further insight into the origins of both 1 and 3, both of which involve sub-

stoichiometric 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′]:SnCl2 and a 15 min grinding time, a more 
complex mixture of products was observed, including 1, 3, and a small amount of a new 
substance (4) that displayed a single peak in its 119Sn NMR spectrum at δ −32.5 ppm, close 
to but distinctly different from the δ −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 quality. Nevertheless, the space group (P1 ̅, 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 connectivity of the allyl ligands to the tin has R,S,R,S stereochemistry, 
so that the molecule has meso symmetry (Figure 26). The idealized symmetry of 4 is S4, 
rather than the D2 of 3. 

 

  

Figure 25. 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 stereochemistry at the α-carbon positions. 
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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 δ +500 to −2000 ppm). 

 
3.3 Discussion 
 
 Determining the course of mechanochemically activated reactions is challenging, 
and although substantial progress has been made in recent years by employing synchrotron 
radiation43–45 or ex-situ Raman spectroscopy,46–49 such experimental setups are not yet 
common or universally applicable.50,51 In the present case, despite the complex inter-
relationships between the various compounds produced from SnCl2 with K[A′], a plausible 
scheme for the reactions with a 2:1 ratio of reagents that captures the nonstoichiometric 
origin of the compounds can be constructed (Figure 27). The nonstoichiometric formation 
of 1 and 3 has precedent in beryllium chemistry, where [KBeA′3] is formed from the milling 
of a 2:1 mixture of K[A′] and BeCl2.34  There is also related nonstoichiometric 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.52 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 calculations were conducted with the B3PW91 
hybrid functional53,54 with additional dispersion correction provided by Grimme’s D3 
dispersion correction55 and Becke–Johnson dampening (D3-BJ)56 (see computational 
details in appendix). 

Figure 26. Possible Formation of 1 and 3 from a 2:1 Ratio of K[A′] and SnCl2 
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3.3.1 Instability of [SnA′4] 
 

The solution instability of 3 was unanticipated, as the parent tetra(allyl)tin is an air- 
and H2O-stable oil (bp 87–88 °C/4 mmHg),57 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.58 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.59 The source of the weakening 
has been assigned to the so-called β-tin effect, which involves a hyperconjugative 
interaction between σM-X and (πC═C)* orbitals.60–63 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(allyl) and C═C bonds and greatly 
elevating the reactivity of allylstannanes with electrophiles. A simplified depiction of the 
interaction is provided in Figure 28a,b. A semiquantitative indication of the bonding 
changes is reflected in the Mayer bond orders64,65 for the model complex [Me3Sn–A′] 
(Figure 28c). 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 formal C–C single bond 
does not reflect any strengthening (0.98). Despite these changes in bond strength, 
something more than the normal 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 hyperconjugation in 3, beginning with a calibration of 
the energy of methyl group dissociation from SnMe4 (SnMe4 → •SnMe3 + •Me), for which 
an experimental value is available [ΔH° = 69 ± 2 kcal mol–1;66note that this number is for 
the first methyl group cleavage, not the mean bond dissociation enthalpy, 𝐷̅(Sn–C)]. Note 

Figure 27. Consequences of hyperconjugative interaction of σSn-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 weakened. (c) Mayer bond orders in the allyl ligand of [Me3Sn–A′] (green = Sn, blue 
= Si). 
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that the first dissociation energy is typically appreciably higher than the second and 
subsequent steps for many main group homoleptic alkyls.25 The calculated value, 69.0 kcal 
mol–1 (ΔH°), is in excellent agreement with the experimental figure (Table 4, entry 1). The 
free energy of dissociation is about 12 kcal mol–1 lower than this. For the more relevant 
reaction involving tetra(allyl)tin [i.e., Sn(C3H5)4 → •Sn(C3H5)3 + •C3H5], both the enthalpy 
and free energy of dissociation are lowered relative to that of tetramethyltin (entry 2). 
Notably, the ΔG° value is 16.2 kcal mol–1 less, reflecting a bond weakening consistent with 
the operation of the β-tin effect. 
 
Table 4: Energies of ligand dissociation (B3PW91-D3BJ, kcal mol–1) 

 
[a]Experimental value (∆H°) = 69±2 kcal mol–1.63 [b]Both ∆H° and ∆G° are calculated without 
dispersion corrections. 

 
 Adding silyl (SiH3) groups to the 1- and 3-positions of the allyls leaves the free energy 
of dissociation essentially unaffected compared to that of the unsubstituted allyl (Table 4, 
entry 3). For the full model of 3 (SnA′4 → •SnA′3 + •A′), however, the free energy value 
actually increases by 12 kcal mol–1 (Table 4, entry 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 inter-ligand 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,67 
and specifically by the value of Gcomplex, the net percentage of coordination sphere covered 
by the ligands, the value for [SnMe4] is low (60.5%) and increases only to 69.7% for 
[Sn(C3H5)4] (Figure 29a). For 3 and 4, however, the Gcomplex values rise to 97.1% and 96.2%, 
respectively (Figure 29b,c). Note that values of Gcomplex that approach 100% are associated 
with molecules that display structural evidence of steric strain, including bond lengthening 
(and presumably weakening).67 
 
  

No. Reaction[a] Energy (∆H°, ∆G°) 

1 SnMe4  ➝  •SnMe3 + •CH3 +69.0[a], +56.9 

2 Sn(C3H5)4  ➝  •Sn(C3H5)3 + •C3H5 +53.0, +40.7 

3 Sn[(1,3-SiH3)2C3H3)]4 ➝ Sn[(1,3-SiH3)2C3H3)]3  +  •(1,3-SiH3)2C3H3 +59.7, +40.9 

4 SnA´4 (D2)  ➝  •SnA´3 + •A´ +70.6, +52.9 

5 SnA´4 (D2)  ➝  •SnA´3 + •A´ +41.1, +30.9[b] 
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 A counteracting consequence of the proximity of the many –SiMe3 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 tert-butyl or SiMe3 to function as “dispensers” of 
attractive dispersion energy, and not simply as centers of repulsive force, has been 
computationally demonstrated by Grimme et al.68 and used to explain the stability of the 
heavily substituted hexakis(3,5-di-tert-butylphenyl)ethane,69 even though the ostensibly 
less crowded parent molecule hexaphenylethane cannot be isolated.70 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(SiMe3)3, −N(SiMe3)2, and 
norbornyl.71 
 
 One of the distinctive structural markers of these LDF-stabilized molecules is the 
presence of multiple inter-ligand H···H′ contacts that are at or below the sum of the van 
der Waals radii (2rH = 2.40 Å).72 Not surprisingly, both 3 and 4 display numerous such 
contacts (Figure 30), and significantly, there are no analogous distances in the calculated 
structures of [Sn(C3H5)4] or [Sn{(1,3-SiH3)2C3H3}4]. 
 
  

Figure 28. Visualization of the extent of coordination sphere coverage (Gcomplex) of (a) [Sn(C3H5)4], 
69.7%; (b) 3 (D2 symmetry), 97.1%; and (c) 4 (S4 symmetry), 96.2%. Optimized coordinates 
[B3PW91-D3BJ/def2-TZVP(Sn,Si),def2-SVP(C,H)] and the program Solid-G were used. 
The Gcomplex value represents the net coverage, so that regions of the coordination sphere where the 
projections of the ligands overlap are counted only once. 
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 Computational support for the importance of LDF in stabilizing 3 was gathered by 
examining the dissociation reaction (SnA′4 → •SnA′3 + •A′) without explicit dispersion 
corrections, i.e., using only the unmodified B3PW91 functional (Table 4, entry 5). Both ΔH° 
and ΔG° fall by 42% and are well below the values found for the complex with SiH3-
substituted allyls. This both quantifies the role that LDF plays in stabilizing the molecules 
and indicates that the −SiMe3 groups would in fact be weakening the bonding owing to 
steric repulsions if the dispersion forces were not opposing their effects. 
 

Solvent interactions, even from alkanes, can interfere with the action of LDFs,70 and 
cyclohexane was found to do so with hexakis(3,5-di-tert-butylphenyl)ethane to the extent 
that •C6H3(3,5-tBu)2 radicals are formed in solution.70 It is appears that hexanes and toluene 
exert the same effect on 3, accounting for its rapid degradation in solution. The presence 
of {A′2} in the solution spectra of 3 is consistent with the disruption of the inter-ligand LDF 
and the release of •A′ radicals, followed by their subsequent coupling. 
 

3.3.2 Formation of [SnA′4] 
 
 Starting from SnCl2 and K[A′], the formation of 3 and 4 obviously involves multiple 
steps, including the stereoregular assembly of the ligands around the metal and the 
oxidation 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 independently of 1. That is, some of the unreacted 
SnCl2 remaining after the formation of 1 (see the products of the 5 min grind in Figure 27) 
could potentially undergo disproportionation to elemental tin and SnCl4, with the latter 
then reacting with the residual K[A′] to form 3. Using standard thermodynamic values,73 
the reaction in eq 1 below is in fact slightly favorable. 

Figure 29. 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 Å). The contacts range from 2.07 to 2.30 Å in 3 and from 2.01 to 2.29 
Å in 4. Contacts are calculated from the geometry-optimized structures; for contacts from the X-
ray data of 3, see the appendix  



68 
 

 
2SnCl2 (s) → SnCl4 (l) + Sn(s)    (ΔG° = -5.6 kcal mol-1) (1) 

 
 This reaction can occur thermally, but at most to the extent of ca. 10% and then only 
above temperatures of 500 °C.74 In test grinds of SnCl2 alone (with times up to 2 h at 600 
rpm in a planetary mill under N2), we found no evidence for the formation of SnCl4, 
suggesting that the reaction is kinetically inhibited. SnCl2 is a white, air-stable solid (mp 
246 °C); SnCl4 is a hygroscopic liquid (mp −33 °C) that fumes on contact with air. The 
ground sample of SnCl2 was unchanged in appearance: there was no darkening, as would 
be the case if elemental tin had formed; no liquid was present; and the solid was not 
noticeably clumped together, as might have occurred as a result of partial formation of 
SnCl4. There was no visible evidence of any fuming when the ground powder was exposed 
to air. 
 

Since the testing 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 SnCl2 and that the 
stereochemical 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 the electron transfer are sketched in a schematic (Figure 30). 

 

  

Figure 30. Proposed formation of 3 from 1(R = SiMe3). This is a schematic to account for the 
reconnection of the various molecular fragments, not a detailed mechanism. 
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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., D2 and S4, respectively. 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–

1 (ΔG°). This is consistent with the faster formation of 3, but it also speaks to the more 
complicated route required to synthesize 4. Formation of 4 from 3 would require a loss of 
two allyl ligands and their reattachment with the opposite stereoconfiguration. Starting 
with 3 with a (S,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–1 higher in energy than 3. Repetition of the process with another S-bound allyl 
would generate the S4 form, 4.0 kcal mol–1 (ΔG°) lower in energy than the intermediate. 
The three relevant forms are compared in Figure 32  

 

 
3.3 Conclusion 
 
 In summary, we have established that the nonstoichiometric reactions observed in 
beryllium and zinc chemistry with a sterically bulky allyl ligand occur also with tin under 
mechanochemical conditions, producing a stannate, [SnA′3K], from a 2:1 mixture of the 
potassium allyl K[A′] and SnCl2. Furthermore, extended grinding initiates 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,R,R/S,S,S,S forms of the tetra(allyl)tin [SnA′4]. 

Figure 31. Relative energies of 3, a nonsymmetric intermediate, and 4, with conformations of 
(S,S,S,S), (R,S,S,S), and (R,S,R,S), respectively. Geometries were calculated at the B3PW91-
D3BJ/def2-TZVP(Sn, Si), def2-SVP(C,H) level. 
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Both 3 and 4 evidently owe their solid-state stability to the operation of London dispersion 
forces provided by their SiMe3 groups, which compensate for their otherwise sterically 
congested ligand environments. Considering that neither the unsolvated stannate 1 nor the 
solution-unstable tetra(allyl)tins are isolable from solvent-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. 
 
3.3 Appendix 
 
Experimental Details 
 

General Considerations. All manipulations were performed with the exclusion of air and 
moisture using Schlenk or glovebox techniques. Proton and carbon (13C{1H}) NMR spectra 
were obtained on a DRX-500 spectrometer at 500 (1H) and 125 (13C) MHz or an AV-400 
spectrometer at 400 (1H) and 100 (13C) MHz and were referenced to the residual proton and 
13C resonances of C6D6. Tin (119Sn) NMR spectra were obtained at 186.5 MHz and were 
externally referenced to SnMe4. Elemental analysis was performed by ALS, Tucson, AZ and 
the CENTC Elemental Analysis Facility at the University of Rochester. 

 

Materials. SnCl2 was purchased from commercial suppliers and used as received. The 
potassium allyl K[A′] = K[(1,3-SiMe3)C3H3] was synthesized by transmetalation of Li[A′]75 
with potassium tert-butoxide in hexanes solution. Toluene was degassed with argon and 
dried over activated alumina using a solvent purification system, then stored over 4 Å 
molecular sieves in a glovebox. Hexanes were distilled under nitrogen over 
NaK/benzophenone radical,76 then stored over 4 Å molecular sieves in a glovebox. Benzene-
d6 was obtained from Cambridge Isotopes and stored over 4 Å molecular sieves. 
 
Mechanochemical protocol. Ball milling reactions used 50 stainless steel (440 grade) 
ball bearings (3/16 in (5 mm), 0.44 g) that were thoroughly cleaned with detergent and 
water, then washed with acetone, and dried in a 125 °C oven prior to use. Planetary milling 
was performed with a Retsch PM100 mill, 50 mL stainless steel grinding jar type C, and a 
safety clamp for air-sensitive grinding. A typical reaction involved 300 mg total sample 
weight, sealed under an inert atmosphere. The ground mixture was extracted with minimal 
hexanes (<100 mL) and filtered through a medium porosity ground glass frit. The 
extraction is designed to dissolve the complex, and the filtration removes traces of KCl (and 
in the case of disproportionation reactions, tin metal). The filtrate was then dried under 
vacuum prior to NMR analysis. 

 
K[Sn{1,3-(SiMe3)2C3H3}3] (1). Although originally conducted with a 1 SnCl2 : 2 K[A´] ratio, 
details for a 1:1 reaction are given here. Inside a glovebox, SnCl2 (94.8 mg, 0.50 mmol) and 
K[A′] (112 mg, 0.50 mmol) were added to a 50 mL stainless steel milling jar with fifty 5 mm 
stainless steel ball bearings. The jar was closed tightly with the appropriate safety clamp, 
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brought out of the glovebox, and milled for 5 min at 600 RPM. The jar, still clamped, was 
returned to the glovebox. When opened, the inside of the jar and balls were coated in a 
dark brown powder that when extracted with hexanes and filtered through a medium-
porosity ground glass frit, yielded an orange filtrate. Removal of solvent under vacuum 
yielded a brown oil (71 mg, 60% yield) from which crystals grew. Upon standing for an 
extended period of time (> 1 wk), the oil solidifies and leaves transparent yellow crystals. 
1H NMR (δ/ppm, 500 MHz, C6D6, J/Hz, atom labels are in the order of proximity to Sn, 
starting with 1): 6.25 (dd, 3H, H2, 3J(H2-H3) = 18.1, 3J(H2-H1) = 14.4 Hz; 4.25 (d, 3H, H3); 
1.04 (d, 3H, H1, 3J(H2-H1) = 14.4 Hz); 0.34 (27H, SiMe3); 0.20 (27H, SiMe3). 13C{1H} NMR 
(δ/ppm, 100 MHz, C6D6, Hz) δ 159.60, C2, 112.68, C2, 39.73, C1, 1.07, SiMe3, -0.28, SiMe3. 
119Sn NMR (δ/ppm, 186.5 MHz, C6D6 Hz): δ -138.70 (s). Accurate elemental analysis was 
difficult to obtain, owing to the compound’s extreme tendency to scavenge trace amounts 
of solvents present in the glovebox atmosphere while it was being manipulated. Such 
solvents could be detected when the compound was dissolved for 1H NMR analysis, 
although they were obviously not present in the crystalline compound. The best fit to the 
analytical data was obtained by assuming that one molecule of THF was adsorbed per each 
stannate, although almost as good a match was found using 0.5 mole of hexane (both were 
solvents present in the glovebox atmosphere). Anal. Calcd for C27H63KSi6Sn: C, 45.41; H, 
8.89; calcd for C27H63KSi6Sn(C4H8O): C, 47.36; H, 9.10. Found: C, 47.57; H, 9.03. 
 

[Sn{1,3-(SiMe3)2C3H3}4] (3). Inside a glovebox, SnCl2 (70 mg, 0.37 mmol) and K[A′] (250 
mg, 1.11 mmol) were added to a 50 mL stainless steel milling jar with fifty 5 mm stainless 
steel ball bearings. The jar was clamped closed tightly with the appropriate safety clamp, 
brought out of the glovebox, and milled for 5 min at 600 RPM. The jar, still clamped, was 
returned to the glovebox. When opened, both the inside of the jar and balls were coated in 
a dark grey powder that when extracted with hexanes and filtered through a medium-
porosity ground glass frit yielded a green-tinted filtrate. Removal of solvent under vacuum 
yielded 54.3 mg (23% yield) of a dark brown/green oil containing microcrystals. (In some 
cases, depending on the sample of the K[A′] used, both the residue in the jar and the 
resulting oil and compound could be a lighter color.) In hexanes, decomposition could be 
seen in as little as 30 min; the lightly colored solution would become darker and a dark 
precipitate would form. However, in the solid state, a crystal structure was obtained from a 
sample more than 6 months after initial removal of solvent, indicating reasonable stability 
in the absence of solvent (though mostly a yellow oil with dark grey residue, presumably 
precipitated tin metal).  
 

Interpretation and assignment of the 1H NMR spectrum is extremely difficult due to 
the invariable presence of decomposition products when SnA′4 is in C6D6 for more than a 
few minutes; these resonances, which include signals from tetrakis(trimethylsilyl)-1,5-
hexadiene [A′2], are interspersed and overlap with the product peaks. 1H NMR (δ/ppm, 500 
MHz, C6D6, J/Hz,1H NMR):  Multiple peaks centered at 6.3 (6.24–6.39, unintegrable, 
uninterpretable via multiplet analysis); 5.55 (dt, 0.8 H, 2J(H-Sn) = 1.3 Hz, 3J(H-H) = 18.3 
Hz); 2.22 (dd, 1.5 H, 1J(H-H) = 11.63, 2J(H-H) = 10.40 Hz); 0.24–0.28 (multiple singlets, ca. 
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45 H, SiMe3),  0.15 (s, ca. 27 H, SiMe3).  119Sn NMR (δ/ppm, 186.5 MHz, C6D6 Hz): -36.6. A 
13C{1H} NMR spectrum was unobtainable owing to rapid decomposition in solution. Anal. 
Calcd for C36H84Si8Sn: C, 50.25; H, 9.84. Found: C, 50.17; H, 9.93. 

 
 

Table 5: Products from Additional Ratios of K[A′] : SnCl2 
a 

 

Ratio\Time 5 min 15 min 60 min 

1:1 1 (60%) (see page S2)   

2:1 K[A′]:1 (1:2.5) 

Total starting mass: 

318.8 mg; recov.: 78.3 

mg 

1:3:4 (13.1:2.6:1) 

Total starting mass: 318.8 

mg; recov.: 125.2 mg 

 

3:1 See manuscript for 

details. 

1:3:4 (25.0:1.8:1) 

Total starting mass: 320 

mg; recov.: 62.4 mg 

 

4:1  K[A′]:1:3:4 (15:3:4.6:1.13:1) 

Total starting mass: 326.3 

mg; recov.: 36.7 mg 

K[A′]:1:3 (1:0.2:4) 

Total starting mass: 271.9 

mg; recov.: 96.7 mg 

5:1  K[A′]:1 (1:0.34) 

Total starting mass: 328.1 

mg; recov.: 10.9 mg 

 

 
a molar ratios of products in parentheses 
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Figure 32. 119Sn NMR of [SnA´3K] (1) 
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Figure 33. 1H NMR of [SnA´3K] (1) 
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Figure 34. 13C NMR of [SnA´3K] (1)  (* hexanes) 
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Figure 35. 119Sn NMR of [SnA´4] (3) 
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Figure 36. 1H NMR of [SnA´4] (3) (* hexanes) 
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Figure 37. 119Sn of [SnA´3K] (1), chiral-[SnA´4] (3). meso-[SnA´4] (4), From a 2:1 ratio of 
K[A′] and SnCl2, 15 min, planetary mill 
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General Procedures for X-Ray Crystallography 
X-ray crystallographic data were collected on a Rigaku Oxford Diffraction Supernova 
diffractometer. Crystal samples were handled under immersion oil and quickly transferred 
to a cold nitrogen stream. The crystals were kept at 100 K during data collection. Under 
Olex2,77 the structure was solved with the SHELXT78 structure solution program using 
direct methods and refined with the SHELXL79 refinement package using least squares 
minimization. All non-hydrogen atoms were refined with anisotropic displacement 
parameters. 
 
Crystallographic data for the structures reported in this paper have been deposited with 
the Cambridge Crystallographic Data Centre as CCDC 1857435 (1), 1857436 (2), 1857437 
(3), and 1857438 (4). Copies of the data can be obtained free of charge on application to 
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: (+44)1223-336-033; e-mail: 
deposit@ccdc.cam.ac.uk] 
 
General Procedures for Calculations 
All calculations were performed with the Gaussian 09W80 or Gaussian 16 (Linux) suite of 
programs.81 The B3PW91 functional, which incorporates Becke’s three-parameter exchange 
functional54 with the 1991 gradient-corrected correlation functional of Perdew and Wang, 
was used. This hybrid functional has previously been shown to provide realistic geometries 
for organometallic species, and in our testing with a variety of other hybrid functionals, 
provided the best geometry and dissociation energy for SnMe4. For dispersion-corrected 
calculations, Grimme’s D3 correction55 with additional Becke-Johnson damping was used56 
(Gaussian keyword: empiricaldispersion=GD3BJ). For bond dissociation enthalpy 
calculations, the def2SVPD basis set was used on C and H atoms, and the def2TZVPD basis 
on Sn and Si with the accompanying ECP used for Sn.82 (For the reaction SnA´2 (C2) →  
•SnA´3 + •A´, the def2TZVPD basis set was used on all atoms). An ultrafine grid was used 
for all calculations (Gaussian keyword: int=ultrafine). For comparing the relative energies 
of the D2, S4, and proposed RSSS form of the SnA´4 molecules, the def2SVP basis set was 
used on C and H atoms, and the def2TZVP basis on Si and Sn, with the corresponding ECP 
used for Sn. Calculation of Mayer bond orders in the model complex [Me3Sn–A′] was 
performed with the Multiwfn program (3.3.9).83 
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Figure 38. Framework of 3, illustrating H…H contacts that are less than or equal to the sum 
of the van der Waals’ radii (≤ 2.4 Å). Contacts are calculated from the X-ray data of 3 (exp. 
C–H distances 0.93–0.98 Å), and are consequently not identical to those calculated from 
the geometry-optimized structure (calc. C–H distances 1.098–1.101 Å). 
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Table 6: Crystal Data and Summary of X–ray Data Collection 

Compound [Sn{1,3-(SiMe₃)₂C₃H₃}₃K] (1) [Sn{1,3-(SiMe₃)₂C₃H₃}₃-K(OH2)] (2) [Sn{1,3-(SiMe₃)₂C₃H₃}4]  

(chiral) (3) 

[Sn{1,3-(SiMe₃)₂C₃H₃}4]  

(meso) (4) 

Empirical formula C27H63KSi6Sn C27H65KOSi6Sn C36H84Si8Sn C36H84Si8Sn 

Formula weight 714.10 732.10 860.44 860.44 

Color of compound yellow yellow colorless colorless 

Temperature/K 99.9(4) 100.0(3) 100 100.0(3) 

Crystal system monoclinic trigonal monoclinic triclinic 

Space group P21/n R3m P21 P1̄ 

a/Å 12.5863(3) 17.1821(4) 11.3719(2) 
 

11.4372(6) 
 

b/Å 16.2257(4) 17.1821(4) 19.8321(4) 
 

 11.5112(7) 
 

c/Å 20.9657(6) 13.6991(6) 12.1517(2) 
 

20.7806(17) 
 

α/° 90 90 90 95.647(6) 
 

β/° 100.864(3) 90 107.788(2)  103.837(6) 
 

γ/° 90 120 90  90.081(5) 
 

Volume/Å3 4204.92(19) 3502.5(2) 2609.54(9) 2642.7(3) 

Z 4 3 2 2 

ρcalc g/cm3 1.128 1.041 1.095 1.081 

μ/mm–1 7.447 0.805 5.798 5.725 

F(000) 1512.0 1644.0 924.0 924.0 

Crystal size/mm3 0.25 × 0.195 × 0.027 0.197 × 0.144 × 0.109 0.123 × 0.049 × 0.021 0.104 × 0.081 × 0.023 

Radiation CuKα (λ = 1.54184) MoKα (λ = 0.71073) CuKα (λ = 1.54184) CuKα (λ = 1.54184) 

2Θ range for data collect/° 6.936 to 147.06 6.232 to 60.406 7.64 to 145.664 7.72 to 143.284 

Index ranges -15 ≤ h ≤ 14, -19 ≤ k ≤ 19, -24 ≤ l ≤ 25 -23 ≤ h ≤ 22, -23 ≤ k ≤ 24, -19 ≤ l ≤ 19 -13 ≤ h ≤ 13, -24 ≤ k ≤ 24, -15 
≤ l ≤ 15 

-8 ≤ h ≤ 8, -14 ≤ k ≤ 14, -16 ≤ l 
≤ 16 

Reflections collected 39 298 27 543 11 540 4288 

Independent reflections 8332 [Rint = 0.0632, Rsigma = 0.0428] 2407 [Rint = 0.0463, Rsigma = 0.0231] 11 540 [Rsigma = 0.0342] 4288 [Rsigma = 0.0212] 

Data/restraints/parameters 8332/33/365 2407/5/91 11540/1/433 4288/866/551 

Goodness-of-fit on F2 1.045 1.121 1.036 1.053 

Final R indexes [I > 2σ (I)] R1 = 0.0577, wR2 = 0.1308 R1 = 0.0408, wR2 = 0.0992 R1 = 0.0342, wR2 = 0.0871 R1 = 0.0554, wR2 = 0.1401 

Final R indexes [all data] R1 = 0.0678, wR2 = 0.1381 R1 = 0.0415, wR2 = 0.1003 R1 = 0.0359, wR2 = 0.0879 R1 = 0.0583, wR2 = 0.1420 

Largest diff. peak/hole/e Å–3 1.88/-1.88 1.27/-0.60 0.76/-0.73 0.56/-0.35 

Flack parameter N/A 0.34(5) 0.008(4) N/A 
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Optimized coordinates of all structures in XYZ format 

 

65 
[SnA2], C2; B3PW91-D3BJ/def2TZVPD; ΔG°= -2083.340663 au 
C -1.199787 1.555046 -0.074671 
C 0.000000 2.376255 -0.039165 
C 0.574755 2.916829 1.074132 
H 0.569490 2.424313 -0.965448 
C -0.574755 -2.916829 1.074132 
C 0.000000 -2.376255 -0.039165 
C 1.199787 -1.555046 -0.074671 
H -0.569490 -2.424313 -0.965448 
H -0.013556 2.890171 1.994446 
H -1.892340 1.801788 0.737230 
H 1.892340 -1.801788 0.737230 
H 0.013556 -2.890171 1.994446 
Si 2.230692 3.761259 1.123671 
Si -2.103264 1.289715 -1.682777 
Si 2.103264 -1.289715 -1.682777 
Si -2.230692 -3.761259 1.123671 
C -2.779743 -0.452775 -1.811605 
C 2.779743 0.452775 -1.811605 
C -3.555509 2.479398 -1.755306 
C 3.555509 -2.479398 -1.755306 
C -0.958553 1.655930 -3.123531 
C 0.958553 -1.655930 -3.123531 
C 2.081770 5.330995 2.140358 
C -2.081770 -5.330995 2.140358 
C 3.485836 2.625439 1.937589 
C -3.485836 -2.625439 1.937589 
C 2.789482 4.179649 -0.615492 
C -2.789482 -4.179649 -0.615492 
H -4.258887 2.289164 -0.940213 
H -3.216722 3.514662 -1.668066 
H -4.102988 2.381011 -2.696645 
H -3.430239 -0.562232 -2.682975 
H -1.975018 -1.183014 -1.899443 
H -3.363065 -0.707357 -0.923466 
H -0.708983 2.719363 -3.156509 
H -0.024723 1.095155 -3.070687 
H -1.443049 1.400259 -4.069321 
H 1.732121 5.110473 3.152337 
H 3.046159 5.838667 2.224866 
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H 1.372272 6.026613 1.685920 
H 2.061878 4.820417 -1.119233 
H 3.742464 4.714439 -0.586082 
H 2.933786 3.284654 -1.223396 
H 3.162928 2.351540 2.945154 
H 3.596764 1.702534 1.363335 
H 4.468294 3.098960 2.014480 
H -4.468294 -3.098960 2.014480 
H -3.162928 -2.351540 2.945154 
H -3.596764 -1.702534 1.363335 
H -2.933786 -3.284654 -1.223396 
H -2.061878 -4.820417 -1.119233 
H -3.742464 -4.714439 -0.586082 
H 4.102988 -2.381011 -2.696645 
H 4.258887 -2.289164 -0.940213 
H 3.216722 -3.514662 -1.668066 
H 1.975018 1.183014 -1.899443 
H 3.363065 0.707357 -0.923466 
H 3.430239 0.562232 -2.682975 
H 0.024723 -1.095155 -3.070687 
H 1.443049 -1.400259 -4.069321 
H 0.708983 -2.719363 -3.156509 
H -3.046159 -5.838667 2.224866 
H -1.372272 -6.026613 1.685920 
H -1.732121 -5.110473 3.152337 
Sn 0.000000 0.000000 1.212694 
 
33 
[•SnA3], C1; B3PW91-D3BJ/def2TZVPD; ΔG°= -1148.882341 au 
C -1.249861 0.349432 -0.801921 
C 0.000001 0.753877 -0.285755 
Sn -0.000001 -1.624790 0.005392 
H -1.251092 0.042797 -1.849132 
C 1.249862 0.349425 -0.801920 
H 1.251093 0.042795 -1.849132 
H 0.000002 1.212137 0.702223 
Si 2.881894 0.772198 -0.013343 
Si -2.881894 0.772199 -0.013343 
C 2.590202 1.188545 1.790995 
H 2.071282 0.374557 2.303976 
H 3.541725 1.354850 2.302390 
H 1.992842 2.096368 1.906086 
C 4.030775 -0.701884 -0.156789 
H 5.030266 -0.464251 0.216717 
H 3.648048 -1.550208 0.416069 
H 4.129777 -1.020033 -1.197905 
C 3.658424 2.241199 -0.886932 
C -4.030773 -0.701881 -0.156820 
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H -4.129712 -1.020054 -1.197935 
H -3.648081 -1.550193 0.416080 
H -5.030286 -0.464239 0.216621 
C -2.590206 1.188517 1.791003 
H -3.541731 1.354839 2.302392 
H -2.071310 0.374511 2.303978 
H -1.992827 2.096325 1.906110 
C -3.658419 2.241217 -0.886907 
H -3.011060 3.119385 -0.825056 
H -3.825948 2.024180 -1.945015 
H -4.623185 2.499992 -0.442004 
H 4.623203 2.499963 -0.442051 
H 3.011080 3.119378 -0.825073 
H 3.825927 2.024152 -1.945042 
 
32 
[•A’], C1; B3PW91-D3BJ/def2TZVPD; ΔG°= -934.423068 au 
C 1.233671 -0.868631 -0.000926 
C -0.000001 -0.236409 -0.000398 
C -1.233673 -0.868632 -0.000986 
C 3.846794 -0.525452 -1.527994 
C 2.631330 1.844460 0.001950 
C 3.846661 -0.528820 1.526934 
C -3.847351 -0.526556 -1.527292 
C -2.631334 1.844460 0.000586 
C -3.846097 -0.527718 1.527645 
H 1.209894 -1.959616 -0.001899 
H -0.000002 0.852970 0.000561 
H -1.209896 -1.959616 -0.001980 
H 4.838380 -0.064739 -1.537057 
H 3.324993 -0.225347 -2.439681 
H 3.981500 -1.609592 -1.560800 
H 2.079739 2.172066 0.886481 
H 2.079872 2.173891 -0.881989 
H 3.595714 2.358992 0.002545 
H 3.324858 -0.230592 2.439236 
H 4.838327 -0.068302 1.537043 
H 3.981177 -1.613053 1.557416 
H -3.326085 -0.226768 -2.439390 
H -4.839094 -0.066176 -1.536129 
H -3.981719 -1.610758 -1.559456 
H -2.079638 2.172676 0.884827 
H -3.595717 2.358992 0.000958 
H -2.079981 2.173280 -0.883644 
H -3.980667 -1.611920 1.558950 
H -4.837727 -0.067124 1.537835 
H -3.323897 -0.228879 2.439521 
Si 2.883740 -0.012878 -0.000004 
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Si -2.883742 -0.012879 -0.000029 
 
17 
[SnMe4], T symm; B3PW91-D3BJ/def2TZVPD(Sn);def2SVPD(C,H); ΔG°= -373.827236 au 
Sn 0.000000 0.000000 0.000000 
C -1.239585 1.239585 1.239585 
H -1.881424 0.619068 1.879791 
H -0.619068 1.879791 1.881424 
H -1.879791 1.881424 0.619068 
C 1.239585 -1.239585 1.239585 
H 0.619068 -1.879791 1.881424 
H 1.879791 -1.881424 0.619068 
H 1.881424 -0.619068 1.879791 
C -1.239585 -1.239585 -1.239585 
H -1.881424 -0.619068 -1.879791 
H -0.619068 -1.879791 -1.881424 
H -1.879791 -1.881424 -0.619068 
C 1.239585 1.239585 -1.239585 
H 1.879791 1.881424 -0.619068 
H 1.881424 0.619068 -1.879791 
H 0.619068 1.879791 -1.881424 
 
13 
[•SnMe3], C1; B3PW91-D3BJ/def2TZVPD(Sn);def2SVPD(C,H); Δ= -333.948505 au 
Sn 0.000000 0.000000 0.295936 
C -0.663955 1.903487 -0.498402 
H -1.688833 2.124096 -0.173177 
H 0.000000 2.714052 -0.171370 
H -0.642442 1.845316 -1.597314 
C -1.316490 -1.526746 -0.498402 
H -1.276869 -1.479029 -1.597314 
H -0.995105 -2.524620 -0.173177 
H -2.350438 -1.357026 -0.171370 
C 1.980446 -0.376741 -0.498402 
H 2.683937 0.400524 -0.173177 
H 2.350438 -1.357026 -0.171370 
H 1.919311 -0.366287 -1.597314 
 
4 
[•CH3], D3h; B3PW91-D3BJ/def2SVPD(C,H); ΔG° = -39.787990 au 
C 0.000000 0.000000 0.000000 
H 0.000000 1.088990 0.000000 
H 0.943093 -0.544495 0.000000 
H -0.943093 -0.544495 0.000000 
 
33 
[Sn(C3H5)4], D2; B3PW91-D3BJ/def2TZVPD(Sn);def2SVPD(C,H); ΔG°= -682.992897 au 
C 1.307825 1.255625 1.190657 
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C 1.951950 2.235886 0.282936 
C 3.169524 2.122723 -0.265604 
C 1.307825 -1.255625 -1.190657 
C 1.951950 -2.235886 -0.282936 
C 3.169524 -2.122723 0.265604 
C -1.307825 -1.255625 1.190657 
C -1.951950 -2.235886 0.282936 
C -3.169524 -2.122723 -0.265604 
C -1.307825 1.255625 -1.190657 
C -1.951950 2.235886 -0.282936 
C -3.169524 2.122723 0.265604 
H 2.034099 0.584301 1.668117 
H 1.345740 3.108097 0.012185 
H 3.823077 1.278900 -0.032962 
H 2.034099 -0.584301 -1.668117 
H 1.345740 -3.108097 -0.012185 
H 3.823077 -1.278900 0.032962 
H -2.034099 -0.584301 1.668117 
H -1.345740 -3.108097 0.012185 
H -3.823077 -1.278900 -0.032962 
H -2.034099 0.584301 -1.668117 
H -1.345740 3.108097 -0.012185 
H -3.823077 1.278900 0.032962 
Sn 0.000000 0.000000 0.000000 
H -3.552125 2.875218 0.955862 
H 3.552125 2.875218 -0.955862 
H 3.552125 -2.875218 0.955862 
H -3.552125 -2.875218 -0.955862 
H 0.695265 1.737577 1.963933 
H 0.695265 -1.737577 -1.963933 
H -0.695265 -1.737577 1.963933 
H -0.695265 1.737577 -1.963933 
 
25 
[•Sn(C3H5)3], C1; B3PW91-D3BJ/def2TZVPD(Sn);def2SVPD(C,H); ΔG°= -565.824339 au 
C 1.843111 -0.306770 1.054461 
C 2.983910 0.330403 0.361565 
C 4.092930 -0.287597 -0.068805 
C -0.313458 1.339564 -1.224986 
C -0.088575 2.324563 -0.150142 
C -1.011717 2.781573 0.714518 
C -1.632538 -0.940389 1.003542 
C -2.866835 -1.090231 0.204441 
C -3.777088 -0.134959 -0.034988 
H 2.102291 -1.283991 1.482851 
H 2.885968 1.403617 0.163493 
H 4.252447 -1.356020 0.096966 
H -1.361660 1.274091 -1.544764 
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H 0.941153 2.677335 -0.030091 
H -2.055980 2.470567 0.649856 
H -1.646428 -0.046244 1.644287 
H -3.020614 -2.071969 -0.258558 
H -3.689062 0.862873 0.400260 
Sn 0.127541 -0.628738 -0.307391 
H -4.646077 -0.326999 -0.665376 
H 4.876334 0.257763 -0.596448 
H -0.748060 3.490446 1.499871 
H 1.422437 0.334020 1.844293 
H 0.343288 1.479408 -2.090948 
H -1.411523 -1.824916 1.616223 
 
8 
[•C3H5], C2; B3PW91-D3BJ/def2SVPD(C,H); ΔG°= -117.103765 au 
C 0.000000 1.229904 -0.196654 
C 0.000000 0.000000 0.443313 
C 0.000000 -1.229904 -0.196654 
H -0.000387 1.296675 -1.286752 
H 0.000000 0.000000 1.538932 
H 0.000387 -1.296675 -1.286752 
H 0.000076 -2.162974 0.367271 
H -0.000076 2.162974 0.367271 
 
57 
[Sn((SiH3)2C3H3)4], D2; B3PW91-D3BJ/def2TZVPD(Sn,Si);def2SVPD(C,H); ΔG°= -3008.367353 au 
C 1.315695 1.244738 1.200852 
C 1.915582 2.197328 0.232793 
C 3.076558 2.039972 -0.436025 
C 1.315695 -1.244738 -1.200852 
C 1.915582 -2.197328 -0.232793 
C 3.076558 -2.039972 0.436025 
C -1.315695 -1.244738 1.200852 
C -1.915582 -2.197328 0.232793 
C -3.076558 -2.039972 -0.436025 
C -1.315695 1.244738 -1.200852 
C -1.915582 2.197328 -0.232793 
C -3.076558 2.039972 0.436025 
H 2.056581 0.513743 1.558475 
H 1.315881 3.090605 0.018247 
H 3.673804 1.146727 -0.219515 
H 2.056581 -0.513743 -1.558475 
H 1.315881 -3.090605 -0.018247 
H 3.673804 -1.146727 0.219515 
H -2.056581 -0.513743 1.558475 
H -1.315881 -3.090605 0.018247 
H -3.673804 -1.146727 -0.219515 
H -2.056581 0.513743 -1.558475 
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H -1.315881 3.090605 -0.018247 
H -3.673804 1.146727 0.219515 
Si 0.412297 2.022702 2.648780 
Si 3.667435 3.238144 -1.716586 
Si 0.412297 -2.022702 -2.648780 
Si 3.667435 -3.238144 1.716586 
Si -0.412297 -2.022702 2.648780 
Si -3.667435 -3.238144 -1.716586 
Si -0.412297 2.022702 -2.648780 
Si -3.667435 3.238144 1.716586 
Sn 0.000000 0.000000 0.000000 
H 2.741296 4.401045 -1.751903 
H 2.741296 -4.401045 1.751903 
H -2.741296 -4.401045 -1.751903 
H -2.741296 4.401045 1.751903 
H 5.046474 3.714888 -1.419112 
H 5.046474 -3.714888 1.419112 
H -5.046474 -3.714888 -1.419112 
H -5.046474 3.714888 1.419112 
H 3.698151 2.602305 -3.064424 
H 3.698151 -2.602305 3.064424 
H -3.698151 -2.602305 -3.064424 
H -3.698151 2.602305 3.064424 
H 0.138156 3.333250 -2.216669 
H -0.138156 3.333250 2.216669 
H -0.138156 -3.333250 -2.216669 
H 0.138156 -3.333250 2.216669 
H 0.717429 1.172393 -3.109254 
H -0.717429 1.172393 3.109254 
H -0.717429 -1.172393 -3.109254 
H 0.717429 -1.172393 3.109254 
H -1.331912 2.239920 -3.797383 
H 1.331912 2.239920 3.797383 
H 1.331912 -2.239920 -3.797383 
H -1.331912 -2.239920 3.797383 
 
43 
[•Sn((SiH3)2C3H3)3], C1; B3PW91-D3BJ/def2TZVPD(Sn,Si);def2SVPD(C,H); ΔG°= -2309.856621 au 
C 1.701213 -1.183438 0.818471 
C 2.882441 -0.459953 0.291054 
C 3.873413 -0.972727 -0.466618 
C -0.054743 1.354173 -1.012364 
C 0.171883 1.918507 0.328992 
C -0.783111 2.199364 1.248888 
C -1.887588 -1.189584 0.432346 
C -2.972786 -0.774166 -0.477665 
C -3.777061 0.300453 -0.330932 
H -3.645100 0.917313 0.565360 
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H 0.868276 3.295059 -2.770955 
H 1.841524 -2.272565 0.745869 
H 2.920174 0.610493 0.527467 
H 3.834650 -2.041751 -0.708757 
H -1.107661 1.446238 -1.321503 
H 1.218599 2.100057 0.602115 
H -1.822851 2.012111  0.960437 
H -1.817074 -0.533798 1.313593 
H -3.114680 -1.405839 -1.365180 
H 1.645894 0.684799 2.825950 
H 2.514348 1.759436 -1.897071 
H -0.632300 -3.360944 1.584774 
H -0.172594 -0.900898 2.892249 
H 0.921704 1.008479 -3.561383 
H -3.025333 -3.263300 1.914493 
H 2.038897 -1.592058 3.532314 
H 5.097000 1.454063 -0.607829 
H 1.013070 3.250723 3.019625 
H -5.066092 -0.230035 -2.668480 
H 6.581994 -0.461337 -0.724750 
H -1.242068 4.139433 3.141265 
H -6.435629 0.783634 -0.938924 
H 5.226947 0.109723 -2.620781 
H -0.782078 1.946734 4.001813 
H -4.831783 2.120112 -2.120154 
H -2.117070 -3.832599 -0.257062 
Si 1.271401 -0.732001 2.589644 
Si 5.250472 0.069461 -1.130984 
Si 1.112120  1.880956 -2.372313 
Si -0.430522 2.910259 2.920524 
Si -1.926605 -2.984263 0.951230 
Si -5.081444 0.761933 -1.558851 
Sn 0.048627 -0.831758 -0.612940 
 
14 
[•(SiH3)2C3H3)], CS; B3PW91-D3BJ/def2TZVPD(Si);def2SVPD(C,H); ΔG°= -698.445588 au 
C 0.000003 -0.634087 1.237522 
H 0.000042 -1.730932 1.225631 
C -0.000025 0.006529 0.000000 
H -0.000078 1.103964 0.000000 
C 0.000003 -0.634087 -1.237522 
H 0.000042 -1.730932 -1.225631 
Si 0.000003 0.248888 2.864989 
H -1.200592 -0.118962 3.667191 
H 1.201008 -0.118333 3.666870 
H -0.000395 1.716742 2.624878 
Si 0.000003 0.248888 -2.864989 
H -0.000395 1.716742 -2.624878 
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H 1.201008 -0.118333 -3.666870 
H -1.200592 -0.118962 -3.667191 
 
129 
[SnA´4], D2; B3PW91-D3BJ/def2TZVPD(Sn,Si);def2SVPD(C,H); ΔG°= -3950.784831 au 
C 1.336347 1.197612 1.220244 
C 2.245783 1.938410 0.309630 
C 3.567009 1.725621 0.152471 
C 1.898090 2.406698 3.913301 
C 0.321029 4.039679 1.897381 
C -0.997591 1.670656 3.271142 
C 6.205634 3.194413 -0.198939 
C 3.733103 4.087355 -1.777768 
C 5.124571 1.432869 -2.438823 
C 1.336347 -1.197612 -1.220244 
C 2.245783 -1.938410 -0.309630 
C 3.567009 -1.725621 -0.152471 
C 1.898090 -2.406698 -3.913301 
C -0.997591 -1.670656 -3.271142 
C 0.321029 -4.039679 -1.897381 
C 5.124571 -1.432869 2.438823 
C 6.205634 -3.194413 0.198939 
C 3.733103 -4.087355 1.777768 
C -1.336347 -1.197612 1.220244 
C -2.245783 -1.938410 0.309630 
C -3.567009 -1.725621 0.152471 
C 0.997591 -1.670656 3.271142 
C -0.321029 -4.039679 1.897381 
C -1.898090 -2.406698 3.913301 
C -5.124571 -1.432869 -2.438823 
C -3.733103 -4.087355 -1.777768 
C -6.205634 -3.194413 -0.198939 
C -1.336347 1.197612 -1.220244 
C -2.245783 1.938410 -0.309630 
C -3.567009 1.725621 -0.152471 
C 0.997591 1.670656 -3.271142 
C -1.898090 2.406698 -3.913301 
C -0.321029 4.039679 -1.897381 
C -3.733103 4.087355 1.777768 
C -6.205634 3.194413 0.198939 
C -5.124571 1.432869 2.438823 
H 1.917437 0.424380 1.746435 
H 1.775548 2.728988 -0.289133 
H 4.014056 0.933488 0.767209 
H 1.917437 -0.424380 -1.746435 
H 1.775548 -2.728988 0.289133 
H 4.014056 -0.933488 -0.767209 
H -1.917437 -0.424380 1.746435 
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H -1.775548 -2.728988 -0.289133 
H -4.014056 -0.933488 0.767209 
H -1.917437 0.424380 -1.746435 
H -1.775548 2.728988 0.289133 
H -4.014056 0.933488 -0.767209 
H 2.062239 -1.423008 -4.379466 
H 1.602749 -3.112062 -4.705824 
H 2.860808 -2.743012 -3.497356 
H -1.787064 -1.619182 -2.507846 
H -1.344310 -2.349489 -4.065970 
H -0.888055 -0.671476 -3.714512 
H 1.258374 -4.486588 -1.533135 
H -0.068191 -4.683912 -2.701245 
H -0.406805 -4.065136 -1.075002 
H 5.673639 -0.566296 2.037704 
H 5.772294 -1.924102 3.182371 
H 4.234612 -1.051298 2.962119 
H 5.971408 -3.910564 -0.604004 
H 6.895765 -3.685318 0.903240 
H 6.739257 -2.344715 -0.255902 
H 2.832416 -3.783234 2.329776 
H 4.381830 -4.636836 2.477963 
H 3.424763 -4.787104 0.985523 
H 1.787064 -1.619182 2.507846 
H 1.344310 -2.349489 4.065970 
H 0.888055 -0.671476 3.714512 
H -1.258374 -4.486588 1.533135 
H 0.068191 -4.683912 2.701245 
H 0.406805 -4.065136 1.075002 
H -2.062239 -1.423008 4.379466 
H -1.602749 -3.112062 4.705824 
H -2.860808 -2.743012 3.497356 
H -5.673639 -0.566296 -2.037704 
H -5.772294 -1.924102 -3.182371 
H -4.234612 -1.051298 -2.962119 
H -2.832416 -3.783234 -2.329776 
H -4.381830 -4.636836 -2.477963 
H -3.424763 -4.787104 -0.985523 
H -5.971408 -3.910564 0.604004 
H -6.895765 -3.685318 -0.903240 
H -6.739257 -2.344715 0.255902 
H 1.787064 1.619182 -2.507846 
H 1.344310 2.349489 -4.065970 
H 0.888055 0.671476 -3.714512 
H -2.062239 1.423008 -4.379466 
H -1.602749 3.112062 -4.705824 
H -2.860808 2.743012 -3.497356 
H -1.258374 4.486588 -1.533135 
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H 0.068191 4.683912 -2.701245 
H 0.406805 4.065136 -1.075002 
H -2.832416 3.783234 2.329776 
H -4.381830 4.636836 2.477963 
H -3.424763 4.787104 0.985523 
H -5.971408 3.910564 -0.604004 
H -6.895765 3.685318 0.903240 
H -6.739257 2.344715 -0.255902 
H -5.673639 0.566296 2.037704 
H -5.772294 1.924102 3.182371 
H -4.234612 1.051298 2.962119 
H 1.602749 3.112062 4.705824 
H 2.860808 2.743012 3.497356 
H 2.062239 1.423008 4.379466 
H -0.406805 4.065136 1.075002 
H 1.258374 4.486588 1.533135 
H -0.068191 4.683912 2.701245 
H -1.787064 1.619182 2.507846 
H -1.344310 2.349489 4.065970 
H -0.888055 0.671476 3.714512 
H 5.971408 3.910564 0.604004 
H 6.895765 3.685318 -0.903240 
H 6.739257 2.344715 0.255902 
H 2.832416 3.783234 -2.329776 
H 4.381830 4.636836 -2.477963 
H 3.424763 4.787104 -0.985523 
H 5.673639 0.566296 -2.037704 
H 5.772294 1.924102 -3.182371 
H 4.234612 1.051298 -2.962119 
Si 0.610733 2.311771  2.556262 
Si 4.645801 2.616251 -1.062559 
Si 0.610733 -2.311771 -2.556262 
Si 4.645801 -2.616251 1.062559 
Si -0.610733 -2.311771 2.556262 
Si -4.645801 -2.616251 -1.062559 
Si -0.610733 2.311771  -2.556262 
Si -4.645801 2.616251 1.062559 
Sn 0.000000 0.000000 0.000000 
 
97 
[•SnA´3], from D2, C1; B3PW91-D3BJ/def2TZVPD(Sn,Si);def2SVPD(C,H); ΔG°= -3016.720277 au 
C -0.153242 -1.173813 -1.175284 
C -0.681977 -1.791652 0.058806 
C -3.675472  0.713178 -0.383832 
C 4.337023 0.965667 0.001502 
H -0.976603 -0.991963  -1.883951 
H 0.06822 -2.071528 0.804946 
H -3.738732 0.39844 0.664252 
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H  4.350189 2.05578 0.129012 
C -1.452954 1.761242 0.161113 
C 1.978028 0.916561 0.929485 
C -2.567882 1.391759 -0.740244 
C 3.213245 0.319384 0.368911 
C -1.980165 -2.038892 0.334534 
H -1.594245 1.292573 1.144278 
H 2.126607 1.997207 1.071967 
H -2.471374 1.721832 -1.782162 
H 3.186537 -0.767474 0.241966 
H -2.704987 -1.738236 -0.426748 
Sn 0.412901 0.884923 -0.616998 
Si -2.627633 -2.84626 1.870385 
Si 1.17752  -2.168527 -2.058752  
Si 5.830158 0.122107 -0.711425 
Si 1.592852 0.21527 2.641421 
Si -1.336332 3.618454 0.40758 
Si -5.062299 0.258265 -1.525179 
C -4.633964 0.773283 -3.27373 
H -4.490475 1.860763 -3.346831 
H -3.711207 0.282533 -3.615129 
H -5.440602 0.493715 -3.965639 
C -5.339294 -1.597055 -1.459729 
H  -4.4806 -2.148405 -1.867373 
H -5.491931 -1.930921 -0.423528 
H -6.229746 -1.880737 -2.0384 
C -6.636922 1.111504  -0.97132 
H -6.523335 2.204148  -1.012142 
H -7.488734 0.830354 -1.607826 
H -6.883713 0.837169 0.064748 
C -1.292711 4.466458 -1.259833 
H -1.183469 5.553809 -1.14109 
H -0.448505 4.104796 -1.864984 
H -2.218762 4.280597 -1.821372 
C 0.205937 4.070671 1.37337 
H 0.31236  3.459894 2.280107 
H 1.113603 3.944003 0.767289 
H 0.159605 5.12426 1.683331 
C -2.852003 4.15693  1.36271 
H -3.762294 3.817527 0.848593 
H -2.853245 3.718937 2.371465 
H -2.899274 5.250472 1.465316 
C -3.646197 -4.341621 1.380986 
H -4.097382 -4.822656 2.26109 
H -4.457725 -4.053333 0.69797 
H -3.021854 -5.085207 0.865387 
C -3.735232  -1.648989 2.799512 
H -3.186431 -0.744372 3.0948 
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H -4.58623 -1.341256 2.175623 
H -4.138258 -2.116712 3.70934 
C -1.207163 -3.380443 2.966647 
H  -1.588127 -3.891524 3.861829 
H -0.540613 -4.076329 2.438156 
H -0.607698 -2.524116 3.298877 
C 2.076746 -3.260356 -0.832195 
H 2.862234 -3.83803 -1.337842 
H 2.552387 -2.694711 -0.023165 
H 1.375112 -3.971831 -0.375333 
C 0.308021 -3.271678 -3.297613 
H -0.211202 -2.673657 -4.06036 
H 1.017926 -3.935485 -3.811886 
H -0.44021 -3.898034 -2.790581 
C 2.376987  -1.049531 -2.960664 
H 3.11263  -1.641546 -3.523884 
H 1.845384 -0.405162  -3.675317 
H 2.925437 -0.397542 -2.267207 
C 6.114915 0.724654 -2.464018 
H 5.255517 0.480644 -3.103914 
H 6.25389 1.815298 -2.486306 
H 7.01141   0.260288 -2.900809 
C 5.559493 -1.730335 -0.724803 
H 5.367448 -2.118044 0.285528 
H 4.708705 -2.00418 -1.361481 
H 6.450459 -2.239462 -1.118041 
C 7.334271 0.53479 0.3286 
H 7.208676 0.170379 1.358262 
H 8.242414 0.075906 -0.089026 
H 7.494939 1.621839 0.372391 
C 2.167099 -1.562917 2.756133 
H 3.253098 -1.625811 2.60529 
H 1.941067 -1.963807 3.753705 
H 1.687204 -2.218969 2.02144 
C -0.211605 0.325712 3.124341 
H -0.345256 -0.084959 4.13506 
H -0.562785 1.365434 3.141242 
H -0.85188 -0.244585 2.440179 
C 2.598826 1.237276 3.846464 
H 2.512187 0.848365 4.871367 
H 3.660604 1.222018 3.561636 
H 2.263992 2.284392 3.850244 
 
32 
[•A´], C2; B3PW91-D3BJ/def2SVPD(C,H); ΔG°= -934.061376 au 
C 0.000022 1.241995 0.885825 
C 0.000000 0.000000 0.254374 
C -0.000022 -1.241995 0.885825 



95 
 

C 1.525166 3.851290 0.514785 
C -1.525725 3.850838 0.513974 
C 0.000506 2.608444 -1.838484 
C -1.525166 -3.851290 0.514785 
C 1.525725 -3.850838 0.513974 
C -0.000506 -2.608444 -1.838484 
H 0.000030 1.225602 1.983409 
H 0.000000 0.000000 -0.842189 
H -0.000030 -1.225602 1.983409 
H 1.555472 3.999121 1.604072 
H 1.531914 4.842819 0.038211 
H 2.442068 3.321966 0.219106 
H -2.442306 3.321179 0.217901 
H -1.532570 4.842319 0.037298 
H -1.556604 3.998764 1.603231 
H 0.890645 2.049262 -2.160582 
H 0.000690 3.573188 -2.365106 
H -0.889501 2.049338 -2.161080 
H -1.555472 -3.999121 1.604072 
H -1.531914 -4.842819 0.038211 
H -2.442068 -3.321966 0.219106 
H 2.442306 -3.321179 0.217901 
H 1.532570 -4.842319 0.037298 
H 1.556604 -3.998764 1.603231 
H -0.890645 -2.049262 -2.160582 
H -0.000690 -3.573188 -2.365106 
H 0.889501 -2.049338 -2.161080 
Si 0.000000 2.883228 0.013208 
Si 0.000000 -2.883228 0.013208 
 
129 
[SnA´4], D2; B3PW91/def2TZVPD(Sn,Si);def2SVPD(C,H); ΔG°= -3950.512982 au 
C -1.358486 1.215529 1.232538 
C 1.358486 -1.215529 1.232538 
C -2.291323 1.992127 0.364686 
C 2.291323 -1.992127 0.364686 
C -3.628172 -1.833817 -0.268704 
C 3.628172 1.833817 -0.268704 
H -1.935759 0.433726 1.751244 
H 1.935759 -0.433726 1.751244 
H -1.828997 2.796572 -0.218728 
H 1.828997 -2.796572 -0.218728 
H -4.067610 -1.025470 -0.867203 
H 4.067610 1.025470 -0.867203 
C -1.358486 -1.215529 -1.232538 
C 1.358486 1.215529 -1.232538 
C -2.291323 -1.992127 -0.364686 
C 2.291323 1.992127 -0.364686 
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C -3.628172 1.833817 0.268704 
C 3.628172 -1.833817 0.268704 
H -1.935759 -0.433726 -1.751244 
H 1.935759 0.433726 -1.751244 
H -1.828997 -2.796572 0.218728 
H 1.828997 2.796572 0.218728 
H -4.067610 1.025470 0.867203 
H 4.067610 -1.025470 0.867203 
Si -4.793455 2.882062 -0.741890 
Si 0.691562 2.345293 -2.611563 
Si 4.793455 2.882062 0.741890 
Si 4.793455 -2.882062 -0.741890 
Si 0.691562 -2.345293 2.611563 
Si -4.793455 -2.882062 0.741890 
Si -0.691562 -2.345293 -2.611563 
Si -0.691562 2.345293 2.611563 
Sn 0.000000 0.000000 0.000000 
C -6.162633 3.512249 0.380800 
H -6.898421 4.101842 -0.186163 
H -6.698494 2.678258 0.857522 
H -5.758606 4.151293 1.179283 
C -5.570951 1.848589 -2.107363 
H -4.810337 1.478411 -2.809435 
H -6.099891 0.977518 -1.694050 
H -6.300229 2.440922 -2.679703 
C -3.888562 4.339967 -1.502530 
H -3.452635 4.990394 -0.730789 
H -3.079650 4.018156 -2.172814 
H -4.587325 4.947390 -2.095661 
C -2.000912 2.384949 3.957730 
H -1.731258 3.104812 4.744581 
H -2.973351 2.686305 3.542541 
H -2.128261 1.401384 4.431959 
C -0.448043 4.100969 1.992043 
H -1.393757 4.538800 1.645033 
H -0.073905 4.726600 2.815418 
H 0.277300 4.169653 1.171614 
C 0.930843 1.771932 3.365655 
H 0.861362 0.770283 3.807753 
H 1.746869 1.764295 2.630731 
H 1.213839 2.466313 4.170583 
C 5.570951 1.848589 2.107363 
H 4.810337 1.478411 2.809435 
H 6.099891 0.977518 1.694050 
H 6.300229 2.440922 2.679703 
C 6.162633 3.512249 -0.380800 
H 5.758606 4.151293 -1.179283 
H 6.898421 4.101842 0.186163 
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H 6.698494 2.678258 -0.857522 
C 3.888562 4.339967 1.502530 
H 3.452635 4.990394 0.730789 
H 3.079650 4.018156 2.172814 
H 4.587325 4.947390 2.095661 
C -0.930843 1.771932 -3.365655 
H -0.861362 0.770283 -3.807753 
H -1.746869 1.764295 -2.630731 
H -1.213839 2.466313 -4.170583 
C 0.448043 4.100969 -1.992043 
H 0.073905 4.726600 -2.815418 
H -0.277300 4.169653 -1.171614 
H 1.393757 4.538800 -1.645033 
C 2.000912 2.384949 -3.957730 
H 1.731258 3.104812 -4.744581 
H 2.973351 2.686305 -3.542541 
H 2.128261 1.401384 -4.431959 
C -3.888562 -4.339967 1.502530 
H -3.452635 -4.990394 0.730789 
H -3.079650 -4.018156 2.172814 
H -4.587325 -4.947390 2.095661 
C -6.162633 -3.512249 -0.380800 
H -6.898421 -4.101842 0.186163 
H -6.698494 -2.678258 -0.857522 
H -5.758606 -4.151293 -1.179283 
C -5.570951 -1.848589 2.107363 
H -4.810337 -1.478411 2.809435 
H -6.099891 -0.977518 1.694050 
H -6.300229 -2.440922 2.679703 
C -0.448043 -4.100969 -1.992043 
H -1.393757 -4.538800 -1.645033 
H -0.073905 -4.726600 -2.815418 
H 0.277300 -4.169653 -1.171614 
C -2.000912 -2.384949 -3.957730 
H -2.128261 -1.401384 -4.431959 
H -1.731258 -3.104812 -4.744581 
H -2.973351 -2.686305 -3.542541 
C 0.930843 -1.771932 -3.365655 
H 0.861362 -0.770283 -3.807753 
H 1.746869 -1.764295 -2.630731 
H 1.213839 -2.466313 -4.170583 
C 3.888562 -4.339967 -1.502530 
H 3.452635 -4.990394 -0.730789 
H 3.079650 -4.018156 -2.172814 
H 4.587325 -4.947390 -2.095661 
C 0.448043 -4.100969 1.992043 
H 0.073905 -4.726600 2.815418 
H -0.277300 -4.169653 1.171614 
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H 1.393757 -4.538800 1.645033 
C 2.000912 -2.384949 3.957730 
H 2.128261 -1.401384 4.431959 
H 1.731258 -3.104812 4.744581 
H 2.973351 -2.686305 3.542541 
C -0.930843 -1.771932 3.365655 
H -0.861362 -0.770283 3.807753 
H -1.746869 -1.764295 2.630731 
H -1.213839 -2.466313 4.170583 
C 6.162633 -3.512249 0.380800 
H 5.758606 -4.151293 1.179283 
H 6.898421 -4.101842 -0.186163 
H 6.698494 -2.678258 0.857522 
C 5.570951 -1.848589 -2.107363 
H 4.810337 -1.478411 -2.809435 
H 6.099891 -0.977518 -1.694050 
H 6.300229 -2.440922 -2.679703 
 
97 
[•SnA´3], from D2, C1; B3PW91/def2TZVPD(Sn,Si);def2SVPD(C,H); ΔG°= -3016.457011 au 
C -0.153242 -1.173813 -1.175284  
C -0.681977 -1.791652 0.058806 
C -3.675472 0.713178 -0.383832 
C 4.337 023 0.965667 0.001502 
H -0.976603 -0.991963 -1.883951 
H 0.06822 -2.071528 0.804946 
H -3.738732 0.39844 0.664252 
H 4.350189 2.05578 0.129012 
C -1.452954 1.761242 0.161113 
C 1.978028 0.916561 0.929485 
C -2.567882  1.391759 -0.740244 
C 3.213245 0.319384 0.368911 
C -1.980165 -2.038892  0.334534 
H -1.594245 1.292573 1.144278 
H 2.126607 1.997207 1.071967 
H  -2.471374 1.721832 -1.782162 
H 3.186537 -0.767474 0.241966 
H -2.704987 -1.738236 -0.426748 
Sn 0.412901 0.884923 -0.616998 
Si -2.627633 -2.84626 1.870385 
Si 1.17752  -2.168527 -2.058752 
Si 5.830158 0.122107 -0.711425 
Si 1.592852 0.21527 2.641421 
Si -1.336332 3.618454 0.40758 
Si -5.062299 0.258265 -1.525179 
C -4.633964 0.773283 -3.27373 
H -4.490475 1 .860763 -3.346831 
H -3.711207 0.282533 -3.615129 
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H -5.440602 0.493715  -3.965639 
C -5.339294 -1.597055 -1.459729 
H -4.4806 -2.148405 -1.867373 
H -5.491931 -1.930921 -0.423528 
H -6.229746 -1.880737 -2.0384 
C -6.636922 1.111504  -0.97132 
H -6.523335 2.204148 -1.012142 
H -7.488734 0.830354 -1.607826 
H -6.883713 0.837169 0.064748 
C -1.292711 4.466458 -1.259833 
H -1.183469 5.553809 -1.14109 
H -0.448505 4.104796 -1.864984 
H  -2.218762 4.280597 -1.821372 
C 0.205937 4.070671 1.37337 
H 0.31236  3.459894 2.280107 
H 1.113603 3.944003 0.767289 
H 0.159605 5.12426 1.683331 
C -2.852003 4.15693  1.36271 
H -3.762294 3.817527 0.848593 
H -2.853245 3.718937 2.371465 
H -2.899274 5.250472 1.465316 
C -3.646197 -4.341621 1.380986 
H -4.097382 -4.822656 2.26109 
H -4.457725 -4.053333 0.69797  
H -3.021854 -5.085207 0.865387 
C -3.735232 -1.648989 2.799512 
H -3.186431 -0.744372 3.0948 
H -4.58623 -1.341256 2.175623 
H -4.138258 -2.116712 3.70934 
C -1.207163 -3.380443 2.966647 
H -1.588127 -3.891524 3.861829 
H -0.540613 -4.076329 2.438156 
H -0.607698 -2.524116 3.298877 
C 2.076746 -3.260356 -0.832195 
H 2.862234 -3.83803 -1.337842 
H 2.552387 -2.694711 -0.023165 
H 1.375112 -3.971831 -0.375333 
C 0.308021 -3.271678  -3.297613 
H -0.211202 -2.673657 -4.06036 
H 1.017926 -3.935485 -3.811886 
H -0.44021 -3.898034 -2.790581 
C 2.376987 -1.049531 -2.960664 
H 3.11263  -1.641546 -3.523884 
H 1.845384 -0.405162 -3.675317 
H 2.925437 -0.397542 -2.267207 
C 6.114915 0.724654 -2.464018 
H 5.255517 0.480644 -3.103914 
H 6.25389 1.815298 -2.486306 
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H 7.01141  0.260288 -2.900809 
C 5.559493 -1.730335 -0.724803 
H 5.367448 -2.118044 0.285528 
H 4.708705 -2.00418 -1.361481 
H 6.450459 -2.239462 -1.118041 
C 7.334271 0.53479 0.3286 
H 7.208676 0.170379 1.358262 
H 8.242414 0.075906 -0.089026 
H 7.494939 1.621839 0.372391 
C 2.167099 -1.562917 2.756133 
H 3.253098 -1.625811  2.60529 
H 1.941067 -1.963807 3.753705 
H 1.687204 -2.218969 2.02144 
C  -0.211605 0.325712 3.124341 
H -0.345256 -0.084959 4.13506 
H -0.562785  1.365434 3.141242 
H -0.85188 -0.244585 2.440179 
C 2.598826 1.237276 3.846464 
H 2.512187 0.848365 4.871367 
H 3.660604 1.222018 3.561636 
H 2.263992 2.284392 3.850244 
 
32 
[•A´], C2; B3PW91/def2SVPD; ΔG°= -934.006739 au 
C 0.000035 1.242378 0.844073 
C 0.000000 0.000000 0.209292 
C -0.000035 -1.242378 0.844073 
C 1.527654 3.865585 0.547194 
C -1.528496 3.864952 0.545940 
C 0.000770 2.704817 -1.853451 
C -1.527654 -3.865585 0.547194 
C 1.528496 -3.864952 0.545940 
C -0.000770 -2.704817 -1.853451 
H 0.000048 1.216092 1.942352 
H 0.000000 0.000000 -0.887886 
H -0.000048 -1.216092 1.942352 
H 1.559496 3.978590 1.640927 
H 1.534602 4.873244 0.104876 
H 2.447565 3.350260 0.235352 
H -2.447930 3.349196 0.233407 
H -1.535535 4.872574 0.103538 
H -1.561253 3.978023 1.639639 
H 0.890846 2.159902 -2.200303 
H 0.000873 3.689259 -2.343372 
H -0.888932 2.159745 -2.201019 
H -1.559496 -3.978590 1.640927 
H -1.534602 -4.873244 0.104876 
H -2.447565 -3.350260 0.235352 
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H 2.447930 -3.349196 0.233407 
H 1.535535 -4.872574 0.103538 
H 1.561253 -3.978023 1.639639 
H -0.890846 -2.159902 -2.200303 
H -0.000873 -3.689259 -2.343372 
H 0.888932 -2.159745 -2.201019 
Si 0.000000 2.911090 0.011295 
Si 0.000000 -2.911090 0.011295 
 
45 
[Me3SnA´], C1; B3PW91-D3BJ/def2TZVP(Sn,Si);def2SVP(C,H); ΔG°= -1268.055070 au 
C 0.246770 -2.815345 -0.073610 
C 0.419828 0.590902 -0.579728 
C -0.956993 0.394512 -0.063465 
C -2.072579 0.148693 -0.779378 
C 0.282778 3.602722 -0.962774 
C 2.994689 2.266573 -0.493998 
C 0.964802 2.482517 1.790098 
C -4.319900 -1.882041 -0.508568 
C -4.977838 1.090582 -0.685115 
C -3.639457 -0.030733 1.832086 
C 2.432727 -0.979489 1.948159 
C 3.165989 -1.413878 -1.466202 
H -0.488451 -2.722232 0.737968 
H 0.418753 0.563430 -1.684031 
H -1.051842 0.439798 1.031304 
H -1.965967 0.100086 -1.873314 
H 2.962031 -1.907827 2.208295 
H 3.888098 -0.588378 -1.405507 
H 0.436727 3.521728 -2.050376 
H 0.633799 4.596926 -0.644315 
H -0.800662 3.545234 -0.774510 
H 3.572736 1.534829 0.091049 
H 3.421739 3.261798 -0.293639 
H 3.150990 2.044532 -1.561251 
H -0.099160 2.536491 2.067148 
H 1.435838 3.429222 2.098736 
H 1.427367 1.673107 2.373029 
H -4.371849 -1.993068 -1.603330 
H -5.321327 -2.095198 -0.101746 
H -3.625786 -2.647499 -0.128016 
H -4.687516 2.114746 -0.403364 
H -5.987156 0.899995 -0.286728 
H -5.038027 1.050656 -1.784328 
H -2.941189 -0.772031 2.251054 
H -4.627885 -0.212367 2.282848 
H -3.306177 0.969313 2.150574 
Si 1.172792 2.229057 -0.053623 
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Si -3.741609 -0.161205 -0.034867 
Sn 1.599501 -1.153505 -0.022837 
H -0.298760 -2.822935 -1.027866 
H 0.785929 -3.766811 0.039764 
H 3.695942 -2.360204 -1.284646 
H 2.744624 -1.438341 -2.481468 
H 1.636129 -0.815377 2.687632 
H 3.144559 -0.144413 2.004738 
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Chapter 4 

 
Halide metathesis in overdrive: mechanochemical synthesis of a heterometallic 

group 1 allyl complex 
 
Reprinted with permission from Ross F. Koby, Nicholas R. Rightmire, Nathan D. Schley, 
Timothy P. Hanusa and William W.Brennessel Beilstein J. Org. Chem. 2019, 15, 1856–1863 

© 2019 Koby et al licensee Beilstein-Institut. 
 

4.1 Introduction 
 
 Halide (or ‘salt’) metathesis is a broadly useful synthetic technique in 
organometallic chemistry, applicable to elements across the entire periodic table. A typical 
instance involves the reaction of a metal halide (M'Xn) with an organoalkali metal 
compound (RM; M = Li, Na, K) (Equation 1).1  
 

n RM + M´Xn  →  RnM´+ n MX  (1) 
 

As the generation of MX normally provides a substantial portion of the energy for 
the exchange, M should be more electropositive than M', in order to maximize hard–soft 
acid–base interactions.2 The reaction will proceed without solvent, and mechanochemical 
activation, which promotes reactions through grinding or milling with no, or minimal, use 
of solvents, has been used in conjunction with halide metathesis to form organometallic 
compounds of the transition metals3–7 and both s-8,9 and p-block10,11 main group elements. 
 

The extent to which the exchange represented in Equation 1 is complete varies 
widely with the system. In general, the larger the value of n, and the correspondingly 
increased amount of MX that is formed, the greater the driving force. Consequently, 
exchange will be assisted with higher valent M'Xn halides. Furthermore, although in 
general a solvent is not required, in solution environments the formation of products is 
assisted if the solubility of MX or RnM' is limited, as their precipitation helps shift the 
equilibrium toward the product side. If ethers are used as solvents, for example, the low 
solubility of MX can be reduced further by choosing M to be potassium rather than lithium; 
as an added benefit, the resulting potassium halides are less likely to contaminate the 
desired product. 

 
Without a solvent present and if M and M' are both univalent metals with similar 

electronegativity, complete exchange becomes difficult, and the extent of even partial 
exchange is hard to predict. For the alkali metals, all electronegativity scales indicate that 
cesium is the most electropositive, but they also indicate that there is comparatively little 
variation in this metric.12 What happens when the energy difference between M'X and MX 
becomes particularly small? Here we describe the application of mechanochemistry in an 
organometallic context to examine alkali metal halide exchange unassisted by solvents. The 
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organic group used is the bulky 1,3-bis(trimethylsilyl)allyl anion, [1,3-
(SiMe3)2C3H3]− ([A']−),13,14 for which alkali metal complexes are known, including those of 
Li,15 Na,16 K,17,18 and Cs18. These have been formed via traditional solvent-based routes, by 
deprotonation of the substituted propene precursor with a metal alkyl or hydride 
(Equation 2) or with the metal itself (Equation 3).18 Intra-alkali metal exchange (although 
not specifically halide metathesis) has been conducted with the [A']– anion, but always in 
the presence of a solvent to help drive the process (Equation 4).19 

 

Li(n-Bu)  +  HA´    LiA´  +  H(n-Bu) ↑   (2) 
 

Cs  +  HA´   [(thf)CsA´]  + ½ H2 ↑   (3) 
 

[LiA´]  +  [KOtBu]    [KA´] ↓  +  [LiOtBu] (4) 
 
4.2 Results and Discussion 
 

4.2.1 Conditions for halide exchange 
 
 Apart from thermodynamic considerations, practical concerns place limits on the 
combinations of halides and alkali metals that could be feasibly studied in intra-alkali 
exchange experiments. For example, the fluorides have the largest heats of formation of the 
alkali halides, regardless of metal, but their high lattice energies make them typically 
unreactive, even under mechanochemical conditions.20 However note that alkali metal 
fluorides can be useful as reagents if the thermodynamics of the system are appropriately 
configured. For example, the reaction of [LiN(SiMe3)2] with CsF works to produce the 
products [CsN(SiMe3)2] with LiF in high yield because the relative heats of formation (∆H°f) 
of CsF and LiF (−554 and −616 kJ mol−1, respectively) provide a net driving force of −62 kJ 
mol–1.21 The iodides, in contrast, have the smallest lattice energies and thus should be the 
most easily disrupted and liable to exchange. Although several metal compounds of the 
allyl anion [A']– were potential candidates for the present study, the need for a base-free, 
unsolvated complex that preferably had been crystallographically characterized limited the 
choice to the potassium complex [KA']∞. In that form,17 as well as when crystallized from 
THF,18 DME,22 or as described below, arenes, [KA']∞ retains the structure of an undulating 
or helical coordination polymer. Within these experimental parameters, the general 
reaction in Equation 5 was examined. When n = 1, a reaction carried to completion would 
result in full metal exchange, with partial exchange the outcome for any larger values of n. 
 

[KA´] + M´I  →  [MKn-1A´n] +  KI  (5) 
 

 
 

hexanes

THF

hexanes
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 The experimental protocol involved grinding various ratios of [KA'] and alkali metal 
iodides, extracting the ground mixtures with hydrocarbon solvents, and then attempting 
crystallization of the extracts. This is necessarily an imperfect route to sampling the 
product space, as definitive characterization of any product(s) depended critically on the 
crystallizing process. In particular, NMR spectra were not expected to be highly diagnostic, 
as in all its group 1 complexes the resonances from the [A']– anion provide a characteristic 
spectrum of similar chemical shifts with singlet (-SiMe3), doublet (C1,3-H), and triplet (C2-
H) patterns that result from a π-bound allyl with syn,syn-trimethylsilyl arrangements.22 
 
 Grinding [KA'] in a mixer or planetary mill in a 1:1 or 2:1 ratio with LiI, NaI, or RbI 
left the solids visibly unchanged. Only unreacted [KA'] could be extracted with toluene 
from the ground mixtures, and the allyl could be crystallized as its toluene solvate (see 
below). As a check on the consequences of halide identity, a 1:1 grind of [KA'] with LiCl was 
also investigated, but there was no evidence of reaction. 
 

The grinds with CsI behaved differently from the others. A 1:1 grind for 5 min in a 
planetary mill left a pale orange solid that could be extracted with hexanes. When filtered 
and dried, the orange-brown residue displayed resonances in its 1H NMR spectrum 
corresponding to a single type of π-bonded allyl ligand, all shifted slightly (by 0.09-0.4 
ppm) from those for [KA'].22 The material could not be purified, and repeating the grind 
for 10 min did not help. After grinding a 3:1 mixture of [KA']:CsI for 15 min, however, a pale 
yellow-orange solid was generated that could be extracted with hexanes. After being 
filtered, the yellow filtrate was evaporated to yield a yellow solid in low yield. 
Recrystallization from hexanes produced crystals that were yellow-orange; they were highly 
soluble in C6D6, giving a bright red solution. Single crystal X-ray analysis identified the 
crystals as the heterometallic complex [KCsA'2] (see below). The 1H NMR spectrum of the 
products from the 1:1 and 3:1 grinds were identical. It should be noted that both [KA'] and 
CsI are insoluble in hexanes, and the grinding clearly initiated a reaction that occurred 
before the first hexanes extraction. 
 

4.2.3 Structure of [CsKA'2] 
 
 Small blocks grown from hexanes were identified from a single crystal X-ray study 
as the coordination polymer [CsKA'2]∞. A depiction of a single chain is provided in 
Figure 40, and a partial packing diagram is given in Figure 41. The asymmetric unit 
contains three alkali metal cations and three substituted allyl anions, all in general 
positions. Each of the three metal sites is modeled as a site disorder of atoms types K and 
Cs. Two distinct peaks were found in the difference Fourier map for the site containing 
atoms Cs1 and K1, and their positions were refined freely, but their anisotropic 
displacement parameters were constrained to be equivalent. For the other two site 
disorders (atom pairs Cs2/K2 and Cs3/K3), the atoms were constrained to be isopositional 
and their anisotropic displacement parameters were constrained to be equivalent. The 
ratios of Cs to K in the three sites refined to 0.60:0.40, 0.29:0.71, and 0.61:0.39 for atom 
pairs Cs1/K1, Cs2/K2, and Cs3/K3, respectively. 
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Figure 39. Portion of the polymeric chain of [CsKA'2], with thermal ellipsoids drawn at the 50% 
level. Hydrogen atoms have been removed for clarity. Atoms marked “Cs2” and “Cs3” are site 
disorders of Cs and K, with relative occupancies of 0.29:0.71 and 0.61:0.39, respectively. Selected 
distances (Å) and angles (deg): Cs2–C1, 3.099(4); Cs2–C2, 3.058(4); Cs2–C3, 3.198(4); Cs2–C10, 
3.072(4); Cs2–C11, 2.990(4); Cs2–C12, 3.066(4); Cs1–C1, 3.242(4); Cs1–C2, 3.329(4); Cs1–C3, 
3.562(4); K1–C1, 3.135(5); K1–C2, 3.026(5); Cs1–C19, 3.149(5); Cs1–C20, 3.197(4); Cs1–C21, 3.364(4); 
K1–C19, 3.127(6); K1–C20, 3.172(6); K1–C21, 3.184(5); Cs3–C19, 3.282(4); Cs3–C20, 3.171(4); Cs3–C21, 
3.197(4); Cs3–C10, 3.184(4); Cs3–C11, 3.158(4); Cs3–C12, 3.349(4); C1–C2–C3, 130.5(4); C19–C20–C21, 
129.7(4); C10–C11–C12, 131.2(4). 
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 Although the metal–C(allyl) distances span a large range, they do so in a way that 
reflects the proportion of Cs and K in the metal to which they are bonded. For example, the 
average distance of Cs2 (0.29 Cs:0.71 K) to the allyl carbons C10–C12 is 3.04 Å. The same 
allyl is also bonded to Cs3, with a higher percentage of Cs (0.61 Cs:0.39 K), and the average 
M–C distance is correspondingly longer, at 3.22 Å. It is possible to extract consistent values 
from the M–C distances that can be assigned to the proportion of K and Cs, namely 2.95 Å 
and 3.40 Å, respectively (i.e., a hypothetical site that is 0.50 (K):0.50 (Cs) would be 
expected to exhibit an average M–C(allyl) bond distance of roughly 3.17 Å). These values 
do not recreate distances in the homometallic complexes exactly (i.e., the average K–C 
distance in [KA']∞ is 3.01 Å),17 but they reflect the relative sizes of the K+ and Cs+ cations. 
 
 The structure is polymeric in two dimensions in the crystallographic bc plane; 
interchain K…CH3 and Cs…CH3 contacts are responsible for generating the 2D arrangement 
(Figure 41); this is discussed in more detail below. 
 

Figure 40. Partial packing diagram of [CsKA'2], illustrating some of the interchain contacts, 

predominantly K1…C8 at 3.20 Å, and Cs3…C22 at 3.44 Å, that promote sheet formation. The metal 
centers are colored in a pie chart fashion according to the proportion of K+ (purple) or Cs+ (pink) 
of each; translucent wedges (visible on K1 and Cs1) indicate the percentage of partial vacancy at the 
site. The C–C and C–Si bonds are rendered as sticks. 



113 
 

4.2.4 Structure of [(C6H6)KA']∞ 

 
 From all the grinds of [KA'] with the alkali metal iodides (excepting CsI), the 
potassium allyl was the only recoverable material; extracted with toluene, it crystallized 
from solution as the solvate. A single crystal X-ray study analysis reveals bent polymeric 
chains of alternating K+ cations and [A']− anions. Each potassium is capped with a toluene 
molecule, bonded through cation–π interactions. The structure suffers from twinning, 
disorder in the toluene, and weak diffraction, and therefore its structural details are 
degraded (a depiction of the coordination polymer is available in the appendix). 
Fortunately, when [KA'] is dissolved in benzene and the solution evaporated, an analogous 
solvate is obtained, and the resulting crystals are of higher quality than those from toluene. 
Single crystal X-ray analysis reveals that it has a structure that is qualitatively the same as 
the toluene solvate, and only the benzene solvate is discussed here. 
 
 Like the unsolvated complex [KA']∞

17 and the related DME and THF solvates 
[K(dme)A']∞

22 and [K(THF)3/2A']∞
18, respectively, [(C6H6)KA']∞ is a coordination polymer 

with potassium ions linked by bridging π-allyl ligands. The polymer takes the form of bent 
chains running parallel to the b axis (Figure 42). There is only one crystallographically 

distinct potassium ion in the chains, and a single K…K'…K bending angle of 134.0°. This is 
different from the pattern found in [K(THF)3/2A']∞, for example, (i.e., roughly linear 

K(1)…K(2)…K(1)' sections (170.2°) alternating with strongly bent K(2)…K(1)…K(2)' angles 

(103.3°)). The K–C6H6 ring centroid distance is 2.99 Å, which is typical for K+…(arene) 

cation–π interactions.23,24 The enthalpy of binding (∆H°) of an isolated K…(benzene or 
toluene) unit is almost 80 kJ mol−1 (see calculated value in Table 7, entry 5); the energy is 
reduced by about 40% when the ring is bound to the neutral [KA'] fragment (entry 6). 
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Table 7: Energies of reaction (B3PW91-D3BJ, kJ mol–1) 

No. Reaction[a] Energy (∆H°, ∆G°) 
1 K+  +  [C3H5]–  ➝  [K(C3H5)] -514.6, -481.5 

2 Cs+  +  [C3H5]–  ➝  [Cs(C3H5)] -484.9, -452.2 

3 K+  +  [A´]–  ➝  [KA´] -458.4, -426.5 

4 Cs+  +  [A´]–  ➝  [CsA´] -430.4, -398.1 

5 K+  +  toluene  ➝  [(toluene)K]+ -78.9, -48.6 

6 [KA´]  +  toluene  ➝  [(toluene)KA´] -48.1, -13.1 

 
[a]For entries 1–4, the def2-TZVPD basis set was used on all atoms. For entries 5 and 6, the 
def2-TZVP basis set was used on all atoms. 
 
 In structurally characterized polymeric [LnKA']∞ complexes, the average K–C(allyl) 
distances span a comparatively narrow range, regardless of coordinated ligands and the 
change in formal coordination number of the K+ cation: i.e., 3.01 Å in [KA']∞, 3.03 Å in 
[KA'(THF)3/2]∞ and [(C6H6)KA']∞ (3.04 Å in the poorer quality [(toluene)KA']∞ structure), 
and 3.06 Å in [KA'(dme)]∞.25 This suggests that the K+…[A'] interaction is a robust one, and 
its structure potentially capable of serving as a kind of template for inclusion (see below). 
 
  

Figure 41. Portion of the polymeric chain of [(C6H6)KA']∞, with thermal ellipsoids drawn at the 50% 

level. Hydrogen atoms have been removed for clarity. Selected distances (Å) and angles (deg): K1–

C1, 3.005(3); K1–C2, 2.963(3); K3–C3, 3.128(3); K1–C1', 2.959(3); K1–C2', 2.983(2); K3–C3', 3.140(3); 

K1…(C6H6 centroid), 2.99(1); K1…K1', 5.39; C1–C2–C3, 130.8(3); K1…K1'…K1, 134.0. 
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4.2.5 Formation of the heterometallic allyl complex 
 
 The net reaction that produced the clearest evidence for mechanochemically 
promoted alkali metal exchange is given by Equation 5 with n = 2 (i.e., Equation 6). Several 
features of it are noteworthy. 
 

2 [KA´]  +  CsI    [CsKA´2]   +  KI (6) 
 
 

 The ratio of [KA'] to CsI that yielded [CsKA'2] was produced both from a 1:1 and a 3:1 
ratio of [KA'] to CsI, and the predicted result from Equation 5, assuming complete reaction, 
would have been either pure [CsA'] or the heterometallic [CsK2A'3]. That neither of these 
outcomes was observed, and a non-stoichiometric product was obtained is actually not 
uncommon in mechanochemical synthesis, and can reflect the fact that products often do 
not have time to equilibrate or go from metastable to more stable products.9,11 There can 
be multiple reasons for this, starting with the high energy environment of grinding that 
may be far from equilibrium,26 allowing the kinetic products to be the ones most likely to 
be isolated. The high concentration of reagents in a solid-state reaction may influence 
product formation as well. The possibility of partial exchange also needs to be considered. 
If the cesium iodide were insufficiently reactive, a starting ratio of 3:1 for [KA']:CsI could 
give rise to products with higher ratios of K to Cs than even [CsK2A'3], such as [CsK3A'4] or 
[CsK4A'5]. In this light, it is notable that CsI is the limiting reagent in the reaction, and the 
resulting 1:1 ratio of the metals in the allyl complex suggests that it is a favored composition. 
 
 Secondly, the relative free energies of formation of CsI and KI (−341 and −325 kJ 
mol−1, respectively; ∆∆G = +16 kJ mol−1)27 means that the formation of the metal halide 
byproduct (KI) is non-spontaneous, and does not contribute to the driving force for the 
reaction. The relative free energies of the allyl complexes then must provide the difference. 
There are no experimental values available for the thermodynamic quantities involving 
potassium and cesium allyls, however, although it would be expected that the smaller 
K+ ion would interact more strongly with the allyl anion than would the larger, softer 
Cs+ ion. 
 
 To explore this and several related points more quantitatively, various features of 
the K/Cs/[allyl]− system were modeled with DFT calculations, using the B3PW91 hybrid 
functional28,29 with Grimme’s -D3 dispersion corrections (GD3-BJ)30. A calculation on the 
simple model systems [K(C3H5)] and [Cs(C3H5)] indicates that, consistent with the above 
rationale, ∆G°f for the potassium complex is more negative than for the cesium complex 
(by 29.3 kJ mol−1; Table 7, entries 1 and 2). The slightly greater realism provided by 
comparing the [KA'] and [CsA'] complexes does not meaningfully affect the difference (28.4 
kJ mol−1; Table 7, entries 3 and 4). Of course, these are calculations on isolated monomers, 
and the energetics of formation of the solid-state polymeric forms would be expected to 
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change these values, but not necessarily in a way that would clearly favor the formation of 
[CsA'] over [KA']. If so, there would consequently be no thermodynamic driving force for 
the metathesis reaction. Note that the structure of unsolvated [CsA´] is unknown, but it is 
presumed to be a coordination polymer, in the manner of its THF-solvate, [(THF)CsA´]∞.

18
 

 
 There are several ways that this simple analysis underestimates the energetics 
involved in the system. For example, full metal exchange does not occur, and the resulting 
heterometallic allyl complex has additional entropy provided by the two metal ions and the 
site disorder in the solid. Using a standard formula for the entropy of mixing two species 
(configurational entropy, ∆Smix = −nR(XA ln XA + XB ln XB),31 and with 3 atoms distributed 
randomly over the three crystallographically identified metal sites, the value of ∆S = +17 J 
mol−1 K−1 is obtained. At 298 K, the −T∆S value is −5.1 kJ mol−1. As imperfect as this 
approximation is (e.g., the distribution of metal ions is not completely random, and the 
coordination environments are not exactly the same), it does suggest one source of driving 
force not present in the homometallic allyls. 
 

 A potentially much more important source of stability in [CsKA'2] is the existence of 
multiple intermolecular M…CH3 interactions, including Cs…CH3 contacts, obviously 
energetically significant enough that they support the formation of two-dimensional sheets 
in the solid state. To appreciate the magnitude of this effect, the relative conformation of 
the known [LnKA'] complexes are summarized by their (non-bonded) K…K'…K angles 
(Table 8). 
 

Table 8: Non-bonded intrachain K…K´…K angles in [LnKA´] complexes 

 
Complex K…K´…K (deg) Ref. 

[KA´] 135.1; 135.7; 118.2 17 

[K(dme)A´] 153.3, 141.9 22 

[K(dme)A´] 170.0, 103.3 18 

[(C6H6)KA´] 134.0 this work 

[KCsA´2] 140.3 (K1–Cs2–Cs3); 
141.0 (K1–Cs3–Cs2); 
107.3 (Cs2–K1–Cs3) 

this work 

 

 Although the K…K'…K angles are only markers (there are no direct K…K' interactions 
in any of the complexes), it is notable that both [KA']∞ and [CsKA'2] display three such 
angles, two of which are relatively similar at ca. 135–140°, and a third that is substantially 
more bent (<120°) (see Appendix, Figure 44, for a visualization of the similarity). The 
significance of this is that [KA'] can be viewed as a template into which Cs+ are infused 
during the grinding. There are adjustments in M–C(allyl) bond distances (see above), but 
another consequence is the generation of multiple intermolecular M…CH3 interactions. 
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Both [KA'] and [CsKA'2] possess K…CH3 contacts at typical distances ;32 in [KA'], the two 
closest are both at 3.23 Å; the third is at 3.35 Å. In [CsKA'2], the closest is at 3.20 Å, with 
the second at 3.38 Å. 
 

 The Cs…CH3 interactions in [CsKA'2], however, are especially noteworthy. The 
closest is at 3.44 Å (Cs3…C22), followed by four more at 3.56 Å, and farther ones at 3.67 and 
3.74 Å. All these distances are substantially shorter than the sum of the van der Waal’s radii 

of Cs (3.43 Å) and CH3 (2.00 Å). Intermolecular Cs…CH3 distances of ca. 3.6 Å and longer 
are not especially rare, and are strong enough to influence solid state structures. In the dme 

adduct of cesium [2,4,6-tri(tert-butyl)phenolate], for example, a Cs…CH3 contact of 
3.596(5) Å contributes to its form as a 1D coordination polymer.33 In the cesium salt of the 
gallium metallate [Cs(toluene)2{CN(GaMe3)2}], multiple Cs…CH3 interactions in the range 
from 3.54–3.64 Å help generate its three-dimensional network structure.34 Intermolecular 
Cs…CH3 distances below 3.5 Å, however, do not appear to have been previously reported.35 
The shortest distance in [CsKA'2], at 3.44 Å, is 2.0 Å less than the sum of the appropriate 
van der Waal’s radii (although less precisely located, the corresponding Cs…H distance 
(Cs3…H22B) is 3.05 Å, a third less than the sum of the van der Waal’s radii (4.63 Å). 
 
 Calculations on the model systems [(CH4)(K,Cs)A'] and [(HMe2SiMe)(K,Cs)A'] were 

used to place the energy of the M…methyl interactions in context (views of the optimized 
pairs are available in Appendix, Figure 45). Despite the gas-phase environment of the 
calculations, the distance between K+ and CH4 is 3.22 Å, a typical value for potassium–
methyl interactions in the solid state, as is the ∆H° of almost 12 kJ mol−1, in the range of 
hydrogen bonds (Table 9, entries 1 and 2).32 The distance of K+ to Me3SiH, chosen to 
represent somewhat more accurately the type of interactions occurring in [KCsA'2], is 
slightly shorter (3.14 Å) and stronger (30 kJ mol–1), probably a result of the lower 
electronegativity of silicon compared to carbon and the correspondingly more negative 
methyl groups. The analogous calculations with Cs+ (Table 9, entries 3 and 4) place the 
contact distance at 3.62 Å and 3.53 Å for CH4 and Me3SiH, respectively, with corresponding 
enthalpies of −3.9 and −23.6 kJ mol−1. These distances are similar to those found in the solid 
state, and together with the potassium interactions, evidently help to drive the 
heterometallic complex formation. 
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Table 9: Energies of reaction (B3PW91-D3BJ, kJ mol−1) 

 
No. Reaction[a] Energy 
1 [KA´]  +  CH4  ➝  [(CH4)KA´] -11.9 (∆H°) 

2 [KA´]  +  SiMe4  ➝  [(HSiMe3)KA´] -30.0 (∆H°) 

3 [CsA´]  +  CH4  ➝  [(CH4)CsA´] -3.9 (∆H°) 

4 [CsA´]  +  SiMe4  ➝  [(HSiMe3)CsA´] -23.6 (∆H°) 

 
4.3 Conclusion 
 
 Formally, halide metathesis as a synthetic technique depends strongly on the 
relative thermodynamic stabilities of the starting and final metal halide salts, M'X and MX. 
Practically, however, the reaction solvent is also a critical assistant in the process, as the 
insolubility of the MX product can strongly shift the position of equilibrium and drive the 
reaction. Mechanochemical techniques can be used to provide a driving force for a reaction 
that would be energetically unfavorable and has no solvent assistance. The formation of 
the heterometallic [CsKA'2] from the mixture of [KA'] and CsI, even though in low yield, 
owes its realization to the entropic benefit of a mixed metal system, but even more 
importantly to the formation of intermolecular M…CH3 contacts, permitting the formation 
and stabilization of a sheet structure that ties the coordination polymer chains of M…A' 
units together. Recognition of this additional source of reaction energy has the potential to 
extend the usefulness of halide metathesis to systems previously considered too 
unpromising to explore. 
 
4.4 Appendix 
 
Synthetic Procedures 
 
General Considerations 
All syntheses were conducted under rigorous exclusion of air and moisture using Schlenk 
line and glovebox techniques. Proton (1H) and carbon (13C) spectra were obtained on an 
Advance AV-400 MHz spectrometer at 400 and 100 MHz, respectively. Proton and carbon 
were referenced to residual resonances of C6D6.  
 
Materials 
All anhydrous metal salts and were purchased from Strem or Sigma-Aldrich, stored under 
an N2 atmosphere, and used as received. The potassium allyl [KA′] = [K(1,3-SiMe3)C3H3] 
was synthesized by transmetallation of [LiA′]36 with potassium tert-butoxide in hexanes 
solution. Toluene was degassed with argon and dried over activated alumina using a solvent 
purification system, then stored over 4 Å molecular sieves in a glovebox. Hexanes were 
distilled under nitrogen over NaK/benzophenone radical37, then stored over 4 Å molecular 
sieves in a glovebox. Benzene-d6 was obtained from Cambridge Isotopes and stored over 4 
Å molecular sieves. 
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Mechanochemical protocol. Planetary milling was performed with a Retsch PM100 mill, 
50 mL stainless steel grinding jar type C, and a safety clamp for air-sensitive grinding. Mixer 
milling was performed with a Retsch model MM200 mill. Ball milling reactions used 50 
stainless steel (440 grade) ball bearings (3/16 in (5 mm), 0.44 g) or 3 stainless steel (440 
grade) ball bearings (1/2 in (12.7 mm), 8.4 g) that were thoroughly cleaned with detergent 
and water, then washed with acetone, and dried in a 125 °C oven prior to use. A typical 
reaction was sealed under an inert atmosphere prior to grinding. The ground mixture was 
extracted with minimal hexanes (<100 mL) and filtered through a medium porosity ground 
glass frit. The extraction is designed to dissolve the complex, and the filtration removes 
residual KI. The filtrate was then dried under vacuum prior to NMR analysis.  
 
Synthesis of [CsKA′2]. Solid CsI (0.157 g, 0.604 mmol) and K[A′] (0.445 g, 1.98 mmol) 
were added to a 50 mL stainless steel grinding jar (type C). The jar was charged with 
stainless steel ball bearings (½ in dia, 3 count) and closed tightly with the appropriate safety 
closer device under an N2 atmosphere. The reagents were milled for 15 min at 600 rpm, 
resulting in a pale yellow-orange solid. The solid was extracted with hexanes and filtered 
through a medium porosity ground glass frit, providing a yellow-tinted filtrate. Removal of 
hexanes under vacuum resulted in a turbid yellow solution that deposited a precipitate as 
the product was concentrated. Removal of hexanes under vacuum yielded a yellow solid in 
low yield (12 mg, 4% yield). The solid was dissolved in hexanes, and the solution slowly 
evaporated over the course of a week to promote crystal growth. As the concentration of 
the solution increased, it became more orange. X-ray analysis of the crystals revealed them 
to be the bimetallic [CsKA´2] complex. The crystals were highly soluble in C6D6, giving a 
bright red solution. 1H NMR (400 MHz, C6D6, 298 K): δ 0.27 (s, 18H, SiMe3); 2.71 (d, 2H, J 
= 16.0 Hz, H(α,γ)); 6.58 (t, 1H, J = 16.0 Hz, H(β)). 13C NMR (100 MHz, C6D6, 298K): δ 2.32 
(SiMe3); 73.08 (C(α,γ)); 153.51 (C(β)). 
 
Procedures for X-Ray Crystallography 
 
[K1.5Cs1.5(1,3-(SiMe3)2C3H3)3] 
A crystal was placed onto the tip of a thin glass optical fiber and mounted on a Bruker 
SMART APEX II CCD platform diffractometer at the X-ray Crystallographic Facility, 
Department of Chemistry, University of Rochester (Rochester, NY). Data collection was 

conducted at 100 K using MoK radiation (graphite monochromator, APEX3, version 
2015.5-2; Bruker AXS: Madison, WI, 2015). The structure was solved using SHELXT-
2014/538 and refined using SHELXL-2014/739. The space group P1̄ was determined based 
on intensity statistics. A direct-methods solution was calculated which provided most non-
hydrogen atoms from the E-map. Full-matrix least squares / difference Fourier cycles were 
performed which located the remaining non-hydrogen atoms. All non-hydrogen atoms 
were refined with anisotropic displacement parameters. Hydrogen atoms on the allylic 
portions of the anions were found from the difference Fourier map and their positions were 
refined independently from those of their respective bonded carbon atoms. However, their 
isotropic displacement parameters were refined relative to the (equivalent) anisotropic 
displacement parameters of their respective bonded carbon atoms. All other hydrogen 
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atoms were placed in ideal positions and refined as riding atoms with relative isotropic 
displacement parameters.  
 
[(benzene)K(1,3-(SiMe3)2C3H3)], [(toluene)K(1,3-(SiMe3)2C3H3)] 
X-ray crystallographic data were collected on a Rigaku Oxford Diffraction Supernova 
diffractometer. Crystal samples were handled under immersion oil and quickly transferred 
to a cold nitrogen stream. The crystals were kept at 100 K during data collection. Under 
Olex2,40 the structure was solved with the SHELXT38 structure solution program using 
direct methods and refined with the SHELXL39 refinement package using least squares 
minimization. All non-hydrogen atoms were refined with anisotropic displacement 
parameters. 
 
 
 
General Procedures for Calculations 
 All calculations were performed with the Gaussian 09W41 or Gaussian 16 (Linux) suite of 
programs.42 The B3PW91 functional, which incorporates Becke’s three-parameter exchange 
functional28 with the 1991 gradient-corrected correlation functional of Perdew and Wang,29 
was used. For dispersion-corrected calculations, Grimme’s D3 correction30 with additional 
Becke-Johnson damping was used43 (Gaussian keyword: empiricaldispersion=GD3BJ). For 
the energy of metal allyl complex formation (M+  + [A´]– →  [MA´]), the def2-TZVPD basis 
set was used on all atoms, with the accompanying ECP used for Cs.44 For all other 
calculations, the def2-TZVP basis set was used on all atoms, with an ECP on Cs. An ultrafine 
grid was used for all calculations (Gaussian keyword: int=ultrafine). 
 

 

Figure 42. Connectivity of a portion of the coordination polymer chain in [(toluene)KA´]. Only 
one orientation of the toluene ligand is shown. Approximate bond distances (Å) and angles (deg): 

K…K´= 5.52; K–C(allyl) (ave) = 3.04; K–ring centroid = 3.01; K…K´…K = 130. 
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Figure 43. Superposition of a portion of the structures of [KA´] and [KCsA´2] (the unit cell is 

from [KCsA´2]). From [KA´], only the potassium atoms are shown; from [KCsA´2], only the allyl 
ligands (as sticks) are shown, and the dotted lines are drawn to where the disordered 
potassium/cesium sites would be located. The overlap of the metal sites is not exact, and this view 

is meant to convey only a general sense of the alignment. For exact M…M´…M´´ angles, see the 
main text. 
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Figure 44. Calculated geometries of [MA´]…Me interactions in: a) [KA´]…CH4; b) [CsA´]…CH4; c) 

[KA´]…MeSiMe2H; d) [CsA´]…MeSiMe2H. For energies associated with the interactions, see the 
main text. 
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Table 10: Crystal Data and Summary of X–ray Data Collection 

Compound [K1.5Cs1.5(1,3-(SiMe3)2C3H3)3] [(benzene)K(1,3-(SiMe3)2C3H3)] [(toluene)K(1,3-(SiMe3)2C3H3)]  

Empirical formula C27H63Cs1.5K1.5Si6 C15H27KSi2 C16H29KSi2  

Formula weight 814.33 302.64 316.67  

Color of compound yellow colorless colorless  

Temperature/K 100.0(5) 100 100.01(10)  

Crystal system triclinic monoclinic monoclinic  

Space group P1̄ P21 P21/n  

a/Å 11.1741(8) 10.1620(3) 10.2297(11) 
 

 

b/Å 14.6733(11) 9.93170(18) 10.1301(10) 
 

 

c/Å 14.7968(11) 10.7700(3) 19.127(2) 
 

 

α/° 73.9101(15) 90 90  

β/° 85.2391(16) 118.137(3) 91.119(10)  

γ/° 71.6969(15) 90 90  

Volume/Å3 2213.1(3) Å 958.52(5) 1981.7(4)  

Z 2 2 4  

ρcalc g/cm3 1.222 1.049 1.061  

μ/mm–1 1.559 3.486 3.391  

F(000) 840 328 688  

Crystal size/mm3 0.25 × 0.16 × 0.14 0.316 × 0.185 × 0.073 0.1 × 0.05 × 0.03  

Radiation MoKα (λ = 0.71073) CuKα (λ = 1.54184) CuKα (λ = 1.54184)  

2Θ range for data collect/° 1.788 to 27.500 4.452 to 73.258 4.625 to 65.078  

Index ranges -14≤ h ≤ 14, -19 ≤ k ≤ 19, -19 ≤ l ≤ 19 -12 ≤ h ≤ 12, -12 ≤ k ≤ 12, -12 ≤ l ≤ 12 -12 ≤ h ≤ 12, -11 ≤ k ≤ 11, 0 ≤ l ≤ 22  

Reflections collected 29 788 13 244 3365  

Independent reflections 10133 [Rint = 0.0374] 3762 [Rint = 0.0269] 3365  

Data/restraints/parameters 10133/43/404 3762/4/181 3365/180  

Goodness-of-fit on F2 1.046 1.031 1.069  

Final R indexes [I > 2σ (I)] R1 = 0.0445, wR2 = 0.1080 R1 = 0.0209, wR2 = 0.0539 R1 = 0.1055, wR2 = 0.3272  

Final R indexes [all data] R1 = 0.0746, wR2 = 0.1234 R1 = 0.0210, wR2 = 0.0541 R1 = 0.1271, wR2 = 0.3441  

Largest diff. peak/hole/e Å–3 0.938/-0.622 1.42/-0.80 1.51/-0.77  
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Optimized coordinates of all structures in XYZ format 

 

1 
[K]+, Kh; B3PW91-D3BJ/def2TZVPD; ΔG° = -599.721828 au 
K 0.000000 0.000000 0.000000 
1 
[Cs]+, Kh; B3PW91-D3BJ/def2TZVPD; ΔG° = -20.047814 au 
Cs 0.000000 0.000000 0.000000 
8 
[C3H5]-, C1; B3PW91-D3BJ/def2TZVPD; ΔG° = -117.240692 au 
C -1.271336 -0.895814 -0.000183 
C -0.000001 -0.338094 -0.000054 
C 1.271334 -0.895816 -0.000104 
H -1.429334 -1.972534 -0.000345 
H -0.000001 0.759445 0.000123 
H 1.429330 -1.972535 -0.000292 
H 2.155335 -0.266292 -0.000014 
H -2.155327 -0.266297 -0.000073 
9 
[K(C3H5)], Cs; B3PW91-D3BJ/def2TZVPD; ΔG° = -717.145928 au 
C 0.091547 -1.083971 1.259976 
H 1.174541 -1.015763 1.374551 
H -0.455959 -1.377727 2.146908 
C -0.459311 -1.296126 0.000000 
H -0.455959 -1.377727 -2.146908 
H 1.174541 -1.015763 -1.374551 
C 0.091547 -1.083971 -1.259976 
H -1.519250 -1.565233 0.000000 
K 0.091547 1.428244 0.000000 
9 
[Cs(C3H5)], Cs; B3PW91-D3BJ/def2TZVPD; ΔG° = -137.460753 au 
C 1.838331 -0.649397 1.256769 
H 2.157136 0.386689 1.373797 
H 1.898302 -1.263499 2.147183 
C 1.838331 -1.241209 0.000000 
H 1.898302 -1.263499 -2.147183 
H 2.157136 0.386689 -1.373797 
C 1.838331 -0.649397 -1.256769 
H 1.697613 -2.325684 0.000000 
Cs -0.779972 0.351260 0.000000 
32 
[A´]-, C1; B3PW91-D3BJ/def2TZVPD; ΔG° = -934.470190 au 
C -1.263870 -0.970208 -0.000198 
C 0.000000 -0.386600 -0.000065 
C 1.263870 -0.970208 -0.000111 



125 
 

C -3.932017 -0.421855 1.494831 
C -2.521631 1.818193 0.000071 
C -3.932217 -0.421721 -1.494746 
C 3.932345 -0.422495 1.494435 
C 2.521631 1.818193 0.000868 
C 3.931889 -0.421080 -1.495142 
H -1.300798 -2.062731 -0.000385 
H 0.000000 0.707706 0.000117 
H 1.300799 -2.062731 -0.000280 
H -4.891926 0.104536 1.441175 
H -3.430850 -0.134408 2.423452 
H -4.140611 -1.494968 1.554826 
H -1.955386 2.126946 -0.882594 
H -1.955277 2.126847 0.882701 
H -3.472841 2.359783 0.000163 
H -3.431208 -0.134129 -2.423406 
H -4.892147 0.104609 -1.440875 
H -4.140762 -1.494839 -1.554843 
H 3.431441 -0.135332 2.423284 
H 4.892293 0.103817 1.440724 
H 4.140848 -1.495651 1.553990 
H 1.955238 2.127298 -0.881579 
H 3.472841 2.359783 0.001005 
H 1.955425 2.126495 0.883716 
H 4.140516 -1.494157 -1.555685 
H 4.891784 0.105320 -1.441322 
H 3.430620 -0.133196 -2.423572 
Si -2.813136 -0.051582 -0.000018 
Si 2.813136 -0.051582 -0.000002 
33 
[KA´], C1; B3PW91-D3BJ/def2TZVPD; ΔG° = -1534.354455 au 
C 1.258373 0.014273 -0.838125 
C -0.002479 0.358132 -0.352839 
C -1.262402 -0.000073 -0.830763 
C 3.992988 1.432643 -1.153027 
C 2.548050 1.399227 1.548070 
C 3.801565 -1.134852 0.421080 
C -3.958074 1.507115 -1.116710 
C -2.551114 1.314206 1.593754 
C -3.850235 -1.137132 0.334845 
H 1.284152 -0.460152 -1.826731 
H -1.287816 -0.474735 -1.819377 
H 4.957361 1.626336 -0.674343 
H 3.539355 2.392890 -1.410756 
H 4.185445 0.899062 -2.088292 
H 1.933762 0.836153 2.256112 
H 2.040720 2.346254 1.348921 
H 3.497478 1.625371 2.040816 
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H 3.270221 -1.709994 1.188011 
H 4.797194 -0.912775 0.816653 
H 3.933352 -1.781077 -0.452831 
H -3.473652 2.463857 -1.327329 
H -4.921297 1.708330 -0.638670 
H -4.156130 1.021413 -2.076537 
H -1.957228 0.706795 2.282393 
H -3.501154 1.539337 2.085764 
H -2.021718 2.258185 1.443291 
H -3.979333 -1.740911 -0.569132 
H -4.847863 -0.908480 0.721355 
H -3.346472 -1.758163 1.084110 
Si 2.841870 0.437199 -0.043127 
Si -2.847387 0.429689 -0.041902 
H -0.002893 0.910418 0.590843 
K 0.014407 -2.381357 0.030443 
33 
[CsA´], C1; B3PW91-D3BJ/def2TZVPD; ΔG° = -954.669641 au 
C 1.258288 0.667660 -0.838923 
C -0.000160 0.997515 -0.341741 
C -1.258552 0.667329 -0.838866 
C 3.897814 2.292263 -1.031367 
C 2.548218 1.813158 1.669196 
C 3.906709 -0.472380 0.177628 
C -3.897064 2.294200 -1.029644 
C -2.548548 1.809975 1.670440 
C -3.908088 -0.472388 0.174735 
H 1.283486 0.239535 -1.847737 
H -1.283689 0.239196 -1.847675 
H 4.860319 2.487321 -0.549154 
H 3.375409 3.244759 -1.151009 
H 4.098283 1.900174 -2.032566 
H 1.985048 1.129355 2.310431 
H 1.986826 2.748711 1.609275 
H 3.498795 2.026584 2.165396 
H 3.449370 -1.172029 0.885859 
H 4.906173 -0.237758 0.555293 
H 4.031042 -0.994768 -0.776196 
H -3.374037 3.246549 -1.147720 
H -4.859517 2.489124 -0.547264 
H -4.097648 1.903799 -2.031479 
H -1.986369 1.124637 2.310910 
H -3.499107 2.023688 2.166546 
H -1.986150 2.745030 1.612166 
H -4.032692 -0.992875 -0.780090 
H -4.907416 -0.237730 0.552729 
H -3.451323 -1.173729 0.881653 
Si 2.843675 1.083706 -0.041880 
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Si -2.843971 1.083325 -0.041853 
H -0.000197 1.498402 0.630195 
Cs 0.000288 -2.039280 0.009708 
1 
[K]+, Kh; B3PW91-D3BJ/def2TZVP; ΔG° = -599.721784 au 
K 0.000000 0.000000 0.000000 
16 
[K(toluene)]+, C1; B3PW91-D3BJ/def2TZVP; ΔG° = -871.226474 au 
C 0.962286 2.141497 -0.044274 
C 0.976974 1.413069 -1.230175 
C 1.075622 1.505730 1.196376 
H 0.896422 3.223609 -0.081870 
C 1.096112 0.026305 -1.199065 
H 0.921108 1.931710 -2.180344 
C 1.184268 0.111403 1.211461 
C 1.199451 -0.622035 0.028636 
H 1.138283 -0.539868 -2.121816 
H 1.292881 -0.402105 2.160794 
H 1.317990 -1.698852 0.065357 
C 1.140517 2.298382 2.466249 
H 0.590626 3.236995 2.387218 
H 0.753919 1.735023 3.316423 
H 2.179415 2.552516 2.694488 
K -1.765858 0.503718 0.078465 
15 
(toluene), C1; B3PW91-D3BJ/def2TZVP; ΔG° = -271.486190 au 
C -4.507310 0.809301 -0.002385 
C -3.119940 0.812166 0.012204 
C -2.404665 2.007381 0.016028 
C -3.119713 3.202885 0.010637 
C -4.506951 3.206048 -0.003960 
C -5.207028 2.007701 -0.011519 
H -5.043705 -0.132565 -0.002819 
H -2.581006 -0.129403 0.023089 
H -2.580542 4.144349 0.020300 
H -5.043180 4.148008 -0.005638 
H -6.290489 2.007863 -0.019847 
C -0.904817 2.007548 -0.000992 
H -0.526868 2.020439 -1.028048 
H -0.501280 2.885653 0.506205 
H -0.501342 1.117247 0.484368 
33 
[KA´], C1; B3PW91-D3BJ/def2TZVP; ΔG° = -1534.351892 au 
C 1.260365 0.000208 -0.828207 
H 1.285787 0.467071 -1.820397 
C -0.000100 -0.348409 -0.344975 
C -1.260525 0.000699 -0.827975 
H -1.285929 0.467549 -1.820174 
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Si 2.845315 -0.434934 -0.042236 
Si -2.845522 -0.434687 -0.042203 
C -2.550964 -1.318239 1.594336 
H -1.961218 -0.709477 2.285195 
H -3.501867 -1.546482 2.083117 
H -2.018345 -2.260504 1.445026 
C -3.948257 -1.516876 -1.120278 
H -4.911874 -1.721958 -0.644855 
H -4.145759 -1.032401 -2.080741 
H -3.459197 -2.471504 -1.329225 
C -3.856996 1.127272 0.332248 
H -3.984787 1.731894 -0.571294 
H -4.855300 0.893478 0.713621 
H -3.359719 1.749246 1.084950 
C 3.856173 1.127232 0.333172 
H 3.358484 1.748736 1.085998 
H 4.854432 0.893614 0.714772 
H 3.984068 1.732270 -0.570079 
C 3.948715 -1.516185 -1.120556 
H 4.912288 -1.721134 -0.644987 
H 3.460064 -2.470894 -1.330084 
H 4.146282 -1.031175 -2.080736 
C 2.550732 -1.319242 1.593882 
H 2.018389 -2.261584 1.444077 
H 3.501615 -1.547426 2.082729 
H 1.960702 -0.710937 2.284900 
H -0.000120 -0.896589 0.601116 
K 0.000529 2.392323 0.030492 
48 
[(toluene)KA´], C1; B3PW91-D3BJ/def2TZVP; ΔG° = -1805.843067 au 
C -0.321381 2.143367 -0.781290 
H -0.228298 2.454087 -1.828320 
C 0.812211 1.574437 -0.203465 
C 1.995442 1.152452 -0.805424 
H 2.135221 1.440318 -1.853939 
Si -1.866788 2.526474 0.096769 
Si 3.369698 0.318585 0.047043 
C 2.989260 0.112936 1.880971 
H 2.052331 -0.424176 2.042793 
H 3.785381 -0.444734 2.381377 
H 2.901262 1.084888 2.372196 
C 5.012025 1.227967 -0.118160 
H 5.832889 0.682522 0.356663 
H 5.270743 1.369449 -1.171448 
H 4.948305 2.218222 0.339520 
C 3.672658 -1.412161 -0.672627 
H 3.875416 -1.348481 -1.746533 
H 4.527342 -1.912726 -0.207727 
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H 2.798250 -2.056417 -0.537193 
C -3.311274 1.499579 -0.588659 
H -3.121687 0.430540 -0.451123 
H -4.262655 1.732909 -0.101156 
H -3.438019 1.680521 -1.660769 
C -2.399838 4.325592 -0.072584 
H -3.361829 4.516094 0.412186 
H -1.654149 4.988591 0.372908 
H -2.496666 4.602085 -1.126400 
C -1.714229 2.117977 1.929469 
H -0.953788 2.740812 2.406341 
H -2.662293 2.291201 2.445615 
H -1.432890 1.074742 2.087947 
H 0.726094 1.347124 0.862479 
C -2.351143 -2.676846 0.143492 
C -1.922122 -1.773944 1.120344 
C -1.421505 -3.584451 -0.368714 
C -0.610080 -1.783066 1.576059 
H -2.623814 -1.053485 1.524993 
C -0.106241 -3.598789 0.087757 
H -1.736420 -4.298055 -1.123293 
C 0.304095 -2.697808 1.063873 
H -0.297330 -1.068712 2.327774 
H 0.597458 -4.317756 -0.316191 
H 1.327124 -2.701609 1.417880 
C -3.779326 -2.686767 -0.314868 
H -4.413481 -3.196999 0.415696 
H -4.169551 -1.673608 -0.428320 
H -3.890161 -3.208264 -1.266601 
K -0.114043 -0.548566 -1.748303 
5 
CH4, C1; B3PW91-D3BJ/def2TZVP; ΔG° = -40.497662au 
C -1.278088 -0.691598 -0.579000 
H -0.433917 -0.106479 -0.215856 
H -1.193445 -1.715231 -0.215856 
H -1.278088 -0.691598 -1.668432 
H -2.206902 -0.253085 -0.215856 
14 
HSiMe3, C1; B3PW91-D3BJ/def2TZVP; ΔG° = -409.780622 
Si 2.767274 0.873835 0.027763 
C 0.892787 0.860375 0.006378 
H 0.490562 1.398994 0.868683 
H 0.504330 1.337327 -0.896658 
H 0.504456 -0.160405 0.038937 
C 3.403899 0.026597 1.574104 
H 3.053722 -1.006833 1.631177 
H 4.496220 0.011219 1.595264 
H 3.059166 0.546707 2.471938 
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C 3.403835 2.635115 -0.055294 
H 4.496162 2.660882 -0.059200 
H 3.054159 3.139603 -0.959211 
H 3.058592 3.213856 0.805707 
H 3.264487 0.128827 -1.164921 
38 
[(CH4)KA´], C1; B3PW91-D3BJ/def2TZVP; ΔG° = -1574.844841 
C -0.002377 0.757466 2.909640 
H -0.426098 0.071136 2.176212 
H -0.577046 1.685067 2.943894 
H 1.042194 0.960921 2.670950 
C -1.263936 -0.727767 -0.957235 
C 1.258398 -0.732355 -0.962530 
C -0.002337 -1.077575 -0.479788 
H -0.000711 -1.634603 0.460897 
H -1.295465 -0.250597 -1.944272 
H 1.288125 -0.259163 -1.951479 
Si 2.836009 -1.143348 -0.151432 
Si -2.844141 -1.134753 -0.148161 
C -4.072096 -1.947643 -1.321933 
H -3.683244 -2.903890 -1.680235 
H -5.038248 -2.128262 -0.842094 
H -4.247684 -1.315769 -2.197341 
C -3.705451 0.429129 0.501814 
H -4.692312 0.217083 0.923918 
H -3.111209 0.905223 1.289357 
H -3.845026 1.157785 -0.303606 
C -2.573292 -2.268500 1.330224 
H -1.935325 -1.811839 2.090928 
H -3.527991 -2.509407 1.805547 
H -2.104528 -3.206287 1.023007 
C 3.765858 0.432142 0.360931 
H 4.754756 0.214939 0.775407 
H 3.910571 1.093278 -0.499733 
H 3.210871 0.989903 1.123381 
C 4.019579 -2.093702 -1.266867 
H 3.586507 -3.055829 -1.551208 
H 4.215007 -1.536875 -2.187800 
H 4.980843 -2.280783 -0.779561 
C 2.538379 -2.147393 1.412824 
H 3.485761 -2.370898 1.910605 
H 1.907332 -1.612558 2.126854 
H 2.049031 -3.096830 1.182882 
H -0.047836 0.288747 3.890858 
K 0.008945 1.690708 -0.168958 
47 
[(HSiMe3)KA´], C1; B3PW91-D3BJ/def2TZVP; ΔG° = -1944.129553 
Si 1.548786 -3.197492 -0.875439 
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C 0.565952 -1.634453 -1.242266 
H 0.719849 -0.914053 -0.434050 
H 0.912366 -1.204039 -2.187450 
H -0.501514 -1.857295 -1.316621 
C 0.959517 -3.972011 0.719879 
H -0.098017 -4.238664 0.665826 
H 1.524935 -4.881540 0.936631 
H 1.089093 -3.288589 1.562057 
C 3.371593 -2.785635 -0.803781 
H 3.964978 -3.683869 -0.617457 
H 3.716273 -2.345231 -1.742276 
H 3.577272 -2.072923 -0.002690 
H 1.308688 -4.150143 -1.998688 
C 0.591833 1.785454 1.111602 
C -1.837706 1.098802 1.117063 
C -0.473655 0.913902 1.329376 
H -0.189369 -0.096998 1.633093 
H 0.333742 2.827575 0.889620 
H -2.166573 2.123197 0.906169 
Si -3.091512 -0.213588 1.252533 
Si 2.347894 1.356778 1.334313 
C 3.281953 2.645520 2.339972 
H 2.868309 2.718285 3.348670 
H 4.346202 2.406953 2.421695 
H 3.197169 3.633242 1.877690 
C 3.262574 1.237611 -0.325995 
H 4.329224 1.029070 -0.199952 
H 2.847131 0.442351 -0.952275 
H 3.177771 2.179638 -0.877790 
C 2.516740 -0.315146 2.184746 
H 2.001432 -1.106561 1.636819 
H 3.567323 -0.604148 2.273629 
H 2.089226 -0.280967 3.189480 
C -3.888876 -0.562979 -0.437315 
H -4.704268 -1.289394 -0.371138 
H -4.303763 0.353824 -0.868948 
H -3.155062 -0.966752 -1.144218 
C -4.512106 0.221630 2.409369 
H -4.144067 0.365866 3.428094 
H -4.992420 1.153989 2.098980 
H -5.278631 -0.558406 2.428621 
C -2.301595 -1.822966 1.825427 
H -3.044991 -2.623185 1.871190 
H -1.509559 -2.144786 1.145593 
H -1.861369 -1.716507 2.819626 
K -0.614461 1.273587 -1.437122 
33 
[CsA´], C1; B3PW91-D3BJ/def2TZVP; ΔG° = -954.667180 au 
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Cs 0.000088 -2.027380 -0.124445 
C 1.258151 0.716884 -0.854675 
C -1.258451 0.716676 -0.854666 
C -0.000173 1.020308 -0.340920 
H -0.000206 1.468957 0.656228 
H 1.284018 0.345858 -1.885612 
H -1.284263 0.345644 -1.885602 
Si -2.843159 1.092355 -0.036992 
Si 2.842800 1.092751 -0.036979 
C 3.888238 2.366265 -0.951178 
H 3.359777 3.320919 -1.011501 
H 4.850130 2.537275 -0.458876 
H 4.089589 2.037856 -1.974769 
C 3.915122 -0.467645 0.084885 
H 4.914270 -0.249912 0.473050 
H 3.464562 -1.211812 0.750691 
H 4.039374 -0.930397 -0.899187 
C 2.547804 1.714287 1.716531 
H 1.990654 0.989250 2.316384 
H 3.498519 1.902843 2.222303 
H 1.980883 2.648357 1.715540 
C -3.915283 -0.468173 0.084886 
H -4.914457 -0.250564 0.473056 
H -4.039483 -0.930946 -0.899184 
H -3.464623 -1.212279 0.750690 
C -3.888741 2.365725 -0.951227 
H -3.360396 3.320441 -1.011562 
H -4.090043 2.037271 -1.974814 
H -4.850660 2.536626 -0.458937 
C -2.548258 1.713960 1.716510 
H -3.499001 1.902400 2.222271 
H -1.991017 0.989006 2.316379 
H -1.981460 2.648104 1.715507 
38 
[(CH4)CsA´], C1; B3PW91-D3BJ/def2TZVP; ΔG° = -995.160046 au 
C -0.019240 0.640329 3.020465 
H -0.215038 0.007261 2.155324 
H -0.780328 1.417730 3.099897 
H 0.971887 1.087922 2.939393 
Cs 0.016536 2.001289 -0.333872 
C -1.260467 -0.758800 -0.987196 
C 1.258471 -0.768876 -0.992663 
C -0.001105 -1.079523 -0.487652 
H -0.000176 -1.573141 0.487890 
H -1.292037 -0.350932 -2.003888 
H 1.288847 -0.362917 -2.010212 
Si 2.838209 -1.146397 -0.167083 
Si -2.841692 -1.122964 -0.157703 
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C -4.078003 -1.953528 -1.310048 
H -3.699448 -2.923166 -1.642460 
H -5.046172 -2.110802 -0.826117 
H -4.246547 -1.343300 -2.202117 
C -3.689409 0.463863 0.454136 
H -4.674746 0.266083 0.886421 
H -3.089339 0.954949 1.227795 
H -3.831371 1.173846 -0.367473 
C -2.580182 -2.215303 1.352331 
H -1.939245 -1.738456 2.097722 
H -3.536345 -2.435868 1.834606 
H -2.116835 -3.164219 1.072401 
C 3.758482 0.443652 0.317406 
H 4.747320 0.236679 0.737084 
H 3.903387 1.091988 -0.553028 
H 3.199647 1.009072 1.071122 
C 4.025569 -2.108124 -1.268383 
H 3.600220 -3.079683 -1.531500 
H 4.212262 -1.568075 -2.201110 
H 4.990461 -2.276533 -0.781471 
C 2.551602 -2.118970 1.418253 
H 3.502771 -2.334153 1.912562 
H 1.928415 -1.567738 2.126441 
H 2.057985 -3.071284 1.210688 
H -0.052533 0.024989 3.917935 
47 
[(HSiMe3)CsA´], C1; B3PW91-D3BJ/def2TZVP; ΔG° = -1364.442217 
Si 1.576822 -3.239908 -0.823831 
C 0.583980 -1.703397 -1.259577 
H 0.704277 -0.948930 -0.477724 
H 0.942948 -1.297719 -2.210325 
H -0.479145 -1.937813 -1.353694 
C 0.982625 -3.970128 0.791313 
H -0.071293 -4.250533 0.736424 
H 1.556714 -4.865487 1.041835 
H 1.095847 -3.258984 1.612569 
C 3.396336 -2.810250 -0.749835 
H 3.996098 -3.695492 -0.525558 
H 3.745006 -2.401440 -1.701151 
H 3.588795 -2.066771 0.026087 
H 1.361002 -4.236767 -1.913896 
Cs -0.665046 1.563638 -1.699661 
C 0.580855 1.799290 1.156781 
C -1.843279 1.105725 1.135634 
C -0.477508 0.907890 1.314048 
H -0.186880 -0.124083 1.526977 
H 0.318011 2.855441 1.032742 
H -2.177086 2.142593 1.017233 
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Si -3.099498 -0.209650 1.236122 
Si 2.340558 1.361342 1.337737 
C 3.287033 2.654475 2.325450 
H 2.891584 2.726659 3.341444 
H 4.353317 2.419673 2.388158 
H 3.190759 3.641492 1.863726 
C 3.230733 1.238432 -0.336129 
H 4.296475 1.018749 -0.222200 
H 2.801004 0.446977 -0.957532 
H 3.150933 2.181900 -0.886478 
C 2.525663 -0.311873 2.180521 
H 1.998263 -1.098987 1.638127 
H 3.576650 -0.604672 2.250103 
H 2.114063 -0.279197 3.191869 
C -3.953146 -0.473901 -0.440600 
H -4.772664 -1.195740 -0.376989 
H -4.374236 0.463789 -0.817915 
H -3.247408 -0.852875 -1.188074 
C -4.479067 0.177242 2.458304 
H -4.077578 0.268784 3.470482 
H -4.961709 1.126800 2.209609 
H -5.250794 -0.597899 2.464009 
C -2.303585 -1.848971 1.705331 
H -3.050783 -2.646434 1.735150 
H -1.535141 -2.141037 0.986393 
H -1.832192 -1.792996 2.689281 
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5.1 Introduction 
 
 Modern synthetic organic chemistry is inconceivable without organometallic 
compounds of the s-block metals, anchored by the development of the Grignard reagents 
(around 1900)1–4 and alkyllithiums (1917).5,6 Even though there have been spectacular 
advances that have addressed the limited covalency and metal-centered redox chemistry 
in Group 2 compounds,7–9 ligand developments will probably remain the most direct way 
to work within the constraints of s-block electronic configurations, and these have led, for 
example, to dramatic developments in polymerization, hydrogenation, hydrosilylation, and 
hydroamination catalysts.10–14 A particularly flexible basis for such ligand design is the allyl 
anion, [C3H5]-, and its substituted derivatives. In combination with mechanochemical 
synthesis, we describe both a new coordination mode for the Mg-allyl bond and the 
catalytic reactivity of a heterometallic Mg/K-allyl complex, which demonstrate the still 
unexhausted variety and utility of the s-block-carbon bond. 
 

 
  

Figure 45. Some of the known bonding modes of the allyl: (a) η1, (b) η3, (c) η1: η2 (d) cis µ2- η1: η1, (e) 
trans µ2- η1: η1, (f) µ2- η3: η3, (g) (η1+ η3), (h) µ2- η1: η2, (i) µ2- η1: η3. 
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The parent allyl ligand [C3H5]– is a sterically compact anion that is readily 

substituted to increase its size, and for associated complexes, their solubility and thermal 
stability.15,16 The range of bonding modes documented for the allyl anion and its variants is 
remarkably large for such a small molecule: the commonly encountered terminal η1- and 
η3-conformations (along with various degrees of slippage) are accompanied with changes 
in π-electron delocalization (Figure 46a–c). The bridging conformations of the allyl group 
are even more extensive, and at least six additional allyl-metal bonding modes have been 
structurally authenticated (Figure 46d–i), although not all with a given metal.17 However, 
for the Group 2 metals, only a limited range of bonding patterns has been documented. To 
date, beryllium compounds have been found with sigma-bound (η1) (Figure 46a18 and µ2-
η1,η2 allyls (Figure 46h).19 In contrast, with very rare exceptions, η3-conformations are 
uniformly the norm with complexes of the heavier alkaline-earth metals (Ca–Ba).20–22 
Magnesium represents a borderline case; explicit attempts to prepare magnesium species 
with η3-bound allyls (Figure 46b) have not been successful,23 and at one time, based on the 
absence of any structural evidence to the contrary, sigma bonding was thought to be the 
preferred bonding mode for allyl ligands in magnesium compounds.24 Later, a bridged µ2-
η1,η2 bonding mode was identified in a dimeric complex (Figure 47), and heterometallic 
potassium/magnesium species have been found that display additional complex bonding 
arrangements.25 Absent single crystal X-ray data, structural confirmation of the Mg–allyl 
bond ligation mode is difficult, as allylmagnesium species are typically fluxional in solution, 
with NMR spectra that suggest the presence of trihapto-bound ligands. An example is 

provided by [MgA′2(THF)2] (A′ = [1,3-(SiMe3)2C3H3]) (Figure 47a), which displays η1-
bound allyls in its crystal structure, but its solution NMR spectra give the appearance of 
more symmetrical, η3-coordinated ligands; ∆G‡ for the rearrangement process is 12.3 kcal 
mol-1.26 Despite the lack of evidence in the solid state for η3-bonded allyls on Mg, 
calculations have indicated that an unsolvated [Mg(C3H5)2] complex would have η3-
ligands,26,27 and the occurrence of sigma bonding in known Mg–allyl compounds has been 
ascribed to the presence of coordinated solvents that cause a shift from η3 to η1 bonding.26 

 

  

Figure 46. (a) Connectivity of the solvated monomeric magnesium allyl [MgA′2(THF)2] (A′ = [1,3-
(SiMe3)2C3H3]); (b) connectivity of the unsolvated dimeric magnesium allyl [{MgA′2}2]. 
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 In addition to changing the bonding mode of allyl ligands, coordinated solvent can 
also affect reactions of the resultant complexes. The potentially depressant effect of such 
bases in Group 2 compounds was demonstrated by the ability of [{BDIDipp}CaH]2 to insert 
non-activated α-olefins, generating [{BDIDipp}CaR]2 calcium alkyl species, whereas the 
related [{BDIDipp}CaH(THF)]2 is essentially inert.28,29 Similarly, the solvated species 
[MgA′2(THF)2] is inactive as an initiator for methyl methacrylate (MMA) polymerization, 
which is plausibly the result of the THF ligands hindering access to the metal center.30 In 
contrast, preliminary tests (confirmed below) indicated that the unsolvated [{MgA′2}2] 
dimer displays modest activity for methyl methacrylate (MMA) polymerization, a result 
that prompted us to explore the properties of the compound more completely.  
 

The strength of the Mg–THF interaction is such that [MgA′2(THF)2] cannot be 
directly desolvated, and to obtain the solvent-free material the diethyl ether adduct 
[MgA′2(Et2O)2] must first be prepared and the ether subsequently removed under high 
vacuum.26 In an attempt to simplify the process and avoid the use of coordinating solvents, 
we turned to mechanochemistry, the use of mechanical force or energy to drive reactions.  
 

Mechanochemical synthesis can yield unique products that cannot be prepared 
from solution-based approaches. In recent years, mechanochemically induced reactions 
have become more widely employed, although compared to the progress in organic31–35 and 
materials chemistry, that in organometallic synthesis is more limited.32,36–40 In particular, 
the consequences of removing the solvent from the reaction environment are not yet 
readily predictable. Some syntheses are ‘solvent indifferent’ (e.g., that for ferrocene41), or at 
least generate the product expected from the stoichiometry of the reagents (e.g., the 
formation of [AlA′3] from the mixture of AlI3 + 3 K[A′]42). However, non-stoichiometric 
outcomes are also common (e.g., the formation of the stannate K[SnA′3] from a 1:2 reaction 
of SnCl2 and K[A′]43, or the formation of K[Ca{N(TMS)2}3] from 1:2 reaction of CaI2 and 
K[N(TMS)2].44 In these cases, the unexpected complexes appear to be non-equilibrium 
products, formed too rapidly from the high concentration of reactants in the solid state for 
the equilibrium stoichiometry to be established. 
 
5.2 Results and Discussion 
 
 Even though the possibility certainly existed that something other than the desired 
[{MgA′2}2] would be produced on grinding, MgX2 (X = Cl or Br) was milled with two 
equivalents of K[A′] for 10–15 min at 600 rpm in a planetary mill. Extraction of the resulting 
pale orange solid with hexanes (neither of the starting materials is hexanes soluble), 
filtration of the extract, and removal of solvent from the filtrate left an orange oil. The oil 
produced highly air- and moisture-sensitive microcrystals (1) on standing overnight. 1H 
NMR spectra display a splitting pattern of 2 triplets, 2 doublets, and 2 singlets, 
corresponding to a set of two distinct A′ ligands that are in a 2:1 ratio by integration of peak 
area. Superficially, the splitting pattern and ratio of intensities would suggest a compound 
with 3n (η3-A´) ligands. In fact, as is typical for allylmagnesium complexes, the compound 
is fluxional in solution. Cooling a sample even slightly (253 K) reveals new resonances in 
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the 1H NMR spectrum in tol-d8, the most obvious of which are an apparent triplet at δ 6.72 
(J = 16 Hz), accompanied by a new doublet at δ 2.89. Despite the complexity of the 

spectrum, there is no evidence for dissociation into [{MgA′2}2] and K[A´], i.e., the 
aggregate appears to remain intact. See Appendix for additional details. These resonances 
are clearly different from those in the more complex spectrum of [{MgA′2}2], which reflect 
monomer ⇄ dimer rearrangement in solution.26  
 

Crystals of 1 suitable for X-ray crystal diffraction were originally grown from a slowly 
evaporated toluene solution, and although they ultimately yielded a structure of 
connectivity only quality (Figure 47), several features are worth noting. The complex is a 
trimetallic monomer with a fundamental composition of 2:1:4 K:Mg:A′, which does not 
reflect the reagent stoichiometry. One allyl ligand is found η1-bonded to the Mg center. The 
other three are bridging, either between the potassium atoms, each of which is capped with 
a π-bound toluene ligand, or between the magnesium and the potassiums. Unfortunately, 
owing to disorder in almost all of the trimethylsilyl groups and in one of the toluenes, the 
quality of structure prevents further discussion of the bonding. 
 

  
  

Figure 47. Connectivity-only structure of [((η6-tol)K)2MgA′4] ([1•2(tol)]). 
For clarity, disorder in a toluene and in the SiMe3 groups is not shown, and 
all hydrogens have been removed, as have the carbons in the SiMe3 groups. 
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 Higher quality crystals of [1•2(tol)] could not be obtained with slow evaporation, but 
recrystallization from hexanes was successful, leading to a structure free from disorder. 
Single crystal X-ray diffraction revealed that the 2:1:4 K:Mg:A′ composition of the toluene 
solvate is maintained, but the unsolvated 1 now forms a 2D coordination polymer (Figures 
49, 50), which is isostructural with the Mn(II) analogue.45 Two of the allyl ligands on the 
Mg cation are η1-bonded and the third (C1–C3) is η3-bonded. Both of the allyls that are η1-
coordinated to Mg are π-bonded to potassium cations, extending the polymer in a sheet in 
the ab plane; the η3-allyl ligand is terminal. Each of the potassium atoms is coordinated to 
an additional K[A′] before the chain continues with a Mg core. There are two independent 
polymer systems in the asymmetric unit. Potassium coordination spheres are completed 

with methyl groups from symmetry-equivalent polymers, (K…CH3 = 3.34 Å), and every 
other layer repeats along the c-axis (Figure 50).  

Figure 48. Thermal ellipsoid plot (50% level) of a portion of the coordination polymer of 

{[K2MgA′4]}n (1). For clarity, hydrogens have been removed from trimethylsilyl groups. Selected 

bond distances and angles: Mg1–C19, 2.206(3) Å; Mg1–C10, 2.235(4) Å; Mg1–C1, 2.446(4) Å; Mg1–

C2, 2.338(4) Å; Mg1–C3, 2.375(4) Å; C1–C2, 1.389(5) Å; C2–C3, 1.417(4) Å; K1–C21, 2.997(3) Å; K1–

C20, 3.206(3) Å; K1…C19, 3.407(3) Å; K1–C28, 3.104 Å; K1–C29, 2.929 Å; K1–C30, 3.002 Å; K2–C11, 

3.133(4) Å; K2–C12, 3.057(4) Å; K1…C10, 3.319(4) Å. C1–C2–C3, 128.9(3)°. 
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Figure 49. Partial packing diagram of {K2[MgA′4]}n (the c axis is vertical). Hydrogen atoms are 
omitted for clarity. 
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There are two crystallographically independent, but similar, magnesium centers, 

and only the coordination environment around Mg1 will be discussed here. The two Mg–C 
bonds to the η1-bonded allyls are 2.206(3) and 2.235(4) Å, similar to that in [MgA′2(THF)2] 
(2.197(3) Å). The η3-bonded allyl is the first structurally authenticated example of such a 
fragment, as it is both terminal (not bridging as in [{MgA´2}2]) and the C–C bonds in the 
allyl unit differ by only 0.028 Å, indicating virtually complete electron delocalization in the 
anion. It is somewhat slipped from symmetrical coordination, with terminal Mg–C bond 
lengths of 2.375(4) and 2.446(4) Å. Such slippage is common in systems with highly polar 
metal-allyl bonding.46  
 

The bonding of the allyl ligands to the potassiums is irregular; K2 is η2-bonded to 
the [C10-C12] allyl at an average distance of 3.10 Å (to C11/C12; the K1···C10 contact is at 3.32 
Å). K2 also displays a contact at 3.09 Å to the methyl group C15 on Si3 (the K···H(C) distance 
is 2.60 Å, which is probably energetically significant). The allyl bridging between K1 and 
K2 (C28-C30) is fully delocalized (ΔC-C = 0.004 Å), and displays µ2-η3:η3 bonding to the 
potassium atoms, with average K-C distances of 3.050 Å (to K2) and 3.012 Å (to K1). The 
range of distances is similar to that observed in the coordination polymers [{K[A′]} ] and 
[{K-[A′](THF)3/2}].47 
 

5.2.1 Polymerization Results 
 
 Metal (trimethylsilyl)allyl complexes have been previously evaluated as initiators for 
the polymerization of MMA.30,48–50 Consequently, the MMA polymerization activity of 1 
was evaluated and compared to the activities of the [{MgA′2}2] complex and the previously 
reported K[A′].49 All polymerizations were conducted under an inert atmosphere in which 
the initiator, MMA (0.5 g), and toluene (2M) were combined and allowed to react at the 
designated temperature and time, as detailed in Table 1. Room-temperature 
polymerizations using initiators K[A′], 1, and [{MgA′2}2] and a high monomer/ initiator 
loading (100:1) were found to reach 94%, 72%, and 19% yield, respectively, in 24 h (Table 
11, entries 1–3). These results are consistent with the hypothesis that the polymerization 
inactivity of previously reported [MgA′2(THF)2] species is due in part to solvent 
coordination, thereby hindering monomer coordination to the metal center.30 
 
 When comparing the polymers produced using K[A′], 1, and [{MgA′2}2], we found 
that initiators K[A′] and 1 both produce atactic poly(methylmethacrylate) (PMMA) with 
similar molecular weights (Mn) and dispersities (Ð). In contrast, [{MgA′2}2] produced 
isotactically enriched PMMA having a significantly higher Mn and a broader dispersity (Ð 
= 3.83) (Table 11, entry 3). To further investigate the activity of catalyst 1, MMA 
polymerizations were conducted at lower initiator loading (250:1) and shorter 
polymerization time (1 h). Again, initiators K[A′] and 1 exhibited similar activities reaching 
90% and 72% yield, respectively (Table 11, entries 4-5), indicating that polymerizations 
using these initiators are rapid and reach their maximum possible conversion in ≤ 1 h. 



145 
 

However, [{MgA′2}2] exhibited dramatically decreased activity, only producing trace 
amounts of polymer under identical conditions (Table 11, entry 6).  
 
Table 11: Polymerization of MMA with Initiator K[A]’, [K2MgA’4] (1), and [{MgA’2}2].[a]   

Lastly, the catalytic activity of 1 was examined for MMA polymerizations at 0 °C and 
a further decreased initiator loading of 1000:1 (MMA:1). K[A′] again exhibited similar 
activity reaching 92% in 1 h (Table 11, entry 7), whereas initiator 1 exhibited an increase in 
activity at this lower polymerization temperature, ultimately reaching 89% conversion in 1 
h (Table 11, entry 8). Though the source of this increase in activity is not yet fully 
understood, we hypothesize that this may indicate that initiator 1 undergoes 
decomposition and/or deactivation at room temperature, which is slowed or suppressed at 
temperatures at or below 0 °C.51–54 Finally, and as expected at this point, [{MgA′2}2] 
exhibited no polymerization activity under these conditions (Table 11, entry 9).  
 

5.2.2 Computational Results 
  
 Isolated complexes involving the A′ ligand and a monovalent/ divalent metal 
combination have to date been of the form [MIMIIA′3], where 3 allyls are bound to the MII 
metal in a C3 symmetric tris-(η1) fashion and sequester an [MI]+ cation in the ansa-tris(η2-
olefin) pocket through a cation-π interaction (e.g., Figure 51); such interaction is calculated 
to contribute as much as 24 kcal mol–1 to the stability of the compound when MI = K.55,56 
The range of MII ions that have been incorporated into structurally characterized 
compounds includes Zn (for which combinations with MI = Li, Na, and K are known), Be,19 
and Sn.43,57 It seemed unusual that this was not the form of the metallate adopted by the 
Mg derivative, especially as the ionic radii of Mg2+ and Zn2+, for example, are similar (0.57 
Å and 0.60 Å, respectively, for CN = 4).58 The electronegativity of Mg (1.31, Pauling scale59) 
is less than any of other divalent metals used to date (1.57, 1.65, and 1.80 for Be, Zn, and Sn, 
respectively), however, and the Mg–C bond is somewhat more polar than the other M–C 
cases. The effect that this might have on the relative stability of η3- over η1- bonding was 

Entry Initiator Mono: init Temp (°C) Time (h) Yield [b] (%) Mn
[c] (g/mol) Mw/Mn Tacticity[d] 

1 K[A’] 100:1 RT 24 94 19,100 2.68 26/50/24 (atactic) 

2 [K2MgA’4] (1) 100:1 RT 24 72 17,800 2.76 25/52/23 (atactic) 

3 [{MgA’2}2] 100:1 RT 24 19 113,400 3.83 71/16/12 (isotactic 
enriched) 

4 K[A’] 250:1 RT 1 90 25,500 2.37 ---------- 

5 [K2MgA’4] (1) 250:1 RT 1 72 20,500 2.18 ---------- 

6 [{MgA’2}2] 250:1 RT 1 Trace -------- -------- ---------- 

7 K[A’] 1000:1 0 1 92 46,900 2.62 ---------- 

8 [K2MgA’4] (1) 1000:1 0 1 89 27,800 2.89 ---------- 

9 [{MgA’2}2] 1000:1 0 1 0 -------- -------- ---------- 

[a] General conditions: 0.5 g monomer, 2 M in toluene, quenched with MeOH. [b] Yield was determined based upon 
isolated polymer mass and initial mass of MMA. [c] Determined using gel permeation chromatography at 40 °C in THF 
and are reported relative to a PMMA standard. [d] Determined with 1H NMR in CDCl3 by integrating the methyl region. 
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examined with a DFT computational investigation (B3PW91-D3BJ/def2TZVP) of a selected 
set of [MIIA′2] and [KMIIA′]3 (MII = Be, Mg, Zn, Sn) complexes (details in the SI). In the 
optimized [MA′2] complexes, Zn and Sn have η1-bound allyls, indicating a preference that 
is corroborated by the lack of any structurally authenticated η3-bound allyls on Zn,60 
though some have recently been identified for Sn.61 For the more electropositive elements 
(Be, Mg), [M(η3-A′)2] geometries are lower in energy than the [M(η1-A′)2] counterparts; the 
preference for η3- over η1- in the case of Be is small (4.4 kcal mol–1), but it doubles to 9.0 
kcal mol–1 for Mg. Note that in order to maintain η¹-bound ligands, both [BeA´2] and 
[MgA´2] had to be optimized under Ci symmetry. The sigma-bound forms possessed 
imaginary frequencies, with the largest for [MgA´2] at -31 cm–¹. 

 Calculations on the monomeric [KMIIA′3] complexes indicated that all of them were 
at least local minima on their respective potential energy surfaces. The reason that a 
monomeric [KMg(η1-A′)3] complex is not isolated may be largely a result of the preference 
of magnesium for η3- over η1-allyl bonding. In addition, the polymeric structure of 1 
provides for an η3- interaction of the allyls with K+, which should provide greater 
stabilization than that from the η2 cation-π interactions with the C=C double bonds in a 
[KMg(η1-A′)3] complex.62 Finally, issues of coordinative (un)saturation at the metal center 
may be in play. With the program Solid-G,63 the net percentage of coordination sphere 
covered by the ligands in a complex may be estimated as the Gcomplex value (Figure 51). The 
value for the hypothetical [MgA′2] is 79.0% (51a), but in the solvated [MgA′2(THF)2] 
complex, it increases to 89.8% (see Appendix). A similar number (93.0%) is calculated for 
the [{MgA′2}2] dimer (51b), and also for the Mg supporting the η3-A′ ligand in 1 (i.e., in the 
[K2MgA′3]+ fragment, at 90.1%, 51c). Note that the coordination environment in 1 was 
defined as a sphere of 7.6 Å radius around Mg1. This incorporates three complete allyl 
ligands directly bonded to the Mg and two potassium cations. The Gcomplex value for the 3 
allyl ligands around Mg in monomeric [KMg(η1-A′)3] is 84.9% (51d), roughly halfway 

Figure 50. Calculated structure (B3PW91-D3BJ/def2TZVP) of [Mg(μ2-η1,η2-
A′)3K] (C3 symmetry, H atoms omitted from the TMS groups). Mg−C 2.178 Å; 
Cα−Cβ 1.441 Å; Cβ−Cγ 1.364 Å; K⋅⋅⋅C=2.93, 3.23 Å; sum of C-Mg-C′ 354.4°. 
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between the values for the exposed [MgA´2] and the enclosure in 1. This suggests that an 
undersaturated Mg center may boost its coverage by whatever means are at hand: if THF 
or Et2O molecules are available, it will coordinate to them, but if not, the complex will 
dimerize. Alternatively, the presence of extra K[A′] in the same phase provides an 
opportunity for metal coordination through the formation of a coordination polymer, 
which provides better metal saturation than the monomeric [KMg(η1-A′)3]. 
 

  

Figure 51. Visualization of the extent of coordination sphere coverage (Gcomplex) of: 
a) [MgA′2], 79.0 %; b) [{MgA′2}2], (C2 symmetry), 93.0 %; c) [K2MgA′3]+ (fragment 
derived from 1), 90.1 %; d) [MgA′3] fragment, from the hypothetical [KMg(η1-A′)3] 
(C3 symmetry, Mg at the center, K removed), 84.9 %. Optimized coordinates 
(B3PW91-D3BJ/def2-TZVP) and the program Solid-G were used. The Gcomplex value 
represents the net coverage, so that regions of the coordination sphere where the 
projections of the ligands overlap are counted only once. 
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5.2.3 Requirements for trihapto allyl bonding to Mg 
 
 The long-standing difficulty of isolating a compound with an η3-allyl ligand on Mg 
seems to conflict with computational evidence suggesting that such a bonding mode 
should be preferred over an η1-bonded arrangement. An earlier DFT investigation indicated 
that the addition of THF to [Mg(η3-C3H5)2] caused successive slippage of the allyl ligands 
to [Mg(η3-C3H5)(η1-C3H5)(THF)] and then to [Mg(η1-C3H5)2(THF)2].26  The exact reason for 
the slippage, whether primarily steric, electronic, or a combination of the two, was left 
unresolved. That a relatively crowded coordination sphere coverage of 90 % (Figure 52c) is 
still compatible with an η3-A′ ligand, however, indicates that slippage of the ligand should 
not be uncritically ascribed to simple steric effects. 
 
 In the allyl anion, the negative charge is concentrated on the terminal carbons.64 
This fact, combined with the calculated [Mg(η3-C3H5)2]→[Mg(η3-C3H5)(η1-
C3H5)(THF)]→[Mg(η1-C3H5)2(THF)2] progression noted above, suggests that the change in 
allyl hapticity occurs to maintain a roughly tetrahedral distribution of charge around the 
Mg. The relevance of these results to the structurally authenticated 1 can be appreciated by 
viewing the η3-bound allyl from a point almost perpendicular to the C3 plane (Figure 53). 
The most negatively charged carbons surrounding the Mg are C1/C3 of the π-bound allyl, 
and C10 and C19 of the neighboring σ-bonded allyls, which are at similar distances to Mg 
(2.23 and 2.21 Å, respectively). The angle between the planes defined by C1/Mg/C3 and 
C10/Mg/C19 is 77.0°. 

  

Figure 52. A fragment of the structure of 1, viewed almost perpendicularly to the η3-
allyl C3 plane; hydrogens have been removed from the TMS groups. The angle 
between the planes defined by C1/Mg/C3 and C10/Mg/C19 is 77.0°. The analogous 
angle calculated for the unsubstituted [MgK2(C3H5)3]+ cation is 87.0°. 
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These tetrahedral or pseudo-tetrahedral geometries are related to the unique set of 
properties magnesium brings to an organometallic complex. The polarity of the Mg−C bond 
is moderately high, but the electropositivity of Mg is not enough to support the η3-bonding 
expected from an essentially ionic interaction, that is, as a [Mg]2+[C3H5]− ion pair, as 
observed with the alkali metals or heavier Group 2 metals. An orbitally supported η3-allyl 
configuration, relying on a formally sp3-hybridized Mg center, will engage two of the four 
available orbitals, leaving only two to bind to additional ligands. The tetrahedral 
arrangement of bonding associated with an η3-allyl ligand is apparent in a Bader analysis 
(atoms in molecules, AIM) of [Mg(C3H5)2] and the [K2Mg(C3H5)3]+ cation (Figure 54). The 
bond critical paths (BCP) connect the most negative centers in the allyl anions to the Mg 
centers, whereas in the cation, a single BCP is observed between K+ and the closest carbon 
atom of the adjacent allyl, a bonding pattern found before with highly ionic interactions.65 
A more detailed contour mapping of the Mg–allyl interaction in the [K2Mg(C3H5)3]+ cation 
is available in the Appendix. 

 

 
 A survey of the Cambridge Structural Database (May 2019 release) reveals that all 

structurally authenticated magnesium compounds with one or more terminal allyl ligands 

(all σ-bonded) are at least 4-coordinate (see Appendix), which means that if an allyl ligand 

were to shift to a permanent η3-configuration, the effective coordination number would 

rise to at least 5 or greater. Without the electropositive character of the metal or sufficient 

orbitals to support η3-allyl bonding under such conditions, the allyl will remain σ-bonded. 

An illustration of this situation is provided by the PMDTA adducts of lithium and 

Figure 53. Bond critical points (dots) and bond paths (lines) obtained from AIM calculations for: a) 
the neutral [Mg(C3H5)2] complex; b) the [K2Mg(C3H5)3]+ cation. The average electron density of the 
bond critical points from Mg to the terminal carbons of the allyls in [Mg(C3H5)2] is 0.037 e− Å−3; 
that to the terminal carbons of the η3-bound allyl in [K2Mg(C3H5)3]+ is 0.034 e− Å−3, and to the 
terminal carbons of the η1-bound allyls is 0.040 e− Å−3. 
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magnesium allyl complexes, established crystallographically as [Li(η3-C3H5)(PMDTA)]46 

and [Mg(η1-C3H5)(PMDTA)(THF)]+[B(C6F5)4]−.25 To make the coordination environments 

equivalent and to remove any effects of crystal packing, the geometries of the neutral 

[Li(C3H5)(PMDTA)] and cationic [Mg(C3H5)(PMDTA)]+ cation complexes were optimized 

at the B3PW91-D3BJ/def2TZVP level. The allyl ligand remains η3-allyl bound to Li, and η1-

bound to Mg (Figure 55), consistent with the analysis above. 

 

5.3 Conclusion 
 
 We have prepared through mechanochemical synthesis the first compound 
containing a structurally authenticated η3-bound allyl ligand on a magnesium center. The 
rarity of this particular bonding mode appears to stem from a combination of properties 
particular to magnesium, specifically its intermediate electropositivity and limited set of 
valence orbitals. To realize the trihapto bonding, a relatively low coordination number for 
the metal is required, which can be summarized for a monometallic complex with the 
formula [(η3-allyl)xMgXyLz]2−(x+y) (X is a monoanion; L is a neutral donor) by the 
relationship 2x+y+z≤4. Consequently, if x = 2 (two η3-allyls), y and z can only be zero, as 
predicted for the structure of [Mg(η3-allyl)2]. Similarly, if one adds a neutral donor to 
[Mg(η3-allyl)2], only one of the allyls can remain η3-bound, as calculated for [Mg(η3-
C3H5)(η1-C3H5)(THF)]. The presence of the η3-A′ ligand in 1 follows from the 
values x=1, y=2, corresponding to the [(η3-A′)Mg(η1-A′)2]− anionic fragment. The isolation 
of 1 was aided by the bulk of the A′ ligand, which discourages additional coordination, and 
by the solvent-free mechanochemical synthesis, but there is no reason why this unusual 
bonding mode could not be recreated in other organomagnesium compounds. 
 

Figure 54. Geometry-optimized structures of a) [Li(η3-C3H5)(PMDTA)] and b) [Mg(η1-
C3H5)(PMDTA)]+. The Li−C bonds average to 2.24 Å, and the allyl C−C bonds differ by 0.002 

Å. The Mg-Cα distance is 2.112 Å, whereas the other carbons are >2.8 Å away. The allyl C−C 
bond lengths differ by 0.147 Å. 
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 The polymerization of MMA by K[A′], 1, and [{MgA′2}2] demonstrates the influence 
of the metal identity on polymerization activity. [{MgA′2}2] is certainly the least active of 
the three, but does provide some measure of stereocontrol, as evidenced by the enhanced 
isotacticity of the PMMA produced. K[A′] is by far the most active, and is effective at 1000:1 
loading, but produces atatic polymer. The polymerization behavior of 1 appears to be 
influenced by its preponderance of potassium, in that its activity is far higher than that of 
[{MgA′2}2], and approaches that of K[A′], and it has also lost any stereocontrol over 
polymerization, generating only atactic polymer. There has been growing interest in 
studying the properties of heterometallic main-group systems in both stoichiometric and 
catalytic contexts,25,66,67 and the ability to generate new classes of such compounds 
mechanochemically suggests that expanded investigations of heterometallic reactivity will 
be possible. 
 
5.4 Appendix 
 
Experimental Section 
 
General Considerations.  
All manipulations were performed with the rigorous exclusion of air and moisture using 
Schlenk or glovebox techniques. Elemental analysis was performed at the University of 
Rochester CENTC Elemental Analysis Facility by Dr. William Brennessel. Proton and 
carbon (13C{1H}) NMR spectra of the organometallic compounds were obtained on a DRX-
500 spectrometer at 500 (1H) and 125 (13C) MHz or an AV-400 spectrometer at 400 (1H) 
and 100 (13C) MHz and were referenced to the residual proton and 13C resonances of C6D6. 
Molecular weights (Mn) of the polymers were determined using a Tosoh EcoSec GPC at 40 
°C in THF and referenced to polymethylmethacrylate standards. 1H NMR of polymers were 
recorded on a Varian 300 spectrometer and chemical shifts are reported with respect to 
solvent residual peaks, i.e., δ 7.26 ppm (CDCl3, purchased from Cambridge Isotope 
Laboratories).  
 
Materials.  
MgCl2 and MgBr2 were purchased from commercial suppliers and used as received. The 
potassium allyl K[A´] = K[(1,3-SiMe3)C3H3] was synthesized by transmetallation of Li[A´]68 
with potassium tert-butoxide in hexanes solution. Toluene was degassed with argon and 
dried over activated alumina using a solvent purification system, then stored over 4 Å 
molecular sieves in a glovebox. Hexanes were distilled under nitrogen over 
NaK/benzophenone radical,69 then stored over 4 Å molecular sieves. Benzene-d6 was 
obtained from Cambridge Isotopes and stored over 4 Å molecular sieves. Methyl 
methacrylate was purchased from Acros, run through a basic alumina column, dried over 
4 Å sieves, vacuum transferred, and then degassed via three freeze-pump-thaw cycles. 
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Synthesis of [K2MgA′4].  
In a typical reaction, MgCl2 (0.060 g, 0.63 mmol) and K[A′] (0.281 g, 1.25 mmol) were 
added to a 50 mL stainless steel Retsch milling jar with 25 g (ca. 57 count) of stainless steel 
(440 grade) ball bearings (3/16 in (5 mm), 0.44 g) under a nitrogen atmosphere in a 
glovebox.  The jar was sealed with a clamp in the glovebox and milled for 15 minutes at 600 
rpm in a Retsch PM100 planetary mill. The jar was opened in an ether-free glovebox, and 
the reaction mixture was extracted with hexanes through a medium-porosity glass fritted 
funnel. The resulting pale green filtrate was dried under vacuum, and partway through 
evaporation a dense orange oil collected in the bottom of the flask. The orange oil remained 
after removal of solvent, out of which grew white crystals (0.174 g, 64% yield). Upon sealing 
in a glass ampule under nitrogen, the crystals immediately turned red, indicating an 
extreme sensitivity to trace oxygen and/or heat. 

 
Synthesis of [K2MgA′4•2(toluene)].  
The same procedure was followed as for the unsolvated compound, except that extraction 
was made using toluene. The toluene filtrate was pale green, and yielded a faintly green oil 
upon removal of solvent, with sheets of pale green crystals precipitating out. Toluene was 
partially lost on standing, which was reflected in the elemental analysis. Anal. Calcd for 
C38H84K2MgSi8•(C7H8)1.5: C, 57.88; H, 9.61. Found: C, 57.70; H, 9.30. 1H NMR (400 MHz, 
C6D6): δ 0.179 (s, 8.6H, TMSA), 0.252 (s, 17.43H, TMSB), 2.67 (d, 1JH-H

 = 16 Hz, 0.96H, 
(H1,3)A), 3.19 (d, 1JH-H

 = 15.7 Hz, 1.9H, (H1,3)B), 6.61 (t, 1JH-H
 = 16 Hz, 0.48H, H2A), 6.94 (t, 1JH-H

 

= 15.7 Hz, 1H, H2B). 13C{1H} NMR (100 MHz, C6D6) δ 1.65, 2.47, 70.63, 71.71, 153.81, 157.25. 
 
General MMA Polymerization Conditions.  
Under an inert atmosphere, MMA (0.5 g, 5 mmol) was added to a solution of catalyst (50, 
20, or 5 μmol) in toluene (2.5 mL). The polymerization was held at the designated 
temperature and stirred continuously for the time prescribed. The polymerization was 
quenched via exposure to air and the polymer precipitated via dropwise addition to MeOH. 
The resultant polymer was isolated via filtration then re-dissolved in CH2Cl2, re-
precipitated into MeOH, filtered, and dried. Polymer tacticity was determined with 1H 
NMR in CDCl3. 

 
X-ray Crystallography.  
X-ray crystallographic data were collected on a Rigaku Oxford Diffraction Supernova 
diffractometer. Crystal samples were handled under immersion oil and quickly transferred 
to a cold nitrogen stream. The crystals were kept at 100 K during data collection. Under 
Olex2,70 the structure was solved with the SHELXT71 structure solution program using 
direct methods and refined with the SHELXL72 refinement package using least squares 
minimization. All non-hydrogen atoms were refined with anisotropic displacement 
parameters. Crystallographic data for the structure have been deposited with the 
Cambridge Crystallographic Data Centre as CCDC 1972897, which can be obtained free of 
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44)1223-
336-033; e-mail: deposit@ccdc.cam.ac.uk). 
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General Procedures for Calculations.  
All calculations were performed with the Gaussian 09W73 or Gaussian 16 (Linux) suite of 
programs.74 The B3PW91 functional, which incorporates Becke’s three parameter exchange 
functional with the 1991 gradient-corrected correlation functional of Perdew and Wang, 
was used.75,76 To supply dispersion corrections, Grimme’s D3 correction77 with additional 
Becke-Johnson damping was used.78 Unless otherwise noted, the basis sets def2TZVP (for 
neutral and cationic complexes) or def2TZVPD (for anionic complexes) were used on all 
atoms.79 Frequency calculations were also done at the triple-zeta level. Calculation of AIM 
parameters (bond critical paths/points) were performed with the Multiwfn program (3.7 
Dev).80 

 
 
Table 12: Comparison of organomagnesium complexes with η1-bonded allyl ligands (Cambridge 
Structural Database, May 2019 release) 

Entry Complex C.N. Mg–C (Å) CSDa Code Ref. 
 
1 [{Mg(iPr2TACN)(η1-C3H5)2}] 5 2.2568(12) BARBOO 81 

2 [Mg(η1-C3H5)(tbpamd)] 4 2.133(4) CIRROL 82 

3 [Mg(η1-C3H5)Cl(tmeda)]2 5 2.179(3) FOGPAS 83 

4 Mg{HC(MeCNC6H3
iPr2-2,6)2}(η1-C3H5)(THF) 4 2.139(3) GECRUC 84 

5 [Mg(η1-C3H5)2(THF)(μ2-1,4-dioxane)]n 5 2.2021(15) IFOMUN 25 

6 [Mg(η1-C3H5)(PMDTA)(THF)][B(C6F5)4] 5 2.181(3) IFONAU 25 

7 [KMg(η1-C3H5)3(THF)] 4 2.221(8)b IFONEY 25 

8 [K2Mg(η1-C3H5)4(THF)2] 4 2.24(3)b IFONIC 25 

9 cis-[(η1-C3H5)MgBr(dme)2] 6 2.210(8) OKUSES 85 

10 [La(η3-C3H5)3(μ-1,4-dioxane)·Mg(η1-C3H5)2(μ-1,4-dioxane)1.5]∞ 

   5 2.196(8)b XAWYEA [7] 

11 [Y(η3-C3H5)3(μ-1,4-dioxane)·Mg(η1-C3H5)2(μ-1,4-dioxane)1.5]∞ 

   5 2.189(11)b XAWYIE [7] 

12 [Mg(η1-(1,3-SiMe3)2C3H3)2(THF)2] 4 2.196(4)b XUBGIL [8] 

13 [{Mg((1,3-SiMe3)2C3H3)2}2] (η1- ligands) 4 2.139(3)b XUBGOR [8] 

14 [{MgCl(THF)2}3(μ3-C3H5)2]2[Mg(η1-C3H5)4] 4 1.996(8) YEHDEV [9] 

 
aCambridge Structural Database, May 2019 release; baverage value 
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Table 13: Crystal Data and Summary of X-ray Data Collection for [K2Mg{1,3(SiMe3)2C3H5}4] 

 

Empirical formula C36H84K2MgSi8 

Formula weight 844.26 

Temperature 100 K 

Wavelength 0.71073 Å  

Crystal dimensions (mm) 0.165 × 0.12 × 0.079 

Crystal system Monoclinic  

Space group P21 

Unit cell dimensions a = 11.99006(12) Å α= 90° 

b = 10.17389(11) Å β= 96.7825(9)° 

c = 44.7549(4) Å γ= 90° 

Volume 5421.24(9) Å3 

Z 4 

Density (calculated) 1.034 Mg/m3 

Absorption coefficient 0.385 mm–1 

F(000) 1848 

Theta range for data collection 3.02 to 27.48° 

Index ranges -15≤h≤15, -13 ≤k≤13, -58 ≤l≤58 

Reflections collected 24 817 

Observed reflections 22 665 

Absorption correction Gaussian 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 24817 / 913 / 7 

Goodness-of-fit on F2 1.125 

Final R indices [I>2 (I)] R1 = 0.0419, wR2 = 0.0832 

R indices (all data) R1 = 0.0484, wR2 = 0.0854 

Largest diff. peak and hole 0.357 and -0.241 e– Å-3 
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Figure 55. A sample of [K2MgA′4], prepared from MgCl2 and K[A′], was extracted with hexanes 
and THF added to the extract. The 1H NMR spectrum (400 MHz) reveals the presence of both 
[MgA′2(THF)x] and K[A′](THF)x. 
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Figure 56. 1H NMR spectrum of [MgA′2(THF)2] alone is shown at right. Note that the value 
for the resonance of the hydrogens on the β carbons of THF is at δ1.31; it was previously 
given erroneously as δ1.58 (J. Am. Chem. Soc. 2009, 131, 6344-6345). 
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Figure 57. A sample of [K2MgA′4] cooled to 253 K. The arrows mark the appearance of new 
resonances from the slowing rearrangements of the allyl ligands. 
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Figure 58.  1H NMR spectrum (300 MHz, 25 °C, CDCl3) of PMMA obtained using K[A’].  
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Figure 59. 1H NMR spectrum (300 MHz, 25 °C, CDCl3) of PMMA obtained using [K2MgA’4]. 
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Figure 60. 1H NMR spectrum (300 MHz, 25 °C, CDCl3) of PMMA obtained using 
[{MgA´2}2]. 

Figure 61. Representative GPC trace of PMMA obtained using K[A´]. Samples 
measured in THF at 40 °C and referenced using a polymethylmethacrylate 
standards (Table 11, Entry 1 in main manuscript). 
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Table 14: Result of molecular weight calculation (RI) 

Peak 1 Valley Peak 

 [min] [mV] [mol]   Mn        19,189 

Peak start   6.272   -0.056      1,103,076   Mw        51,505 

Peak top   8.710    8.909        25,612   Mz       126,515 

Peak end  10.318    0.653         2,156   Mz+1       254,913 

      Mv        51,505 

Height [mV]    8.949   Mp        31,305 

Area [mV*sec]   1001.982   Mz/Mw            2.456 

Area% [%] 100.000   Mw/Mn            2.684 

[eta]      51504.84915   Mz+1/Mw            4.949 

 

  

Figure 62. Visualization of the extent of coordination sphere coverage (Gcomplex) of 
[MgA′2(THF)2], 89.8%. The allyl ligands are in red and blue; the THF is in green. 
Optimized coordinates (B3PW91-D3BJ/def2-TZVP and the program Solid-G were used 
to generate the figure. The Gcomplex value represents the net coverage, so that regions 
of the coordination sphere where the projections of the ligands overlap are counted 
only once. 
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Figure 63. Contour plot of the Laplacian of the electron density in the 
[K2Mg(C3H5)3]+ cation, taken through the plane defined by the Mg and the two 
terminal atoms of the η3-bound allyl. Bond critical points and paths are also 
drawn. Calculated at the B3PW91-D3BJ/def2-TZVP level, visualized with the 
Multiwfn program (3.7 Dev). 
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Energies of Calculated Geometries (prepared with ESIgen)86 
 
[MgA′2(THF)2] 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |       C26H58MgO2Si4       | 

| Number of Basis Functions                        |            1396           | 

| Electronic Energy (Eh)                           |       -2534.47185882      | 

| Sum of electronic and zero-point Energies (Eh)   |        -2533.689796       | 

| Sum of electronic and thermal Energies (Eh)      |        -2533.637286       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -2533.636342       | 

| Sum of electronic and thermal Free Energies (Eh) |        -2533.777341       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            149            | 

 

 
[MgA′2] 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C18H42MgSi4        | 

| Number of Basis Functions                        |            990            | 

| Electronic Energy (Eh)                           |       -2069.45561345      | 

| Sum of electronic and zero-point Energies (Eh)   |        -2068.912926       | 

| Sum of electronic and thermal Energies (Eh)      |        -2068.872363       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -2068.871419       | 

| Sum of electronic and thermal Free Energies (Eh) |        -2068.986732       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            109            | 

 

 

[Mg(C3H5)2] 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |          C6H10Mg          | 

| Number of Basis Functions                        |            278            | 

| Electronic Energy (Eh)                           |       -434.677680255      | 

| Sum of electronic and zero-point Energies (Eh)   |        -434.540976        | 

| Sum of electronic and thermal Energies (Eh)      |        -434.531285        | 

| Sum of electronic and enthalpy Energies (Eh)     |        -434.530341        | 

| Sum of electronic and thermal Free Energies (Eh) |        -434.575951        | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |             29            | 
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[Mg(C3H5)2(THF)] 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |         C10H18MgO         | 

| Number of Basis Functions                        |            481            | 

| Electronic Energy (Eh)                           |       -667.184907243      | 

| Sum of electronic and zero-point Energies (Eh)   |        -666.928968        | 

| Sum of electronic and thermal Energies (Eh)      |        -666.912965        | 

| Sum of electronic and enthalpy Energies (Eh)     |         -666.91202        | 

| Sum of electronic and thermal Free Energies (Eh) |        -666.974294        | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |             49            | 

 

 
[Mg(C3H5)2(THF)2] 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |         C14H26MgO2        | 

| Number of Basis Functions                        |            684            | 

| Electronic Energy (Eh)                           |     -899.6822907540001    | 

| Sum of electronic and zero-point Energies (Eh)   |        -899.307825        | 

| Sum of electronic and thermal Energies (Eh)      |        -899.285222        | 

| Sum of electronic and enthalpy Energies (Eh)     |        -899.284278        | 

| Sum of electronic and thermal Free Energies (Eh) |         -899.36364        | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |             69            | 

 

 
 
[Li(C3H5)(PMDTA)] 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |         C12H28LiN3        | 

| Number of Basis Functions                        |            359            | 

| Electronic Energy (Eh)                           |     -645.2821034849999    | 

| Sum of electronic and zero-point Energies (Eh)   |        -644.885624        | 

| Sum of electronic and thermal Energies (Eh)      |        -644.865018        | 

| Sum of electronic and enthalpy Energies (Eh)     |        -644.864073        | 

| Sum of electronic and thermal Free Energies (Eh) |        -644.931924        | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |             62            | 
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[Mg(C3H5)(PMDTA)]
+
 

 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             1             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |       C12H28MgN3(+1)      | 

| Number of Basis Functions                        |            368            | 

| Electronic Energy (Eh)                           |       -837.605142356      | 

| Sum of electronic and zero-point Energies (Eh)   |        -837.205698        | 

| Sum of electronic and thermal Energies (Eh)      |        -837.185303        | 

| Sum of electronic and enthalpy Energies (Eh)     |        -837.184359        | 

| Sum of electronic and thermal Free Energies (Eh) |        -837.252843        | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |             66            | 

 

 

[Be(1-A′)2](Ci) 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C18H42BeSi4        | 

| Number of Basis Functions                        |            977            | 

| Electronic Energy (Eh)                           |       -1884.14210058      | 

| Sum of electronic and zero-point Energies (Eh)   |        -1883.596922       | 

| Sum of electronic and thermal Energies (Eh)      |        -1883.557384       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -1883.55644        | 

| Sum of electronic and thermal Free Energies (Eh) |        -1883.671513       | 

| Number of Imaginary Frequencies                  |             1             | 

| Mean of alpha and beta Electrons                 |            105            | 

 

 

[Be(3-A′)2] 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C18H42BeSi4        | 

| Number of Basis Functions                        |            977            | 

| Electronic Energy (Eh)                           |       -1884.15519303      | 

| Sum of electronic and zero-point Energies (Eh)   |        -1883.608213       | 

| Sum of electronic and thermal Energies (Eh)      |        -1883.568825       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -1883.567881       | 

| Sum of electronic and thermal Free Energies (Eh) |        -1883.679293       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            105            | 
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[Zn(1-A′)2](Ci) 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C18H42Si4Zn        | 

| Number of Basis Functions                        |            1006           | 

| Electronic Energy (Eh)                           |       -3648.79877182      | 

| Sum of electronic and zero-point Energies (Eh)   |        -3648.255772       | 

| Sum of electronic and thermal Energies (Eh)      |        -3648.214546       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -3648.213602       | 

| Sum of electronic and thermal Free Energies (Eh) |        -3648.332919       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            118            | 

 

 

[Zn(3-A′)2](C2) 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C18H42Si4Zn        | 

| Number of Basis Functions                        |            1006           | 

| Electronic Energy (Eh)                           |       -3648.76613033      | 

| Sum of electronic and zero-point Energies (Eh)   |        -3648.224448       | 

| Sum of electronic and thermal Energies (Eh)      |        -3648.184962       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -3648.184018       | 

| Sum of electronic and thermal Free Energies (Eh) |        -3648.296315       | 

| Number of Imaginary Frequencies                  |             2             | 

| Mean of alpha and beta Electrons                 |            118            | 

 

 

[Sn(3-A′)2](C2) 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C18H42Si4Sn        | 

| Number of Basis Functions                        |            1008           | 

| Electronic Energy (Eh)                           |       -2083.81181726      | 

| Sum of electronic and zero-point Energies (Eh)   |        -2083.268154       | 

| Sum of electronic and thermal Energies (Eh)      |        -2083.22733        | 

| Sum of electronic and enthalpy Energies (Eh)     |        -2083.226386       | 

| Sum of electronic and thermal Free Energies (Eh) |        -2083.342815       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            114            | 
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[KZn(3-A′)3](C3 symm) 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C27H63KSi6Zn       | 

| Number of Basis Functions                        |            1518           | 

| Electronic Energy (Eh)                           |       -5183.45758034      | 

| Sum of electronic and zero-point Energies (Eh)   |        -5182.641389       | 

| Sum of electronic and thermal Energies (Eh)      |        -5182.578373       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -5182.577429       | 

| Sum of electronic and thermal Free Energies (Eh) |        -5182.742941       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            179            | 

 

 

[KMg(3-A′)3](C3 symm) 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C27H63KMgSi6       | 

| Number of Basis Functions                        |            1502           | 

| Electronic Energy (Eh)                           |       -3604.11207381      | 

| Sum of electronic and zero-point Energies (Eh)   |        -3603.296538       | 

| Sum of electronic and thermal Energies (Eh)      |        -3603.233616       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -3603.232671       | 

| Sum of electronic and thermal Free Energies (Eh) |        -3603.397804       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            170            | 

 

 

[KSn(3-A′)3](C3 symm) 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C27H63KSi6Sn       | 

| Number of Basis Functions                        |            1520           | 

| Electronic Energy (Eh)                           |       -3618.47562802      | 

| Sum of electronic and zero-point Energies (Eh)   |        -3617.659428       | 

| Sum of electronic and thermal Energies (Eh)      |        -3617.596576       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -3617.595632       | 

| Sum of electronic and thermal Free Energies (Eh) |        -3617.758354       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            175            | 
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[KBe(3-A′)3](C3 symm) 

 
| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             0             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |        C27H63BeKSi6       | 

| Number of Basis Functions                        |            1489           | 

| Electronic Energy (Eh)                           |       -3418.81372823      | 

| Sum of electronic and zero-point Energies (Eh)   |        -3417.993388       | 

| Sum of electronic and thermal Energies (Eh)      |        -3417.932067       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -3417.931123       | 

| Sum of electronic and thermal Free Energies (Eh) |        -3418.091708       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            166            | 

 

 
[K2Mg(C3H5)3]+ 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             1             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |       C9H15K2Mg(+1)       | 

| Number of Basis Functions                        |            575            | 

| Electronic Energy (Eh)                           |       -1751.67801881      | 

| Sum of electronic and zero-point Energies (Eh)   |        -1751.471651       | 

| Sum of electronic and thermal Energies (Eh)      |        -1751.452736       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -1751.451791       | 

| Sum of electronic and thermal Free Energies (Eh) |        -1751.52422        | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |             59            | 

 
 
[K2MgA′3]+ 
 

| Datum                                            | Value                     | 

|:-------------------------------------------------|--------------------------:| 

| Charge                                           |             1             | 

| Multiplicity                                     |             1             | 

| Stoichiometry                                    |     C27H63K2MgSi6(1+)     | 

| Number of Basis Functions                        |            1535           | 

| Electronic Energy (Eh)                           |       -4203.87614377      | 

| Sum of electronic and zero-point Energies (Eh)   |        -4203.058553       | 

| Sum of electronic and thermal Energies (Eh)      |        -4202.994287       | 

| Sum of electronic and enthalpy Energies (Eh)     |        -4202.993343       | 

| Sum of electronic and thermal Free Energies (Eh) |        -4203.159511       | 

| Number of Imaginary Frequencies                  |             0             | 

| Mean of alpha and beta Electrons                 |            179            | 
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6.1 Introduction 
 
 The fundamental organizing principles of the periodic table suggest that 
compounds containing metals of the same group and with similar ligands should display 
related properties. Hence Grignard-like reactivity was anticipated from organocalcium 
compounds when research on the latter started over a century ago.1,2 Until the importance 
of metal coordination sphere saturation and kinetic stabilization were recognized, 
however, the multi-decadal efforts to extrapolate the chemistry of magnesium to its heavier 
congeners were largely unproductive. This was noted in Advanced Inorganic Chemistry, 
where the organometallic compounds of calcium, strontium, and barium are described as 
“relatively obscure and of little utility. ”3 It is now well documented that the coordination 
and organometallic chemistry of calcium, strontium, and barium differs significantly from 
that of magnesium analogues.4,5 Calcium compounds in particular have been the subject of 
intense interest as initiators of polymerization,6–8 hydrogenation,9–11 and 
hydroelementation reactions,12–19 and as promoters of nucleophilic alkylation.20  
 
 Central to the modern development of organo-Ca, -Sr, and -Ba chemistry has been 
the increasingly sophisticated use of large, sterically bulky ligands that provide 
hydrocarbon solubility and suppress undesirable behavior, such as ether cleavage or 
Schlenk-type ligand redistribution. Whole classes of organoalkaline-earth species, such as 
those possessing π-delocalized anions as ligands (e.g., cyclopentadienyl and allyl groups)21–

25 are now known that are relatively resistant to solvent attack, and are in fact frequently 
isolated as solvates. Such coordinated solvents can still affect subsequent reactivity, 
however. We have recently shown, for example, that the unsolvated {[MgA´2]2} (A´ = 1,3-
(SiMe3)2C3H3) allyl complex is a modestly active initiator of methyl methacrylate 
polymerization, yielding isotactically enriched poly(methyl methacrylate) (PMMA).26 The 
solvated [MgA´2(THF)2] complex, in contrast, is completely inactive for this purpose,27 a 
likely consequence of the congestion of the coordination sphere by the bound THF ligands. 
Other examples of solvent-suppressed reactivity in Group 2 complexes are known.20,28 
 
 The potential inhibitory effect of coordinated solvents raises the countervailing 
possibility that complexes known to be active reagents or catalytic initiators despite the 
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presence of coordinated solvents (e.g., [CaA´2(THF)2] or [SrA´2(THF)2] for MMA 
polymerization)27 might be more reactive in an unsolvated form. Of course, an unsolvated 
(and potentially coordinatively undersaturated) complex may dimerize or oligomerize, 
altering its reactivity, but in solution an active monomeric form could exist in equilibrium 
with a more highly coordinated and sterically crowded arrangement. This happens in the 
case of {[MgA´2]}2 ⇄ 2 [MgA´2],29 and even with caveats about extrapolating from the 
behavior of magnesium to the heavier alkaline-earths, could occur in calcium or strontium 
systems as well (Figure 64).26 
 

 
Ethers are widely used in the synthesis of organoalkaline-earth compounds, and 

form the most common solvates. Their removal from oxophilic metal centers can be 
challenging if not impossible, and the preparation of unsolvated species may require 
alternate synthetic procedures. Attempts to remove diethyl ether from the solvated 
[BeA´2(Et2O)] resulted in the compound’s decomposition,30 and unlike [MgA´2(Et2O)2], 
the [MgA´2(THF)2] analog could not be desolvated under prolonged vacuum.29 
 

A direct way to circumvent strongly coordinating solvents is simply to avoid their 
use during synthesis This can be done through solvent-free mechanochemical methods. 
Although long known, mechanochemistry in the form of grinding and ball milling has 
emerged in the past decade as a powerful synthetic tool, with solvent use minimized during 
synthesis.31–36 Through these means, mechanochemistry has provided access to a range of 
compounds that could not be isolated because they are attacked by, or are unstable in, 
conventional reaction solvents.37–39 
 

a. b. 

Figure 64. Visualization of the extent of coordination sphere coverage (Gcomplex) calculated for: (a) 
[CaA′2], 71.2%; (b) {[CaA′2]}2, 90.4%. Optimized coordinates (B3PW91-D3BJ/def2TZVP) and the 
program Solid-G were used to predict the Gcomplex value; the latter represents the net coverage, so 
that regions of the coordination sphere where the projections of the ligands overlap are counted 
only once. For comparison, the values for [MgA´2] and {[MgA´2]}2 are 79.0% and 93.0%, 
respectively. The high Gcomplex values of the Ca and Mg dimers are suggestive of enough steric 
crowding to make partial dissociation in solution likely; this is known to occur for the Mg system. 
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 The synthesis of group 2 compounds frequently employs halide metathesis as a 
synthetic method, and under mechanochemical conditions reagent stoichiometry is not a 
reliable guide to the composition of products. During grinding, reagents are placed in 
conditions far from equilibrium, and the reaction speed may not allow for equilibration or 
redistribution to occur. In addition, the high reagent concentration and the potential 
coordinative undersaturation of the expected products can lead to the isolation of 
unanticipated products. For instance, ‘-ate’-type species can form instead of the intended 
neutral complexes, as when milling two equivalents of K[A´] with MgCl2 produces 
K2[MgA´4] rather than the expected [MgA´2].26 
 
  It should be noted that the mechanochemical generation of -ate species, should it 
occur, may be an advantage for the production of catalytically useful compounds, as 
initiator activity in anionic polymerizations has been correlated with net negative charges 
on the complex.40 Neither the neutral [Mg(C3H5)2] complex nor the cationic species 
[Mg(C3H5)(THF)5]+ will initiate butadiene polymerization, for example.40 The heavier 
species [Ca(C3H5)2] will, however, and the heterometallic complex Ca[Mg(C3H5)4] species 
is even more active, a difference associated with the dianionic charge on the magnesiate. If 
this is the case, calciate- or strontiate-based initiators ([Ca(allyl)3]–, [Sr(allyl)3]–) may 
possess higher levels of activity than their neutral counterparts. Described here are the 
results of the search for an unsolvated calcium allyl, the solvent-free mechanochemical 
synthesis of a bulky allyl calciate that in its initially isolated form requires arene solvation 
for stability, and that in its more thermodynamically stable form displays reactivity as a 
polymerization initiator under mild conditions. 
 
6.2 Results and Discussion 
 
  The known neutral complex [CaA´2(THF)2] is a product of solution-based 
chemistry,[18] and attempting to avoid the use of ethers to generate an unsolvated [CaA´2] 
complex by using toluene as a solvent is unsuccessful. Stirring 2:1 mixture of K[A´] and CaI2 
in toluene overnight leaves only the starting materials (1H NMR evidence). This is 
unsurprising, given the low solubility of K[A´] in toluene, and the complete insolubility of 
CaI2 in the same. The lack of reaction is also evidence that the formation of K[CaA´3] from 
the milled reaction mixture is not simply a result of the workup in toluene (vide infra). 
Furthermore, an effort to prepare a bulky allyl calciate in THF solution with the use of a 3:1 
ratio of the potassium allyl to calcium iodide (eq 1) yielded only the neutral complex.27  
 

 

(1)

 
 

 Allyl substitution on the calcium center may stop at the bis(allyl) stage as a 
consequence of a third allyl’s inability to dislodge the strongly coordinating THF. 
 

3 K[A´] + CaI2              K[CaA´3(thf)x] (+ 2 KI)

[CaA´2(thf)2]  (+ K[A´] + 2 KI)

THF
//

THF
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 A mechanochemical approach to generating the neutral allyl complex was then 
attempted. Grinding a mixture of K[A’] and CaI2 (2:1 equivalents) for 15 minutes at 600 rpm 
in a planetary ball mill leaves a highly air-sensitive pale-yellow powder that is somewhat 
soluble in toluene. Filtering a toluene extract through a fine porosity glass frit yields a 
transparent yellowish-orange solution. Drying under vacuum leaves an orange oil that 
eventually solidifies. An 1H NMR study of the oil indicated the presence of apparently π-
bound A´ ligands, and the pattern of 2 singlets (from TMS), 1 doublet (from H1 and H3), 
and 2 triplets (from H2) was originally attributed to an allyl calcium species with multiple 
allyl environments but accidentally overlapping doublets. 
 
 Systematic variation of reaction conditions revealed that there were two products 
generated whose formation could be changed by varying the grinding time. One of the 
products (1) is preferentially formed at short milling times (5-10 min) and the other (2) is 
produced after extended milling (15-20 min). Outside the mill, 1 spontaneously transforms 
into 2 either in the solid state (over 3 days) or in hydrocarbon solution (from minutes to 
days). The transformation is accompanied by a shift and intensification of color from yellow 
to red-orange, but with no other obvious signs of decomposition (e.g., formation of a 
precipitate, change in solubility), and it seems that 1 is a metastable form of 2 (Figure 66). 
Elemental analysis of 2 is consistent with the formula K[CaA´3], which is not the 
stoichiometrically expected product from the reaction. In an attempt to optimize its yield, 
a 3:1 combination of K[A´] and CaI2 was ground together, but the additional K[A´] did not 
appear to participate in the reaction, and it could be identified with 1H NMR spectroscopy 
separately from K[CaA´3]. K[CaA´3] was also the only identifiable product (1H NMR) from 
a 1:1 grind of K[A´] and CaI2. Clearly K[CaA´3] is the preferred product from these reactions, 
much as K[BeA´3] is found to be the only product regardless of whether 1:1, 2:1, or 3:1 ratios 
of K[A´] and BeCl2 are ground.41 
 

 
 Compounds 1 and 2 have distinctive 1H NMR spectra (see Table 15), and although 
the ligands appear η3-bound, A´ anions on electropositive metals are known to be fluxional, 
and even those found to be η1-bound in the solid state (e.g., on Be,41 Zn,42 Al,37 Ga43) appear 
π-bound in solution. The most obvious difference between 1 and 2 is the chemical shift of 

a.  b.   

 
Figure 65. Proposed structures of arene-solvated versions of K[CaA´3]: (a) 1 ([C6H6•K[Ca(η3-
A´)(η1-A´)2]), the initially isolated product; (b) 2 ([C6H6•K[Ca(η3-A´)3]), the form obtained after 
rearrangement. See the computational results section for rationalizations of these structures. 
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the central hydrogen on the A´ ligand, which appears as a triplet, owing to coupling with 
the two terminal hydrogens. The shift in 1 (δ 7.25, 1JH-H = 16 Hz) moves upfield in 2 (δ 6.99, 
1JH-H = 16 Hz). In allyl complexes containing the A´ ligand, a shift for the central hydrogen 
more downfield than δ 7.0 is unusual; for example, it appears at δ 6.69 for K[A´] (η3-bound) 
and at δ 6.83 for [MgA´2(THF)2] (η1-bound).29 Although not completely diagnostic, shifts 
near or greater than δ 7.0 have been observed before in A´-ate complexes that have σ-
bound ligands in the solid state (Table 15). It is possible, in fact likely, that a complex 
featuring one or more σ-bonded ligands is present here, a point discussed in the 
computational section. 
 
 Compound 1 has a complex interaction with solvents. In anything other than neat 
arenes, the rate of conversion of 1 into 2 is rapid. Even in a 90:10 (C6D6):(hexanes) mixture, 
conversion to 2 occurs quickly (<10 min). Not surprisingly, attempts to crystallize 1 by 
layering mixtures of hexane, toluene, and/or (SiMe3)2O, or by evaporation from hexanes or 
(SiMe3)2O inevitably yields crystals of 2. Even from a neat arene solvent, crystallization that 
is slow enough to form well-defined crystals always produces only 2. 
 
 An 1H NMR study was conducted over four days at 6-hr intervals to study the rate 
of transformation as a function of time and solvent composition. The results in neat C6D6 
are detailed in the Appendix (Figure 83), but in summary, there is a long induction period 
for the transformation of 1 to 2, but once it begins, it is fairly rapid. Specifically, a sample 
of 1 appears unchanged for slightly less than two days (42 hr), but by 48 hr, the distinctive 
resonances of 2 are clearly evident (ca. 15% of the total). Over the next 30 hr (a total of 78 
h since the start), virtually complete conversion to 2 occurs. Such behavior has some of the 
hallmarks of an autocatalytic reaction,44 but the difficulty in characterizing the form(s) of 
1 in solution (see below) means that detailed analysis of this point would not be justified. 
Autocatalysis is possible if the induction period reflects rapid interconversion between 
various polymorphs of solvated 1 (see ref. 23 for the underlying theory). Several speculative 
intermediates are possible (see the Computational Results section for examples), but 
constructing a catalytic cycle would require more conjecture, the validity of which would 
be extremely difficult, if not impossible, to judge. 
 
  In toluene, the UV-vis spectrum of 2 displays a broad absorbance at 316 nm, tailing 
into the visible region (see Appendix). The absorbance is probably associated with 
transitions involving the allyl anion. 45 
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Table 15: 1H NMR Shifts in C6D6 for Selected Electropositive [A´] Complexes 

Complex TMS (s) H1,3 (1JH-H, Hz ) H2 (1JH-H, Hz ) Ref. 

      1 0.34 3.33 (16) 7.25 (16) a 

      2 0.21 3.32 (16) 6.99 (16) a 

K[BeA´3]b 0.22 3.21 (br) 6.97 (16) [20 

Na[ZnA´3] b 0.16 4.00 (br) 7.59 (16) [21] 

K[ZnA´3] b 0.23 3.42 (15) 7.05 (15) [21] 

K[A´]c 0.23 2.78 (16) 6.69 (16) [26] 

 

a. this work. B. η1-bound in the solid state. C. η3-bound in the solid state. 

 

6.2.1 Crystallographic Results 
 
 Compound 2 crystallizes from hexanes within two days as pale yellow, nearly 
colorless blocks with the composition of {K[CaA´3]}n (Figure 67). The whole comprises a 
coordination polymer with the three A´ ligands η3-bound to calcium, one of which is 
terminal, and two in µ2-η3:η3 modes. The K+ counterion interacts with two of the A´ ligands, 
also in a µ2-η3:η3 mode. Around the calcium, the allyl ligands are arranged in an irregular 
fashion, with Ca–C distances ranging from 2.573–2.752 Å, with an average of 2.67 Å. 
Despite the bond length variation, partially a result of the mix of terminal and bridging 
allyls, the average distance is similar to that found in [CaA´2(THF)2] (2.654(5) Å), which 
reflects the same formal coordination number of calcium (6). The K–C distances span a 
large range from 2.92–3.33 Å, averaging to 3.12 Å. The coordination polymer chains persist 
in the solid state even with intercalated solvent molecules. A second crystal form of the 
calciate (2b) was obtained when a C6D6 solvate crystallized slowly from a sample in an 
NMR tube. Its gross structure is the same as 2, comprising the coordination polymer with 
a terminal A´ ligand on calcium, and the other two allyls bridging between calcium and 
potassium (Figure 68). In 2b, the polymer chains have moved apart, generating cavities as 

large as 156 Å3 that are filled with benzene. The closest Cbenzene…Me–Si contact is at 3.78 Å, 
roughly the sum of appropriate van der Waals radii (1.7 Åarene ring + 2.0 ÅMe).46  
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Figure 66. Thermal ellipsoid plot (50% level) of a portion of the coordination polymer of {K[CaA´3]}n 
(2n). Hydrogen atoms have been removed for clarity. Selected bond distances (Å) and angles (°): 
Ca–C1, 2.643(3); Ca–C2,  2.672(3); Ca–C3,  2.649(3); Ca–C10,  2.642(3); Ca–C11,  2.573(3); Ca–C12,  
2.600(16); Ca–C19,  2.750(15); Ca–C20,  2.715(3); Ca–C21,  2.752(3); K–C19,  3.012(16); K–C20,  

3.103(7); K–C21, 3.327(7); Ca…K, 5.055(8); C1–C2–C3, 128.1(5), C10–C11–C12, 128.8(5), C19–C20–C21, 

130.6(5), Ca…K…Ca´, 175.2, K…Ca…K´, 122.3. 

 
 A further example of the stability of the {K[CaA´3]}n chains was obtained when 2 was 
crystallized more slowly from commercial hexanes. The resulting iridescent rhombi (2c) 
were found to have grown in the polar space group P21, different from that for 2 (P21/m) or 
2b (P21/n). The crystals of 2c incorporate methylcyclopentane into the lattice as 
{K[CaA′3]•C5H9Me}n; the alicycle is a common component of hexanes. Methylcyclopentane 
comprises about 10% of commercial hexanes mixtures (Oakwood Chemicals). Its boiling 
point of 72 °C (cf. 69 °C for n-hexane) means that it is not routinely separated from other 
C6 alkanes. It should be noted that there are 52 methylcylcopentane solvates in the CCSD 
(Nov. 2019 release). The general connectivity is not in doubt, with the same {CaA´3-(µ-K)-
CaA´3}n motif found in 2 and 2b, but owing to several crystallographic issues, further 
discussion of 2c is not warranted (see Appendix for figures). 
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6.2.2 Computational Results 
 
 The formation of 1 provides an unusual glimpse into a mechanochemically 
generated, relatively long-lived, but fundamentally transient  complex.47 Such species are 
becoming increasingly recognized features of mechanochemical synthesis, and their 
appearance and transformations have been followed in reactions that generate organic 
products,48 MOFs,49,50 and coordination polymers,51 and studied with the use of 
synchrotron-based spectroscopy,51,52 time-resolved in situ Raman spectra,53 or combination 
techniques.54,55 Although 1 and 2 can be distinguished with NMR spectra, and the 1 → 2 
conversion can be suppressed for several days with appropriate solvent choice, we were 
interested in developing computational models for the two species that might help us 
understand their nature and conversions more fully. 
 
 Several guiding principles were used during the construction of the models: 1) the 
base formulas of 1 and 2 are the same, i.e., K[CaA´3], and they are presumed to be 
monomeric in solution; 2) there is some σ-bonding character to the allyls in 1, even though 
fluxionality makes the allyls appear to be π-bound; 3) in solution, interaction with arenes 
slows, but does not ultimately prevent the conversion of 1 to 2. This suggests the operation 
of a cation–π interaction of the arenes with one or both of the metals in both forms of the 
complex.56,57 Hence a mechanism that involves the (temporary) displacement of arene(s) 
from 1, thus allowing rearrangement to 2 to occur would seem to be likely. Certainly more 
than one solvent molecule surrounds 1 and 2 when they are in solution, and the application 

Figure 67. Portion of the coordination polymer of {K[CaA′3]•C6D6}n (2b), projected down 
the crystallographic b axis. Carbon-carbon and carbon-silicon bonds are shown as 
sticks, and interstitial benzene molecules are displayed with space-filling parameters. A 
thermal ellipsoid plot of 2b is available in the Appendix (Figure 74). 
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of a solvation model (e.g., PCM58) might be appropriate in this context, but  preliminary 
calculations with this approach suggested that explicit modeling of the metal-arene 
interaction was critical, and we opted to use a discrete solvent approach.  
 

 A model for the solution structure of 2 was the most straightforward, as we assumed 
it could be represented as a fragment of the solid-state coordination polymer. A calcium 
center, three surrounding η3-A´ ligands, and a K+ ion on the opposite face of one of allyls 
served as the basis of the model. A single C6H6 molecule was placed in a capping position 
over the potassium (2•C6H6; Figure 65b). A DFT calculation with the B3PW91-
D3BJ/def2SVP combination (the level of calculation used for all molecules in this section) 
found the structure to be a minimum on the potential energy surface. Any comparisons 
with the crystal structure of 2 must be made with some caution, as there are two terminal 

A´ ligands in this model for 2, and only one that is bridging, the reverse of the case in the 
coordination environment around Ca2+ in the solid-state structure. The K+ ion is 
coordinated by only one anionic ligand in the model, as distinct from two in the crystal. 
Nevertheless, several parameters compare well between the model and the crystal 
structure. The Ca–C distances average to 2.63 Å, slightly shorter than in the solid state (2.67 
Å). The K+–C(allyl) distance averages to 2.99 Å, notably shorter than in the crystal structure 
(3.15 Å), but a reasonable consequence of its being bound to only one anionic ligand, rather 
than two as in the polymer. In the model, there is auxiliary coordination to the K+ by a 
neighboring CH3 group (3.17 Å), and of course by the C6H6 ring, with a K+…centroid 
distance of 3.22 Å. The latter is comparable to the 3.25 Å K+…ring centroid distance 
calculated for the monomeric [(C6H6)KA´] complex (see the Appendix, Figure 81). 
 
 

  
 
 A model for 1 was not as easily constructed as for 2. To accommodate the presence 
of η1-allyls, an initial guess was a structure related to K[MA´3] (M = Be,41 Zn,59 Sn38,60), in 
which the allyl ligands adopt a µ2-η1:η2 bonding mode, being σ-bonded to the divalent metal 

Figure 68: Structures of proposed but rejected models for 1; (a) a C3-symmetric version, in 
which the allyl ligands adopt a µ2-η1:η2 arrangement; (b) a mixed hapticity version with 
two η3- and one η1-allyl on Ca. The preferred model for 1 is found in Figure 65a. 
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and with cation-π interactions between the K+ ion and the double bonds of the allyl ligands. 
An additional cation-π interaction would exist between K+ and an arene ring capping one 
end (Figure 68a). A Ca2+ center coordinated by all- η1-bonded allyls could explain the 
instability of 1 over time, a consequence of the strong preference for η3- over η1-bound allyl 
ligands on calcium.61 A calculation for the 68a model of 1 found it to be a local minimum, 
and the average Ca–C bond length of 2.514 Å is similar to the crystallographically 
characterized calciate K[Ca{CH(SiMe3)2}3] (2.50(1) Å).62  
 
 Though initially appealing, this structure was ultimately considered not the most 
likely model for 1•C6H6. The C3-symmetric K[MA´3] framework has never been observed 
when M is a highly electropositive metal; even Mg (𝛘 = 1.31) does not form such a complex.26 
In the present case, the incorporation of Ca (𝛘 = 1.00) would appear to have even less 
chance of success. Furthermore, the 68a model offers no obvious mechanism for the 
experimentally observed arene stabilization. Reoptimization of the 68a structure without 
the benzene increases the separation between the Ca2+ and K+ by 0.47 Å, but the all σ-
bonded framework is left otherwise intact (see Appendix for details).  
 
 Of course, all the allyls in 1 need not be σ-bonded to Ca2+, and it would be stabilizing 
if any of the ligands were π-bonded to Ca2+. Two additional models for 1 with mixed 
hapticity allyl ligands were thus considered; one with two η3-A´ and one η1-A´ ligand 
(Figure 68b) and another with one η3-A´ and two η1-A´ ligands (Figure 65a). In both cases, 
the K+ is coordinated by the double bond(s) of the η1-allyl(s) and an associated C6H6. 
Although the interaction of the K+ with the allyl ligands is not the same, the proposed 65a 
structure has similarities with the known mixed hapticity K2[Mg(η3-A´)(η1-A´)3] 
magnesiate.26 
 
 Both calcium structures are minima on their respective energy surfaces and are 
lower in energy than the all-σ bound version (68a). The 68b version by itself, with its two 
η3-A´ ligands on Ca2+, is lower in energy than the preferred Figure 65a alternative (∆G° = -
6.1 kcal mol–1), but despite the coordination to the K+ by a neighboring CH3 group (3.07 Å) 
and C6H6 ring, the potassium remains coordinatively undersaturated. Removal of the C6H6 
still leaves Ca2+ with (η3)2(η1)-coordinated A´ ligands, but the K+ now has a more 
complicated bridging interaction with the allyls, and is approached by two CH3 groups 
(both at 3.10 Å; the Appendix presents a figure of this configuration (Figure 79)). The 
undersaturation at potassium is probably the reason that the loss of C6H6 is endothermic 
by +11.8 kcal mol–1 (∆H°), leading to a small but positive free energy change (∆G° = +3.2 kcal 
mol–1); the resistance to arene loss makes it an unlikely candidate for the structure of 1.  
 
 In the optimized structure of 1•C6H6 with(η3)(η 1)2-coordinated allyls on Ca (Figure 

66a), the average K+…C distance to the double-bonded carbons of the two η 1-bonded allyls 
is 3.00 Å, which is slightly shorter than the comparable distances in K[ZnA´3] (3.08 Å) or 
K[BeA´3] (3.05 Å), and consistent with the interaction’s energetic importance.  
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 When the C6H6 is removed and the structure reoptimized, a process that involves 
only a small free energy change (∆G° = -1.7 kcal mol–1) (Figure 80), one of the σ-bonded 
allyls becomes π-bonded ; the average Ca–C distances for the two η3-A´ ligands is 2.62 Å, 
almost identical to the distance in the calculation for the monomeric 2 (2.63 Å) and the π-
electrons in both ligands are delocalized. There are limits to what can be expected from a 
gas-phase approximation, of course, and the third allyl is still η1-bound to the Ca (2.60 Å), 
but the K+ is now η3-bonded to the ligand, with an average K–C distance of 2.99 Å. Owing 
to the substantial rearrangement that occurs on removal of the C6H6, we favor this mixed 
hapticity species (Figure 65a) as the most likely model of those considered for 1•C6H6. The 
conversion of the preferred solvated models (1•C6H6 → 2•C6H6 is spontaneous by 7.7 kcal 
mol–1 (∆G°). 
 

 6.2.3 Polymerization Results 
 
 Group 1 and 2 metal (trimethylsilyl)allyl complexes are known to be initiators for 
the polymerization of methyl methacrylate (MMA),27,42,63,64 and it was expected that 2 
would likely follow suit. The MMA polymerization activity of 2 was evaluated in toluene 
(0.5 M) at several temperatures, as detailed in Table 16. In order to obtain tractable data, 
polymerizations were conducted at high monomer:initiator ratios (1000:1). Regardless of 
temperature, polymer yields were low to moderate (22–49%), displayed high dispersities 
(Ð = 8.2–10.4), and were isotactically enriched (see Appendix). It was noted that previous 
studies have shown that the related initiator K[A´] produces only atactic PMMA (entry 
5),63,65 whereas [CaA´2(THF)2] also generates isotactically enriched PMMA in toluene.27 
Although the temperature dependence of anionic polymerizations is known to be small 
relative to cationic systems,66 an expected increase in turnover frequency (TOF) was 
observed for polymerizations conducted at 0 °C (entries 1-2), which may be a result of the 
suppression of deleterious “backbiting” reactions and initiator degradation.67,68 However, 
the TOF of polymerizations conducted at -78 °C are essentially the same as those at 25 °C, 
as has been observed when other ion pairs are involved in propagation.69–71 
 
 The broad PMMA dispersities observed when using initiator 2 is similar to those 
previously observed when using Grignard reagents as initiators in MMA polymerizations.72 
Such compounds are subject to Schlenk equilibria (2 RMgX ⇄ R2Mg + MgX2), which means 
there are multiple active sites and the likelihood of side reactions, both of which may 
complicate initiation and propagation during the polymerization. A directly analogous 
rearrangement (i.e., K[CaA´3] ⇄ K[A´] + [CaA´2]) is probably not relevant here, as the low 
solubility of K[A´] would shift the equilibrium far to the right, removing K[CaA´3] from 
solution. Instead, we hypothesize that varying amounts of aggregation may be occurring 
that could contribute to the broad dispersities observed. 
 
 In comparison to MMA polymerizations, the polymerization of dienes with s-block 
complexes has received much less study.5 The stereochemistry and regiochemistry of 
conjugated diene insertion is more complex than with alkenes. For example, butadiene can 
give rise to cis- and trans-1,4-isomers, and the stereocenter generated from 1,2-
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polymerization of butadiene opens the possibility for isotactic, syndiotactic, and atactic 
microstructures. Isoprene polymerization is even more complex: 1,4 insertions can lead to 
cis- and trans- isomers, and 1,2 and 3,4 insertions generate chiral centers with extra 
possibilities for microstructural arrangements (Figure 69). 
 
 Calcium and barium complexes have been examined as initiators of butadiene 
polymerization, but studies of isoprene polymerization with the heavy Group 2 elements 
are rare. The fluorenyl complex {(Me3Si-fluorenyl)[o-(dimethylamino)benzyl]Ca}2 
([(DMAT)(9-TMS-Fl)Ca]2) and the benzyl derivative (DMAT)2Ca(THF)2 (DMAT = 2-
dimethylamino-α-trimethylsilyl-benzyl) have been used as initiators for isoprene 
polymerization in cyclohexane, and give mixtures of 1,2-/3,4-/1,4-insertion products (Table 
16, entries 14,15).73 
 
 The potassium allyl complex K[A´] was found to be inactive as an initiator for 
isoprene polymerization (Table 16, entry 10, and Appendix), as was the solvated 
[CaA´2(THF)2] (entry 11). However, complex 2 initiates isoprene polymerization in toluene 
(entry 6) at room temperature and atmospheric pressure, producing polyisoprene in high 
yield and low dispersity. As a note, these are the mildest conditions yet reported for a heavy 
Group 2 isoprene polymerization initiator. For polymerizations using initiator 2, only two 
insertion products are observed, 1,4- and 3,4-, in a 63:37 ratio (see Appendix for details). 
Repetition of the reaction at 50 °C and 80 °C (entries 7,8) indicate that the initiator remains 
active, repeatedly producing yields ≥98%. However, polyisoprene molecular weights (Mn) 
were observed to decrease by 13% at 50 °C, and by 30% at 80 °C, and Ð values increased 
modestly, by 0.2–0.3. Such a decrease in Mn is characteristic of increased chain transfer at 
elevated temperatures, which is also known to broaden dispersity.74 
 
 Finally, the deleterious effect that THF has on the initiating ability should be noted. 
Addition of an equivalent of THF to a solution of 2 (Table 16, entry 9) completely suppresses 
any isoprene polymerization activity. Furthermore, the combination of K[A´] and 
[CaA´2(THF)2] (entry 12) is also inactive, indicating that they do not associate to generate 
an ‘-ate’-type species. This underscores the critical importance of the initial solvent-free 
mechanochemical synthesis for the subsequent reactivity of the K[CaA´3] system. 

 
  

Figure 69. Stereochemical possibilities for polyisoprenes. 
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Table 16: Polymerization Results with 2a 

(A) Polymerization of MMAa 

Entry Initiator Mono/ 
cat 

Temp  
  (°C) 

Time Yield 
(%) 

  TOF 
(min–1) 

Mn
 

(g/mol) 
  Ð Tacticityc Ref. 

1 K[CaA´3] (2) 1000 RT 8 min 22 27 63,600[b] 8.44b 69/22/9 
(isotactic 
enriched) 

this work 

2 K[CaA´3] (2) 1000 0 8 min 49 61 75,700[b] 8.25b 64/25/11 
(isotactic 
enriched) 

this work 

3 K[CaA´3] (2) 1000 –78 8 min 23 29 76,300[b] 10.41b 66/28/6 
(isotactic 
enriched) 

this work 

4 (n-Bu)MgBr 50 –78 72 hr 14  7,420 11.2 21/15/64 
(syndiotactic 
enriched) 

69–71 

15 K[A´] 1000 –78 0.5 min 87 1150 — — 25/53/22 
(atactic) 

69–71 

[a] Conditions for initiation with K[CaA´3]: 0.25 g monomer, 0.5 M with respect to monomer in toluene, cooled to the 
respective temperature before monomer addition, then quenched with acidic MeOH and precipitated into MeOH. 
[b] Number average molecular weights (Mn) and dispersities (Đ) were measured via GPC at 40 °C in THF, and are reported 
relative to PMMA standards.  
[c] Tacticities are reported as percent mm/mr/rr triads as determined from 1H NMR spectra 

 
(B) Polymerization of Isoprene 

Entry Initiator Mono/
cat 

Temp 
(°C) 

Time 
(h) 

Yield 
(%) 

Mn
 

(g/mol) b 
Ðb 1,2/1,4/3,4c Ref. 

6 K[CaA´3] (2)a 200 RT 12 98 16,300b 1.27b 0/63/37 this work 

7 K[CaA´3] (2)a 200 50  12 99 14,200 1.63 0/64/36 this work 

8 K[CaA´3] (2)a 200 80 12 98 11,400 1.52 0/64/36 this work 

9 K[CaA´3] + 1 eq 
THF [a] 

200 RT 12  0 — — — this work 

10 K[A´]a 200 RT 12 0 — — — this work 

11 [CaA´2(THF)2]a 200 RT 12 0 — — — this work 

12 K[A´] + 
[CaA´2(THF)2] a 

200 RT 12 0 — — — this work 

13 sec-BuLi  80 2 — 39,300 1.04  75–77 

14 (DMAT)2Ca(THF)
2 

100 50 1 — 20,600 1.30 22/52/26 75–77 

15 [(DMAT)(9-TMS-
Fl)Ca]2 

100 50 0.25 — 15,400 1.26 11/52/37 75–77 

a Conditions: 0.25 g monomer, 4 mL toluene, quenched with acidic MeOH and precipitated into MeOH. 
b Number average molecular weights (Mn) and dispersities (Đ) were measured via GPC at 30 °C in THF using triple 
detection.  
c Tacticities are reported as percent mm/mr/rr triads as determined from 1H NMR spectra. 
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6.3 Conclusion 
 
 In addition to its benefits as a ‘green’ approach to synthesis, mechanochemistry 
offers a valuable way to generate molecules that are unavailable from solution-based 
methods. When describing the outcome of a reaction, there is a potential difference 
between the initial product and the results of the first contact of such species with the 
solvent(s) during the rest of the reaction time and during workup. Compounds that are 
prepared and isolated from solvent-based conditions have undergone a type of “selection 
by solution”, and potentially useful molecules can be lost by that initial interaction. 
Mechanochemically based synthesis, in contrast, permits a separation between an initially 
formed product and the changes that might occur during a solvent-based workup. Note 
that workup in solution is not an absolute necessity in all cases. The product may be formed 
with essentially no by-products,78 or it might be purified by a solvent-free method, e.g., 
sublimation. Small amounts of solvents are often required, however, for the workup of 
organometallic compounds prepared with grinding or milling. 
 
 The absence of ethers in the attempted synthesis of [CaA´2] leads instead, owing to 
coordinative unsaturation, to the formation of the “-ate” complex K[CaA´3]. The 
heterohaptic allyl complex undergoes smooth conversion to a still highly active, all-π-
bound polymorph. Such behavior highlights a synergy between the solid state and solution 
environments that likely exists with other heterometallic main group metal complexes, 
most probably with strontium and barium, and which presents additional possibilities for 
generating highly active reagents and catalytic initiators. 
 
6.4 Appendix 
 
Experimental Procedures 
 
General Considerations. All manipulations were performed with the rigorous exclusion 
of air and moisture using Schlenk or glovebox techniques in a glovebox free of coordinating 
solvents. Proton and carbon (13C{1H}) NMR spectra of the organometallic compounds were 
obtained on an AV-400 spectrometer at 400 (1H) and 100 (13C) MHz or an AV-600 
spectrometer at 600 (1H) and 150 (13C) MHz and were referenced to the residual proton 
and 13C resonances of C6D6. Elemental analyses were performed at the University of 
Rochester CENTC Elemental Analysis Facility by Dr. William Brennessel. Molecular 
weights (Mn) of the PMMA were determined using a Tosoh EcoSec GPC at 40 °C in THF 
and referenced to polymethylmethacrylate standards. Molecular weights (Mn) the 
polyisoprene were determined using a Malvern Omisec system using triple detection and 
three Viscotek styrene divinylbenzene copolymer columns (in series T3000, T4000, and 
T5000) at a flow rate of 1 mL min−1 and thermostatted to 30 °C with THF as the eluent. 1H 
NMR of polymers were recorded on a Varian 300 spectrometer and chemical shifts are 
reported with respect to solvent residual peaks, i.e., δ 7.26 ppm (CDCl3, purchased from 
Cambridge Isotope Laboratories).  
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Materials. CaI2 was purchased from commercial suppliers and used as received. The 
potassium allyl K[A´] = K[(1,3-SiMe3)C3H3] was synthesized by transmetallation of Li[A´]79 
with potassium tert-butoxide in hexanes solution. Toluene was degassed with argon and 
dried over activated alumina using a solvent purification system, then stored over 4Å 
molecular sieves in a glovebox. Hexanes were distilled under nitrogen over 
NaK/benzophenone radical,80 then stored over 4 Å molecular sieves. (SiMe3)2O was 
purchased from commercial suppliers, distilled over sodium under nitrogen atmosphere, 
and stored over 4 Å molecular sieves in a glovebox. Benzene-d6 was obtained from 
Cambridge Isotopes and stored over 4 Å molecular sieves. Methyl methacrylate (MMA) was 
purchased from Acros, run through a basic alumina column, dried over 4 Å sieves, vacuum 
transferred, and then degassed via three freeze-pump-thaw cycles. Isoprene was purchased 
from Acros, distilled from CaH2, and degassed via three freeze-pump-thaw cycles. 
 
Mechanochemical protocol. Ball milling reactions used 50 stainless steel (440 grade) 
ball bearings (3/16 in (5 mm), 0.44 g) that were thoroughly cleaned with detergent and 
water, then washed with acetone, and dried in a 125 °C oven prior to use. Planetary milling 
was performed with a Retsch PM100 mill, 50 mL stainless steel grinding jar type C, and a 
safety clamp for air-sensitive grinding. A typical reaction involved 250 mg total sample 
weight, sealed under an inert atmosphere. The ground mixture was extracted with minimal 
solvent (<100 mL) and filtered through a fine porosity ground glass frit. The extraction is 
designed to dissolve the complex, and the filtration removes traces of KI. The filtrate was 
then dried under vacuum prior to NMR analysis. 
 
Synthesis of K[CaA´3] (1) (initial product). In a typical reaction, CaI2 (0.098 g, 0.333 
mmol) and K[A´] (0.150 g, 0.668 mmol) were added to a 50 mL stainless steel Retsch 
milling jar with 25 g (~57 count) of stainless steel (440 grade) ball bearings (3/16 in (5 mm), 
0.44 g) under a nitrogen atmosphere in a glovebox. The jar was sealed with a clamp in the 
glovebox and milled for 10 minutes at 600 rpm in a Retsch PM100 planetary mill. The jar 
was opened in an ether-free glovebox, and the reaction mixture was extracted with toluene 
(<100 mL) through a fine-porosity glass fritted funnel. The resulting yellow filtrate was 
dried under vacuum, and a yellow oil was collected in the bottom of the flask. 1H NMR (600 
MHz, C6D6): δ 0.343 (s, 18 H, TMS), δ 3.33 (d, 1JH-H

 = 16.15 Hz, 2 H, H1,3), δ 7.25 (t, 1JH-H
 = 

16.15 Hz, 1 H, H2). 13C{1H} NMR (150 MHz, C6D6): δ 2.38, 77.16, 159.83. 
 
Synthesis of K[CaA´3] (2) (rearrangement product). In a typical reaction, CaI2 (0.098 
g, 0.333 mmol) and K[A´] (0.150 g, 0.668 mmol) were added to a 50 mL stainless steel 
Retsch milling jar with 25 g (~57 count) of stainless steel (440 grade) ball bearings (3/16 in 
(5 mm), 0.44 g) under a nitrogen atmosphere in a glovebox. The jar was sealed with a clamp 
in the glovebox and milled for 20 minutes at 600 rpm in a Retsch PM100 planetary mill. 
The jar was opened in an ether-free glovebox, and the reaction mixture was extracted with 
toluene (<100 mL) through a fine-porosity glass fritted funnel. The resulting yellow filtrate 
was dried under vacuum, and an orange oil was collected in the bottom of the flask. When 
under vacuum for an extended period of time, the orange oil becomes a white solid, 
signifying loss of toluene (25 mg, 0.034 mmol, 15%). This is reflected in the elemental 
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analysis, which was consistent with [KCaA´3(toluene)0.5], C27H63CaKSi6•(C7H8)0.5: C, 53.75; 
H, 9.91. Found: C, 53.34; H, 9.92. 1H NMR (600 MHz, C6D6): δ 0.21 (s, 18 H, TMS), δ 3.32 
(d, 1JH-H

 = 16 Hz, 2H, H1,3), δ 6.99 (br, 1H, H2). 13C{1H} NMR (150 MHz, C6D6): δ 1.79, 79.87, 
161.40. 
 
General MMA Polymerization Conditions. Under an inert atmosphere, MMA (0.25 g, 
2.5 mmol) was added to a solution of (2) (2.5 μmol) in toluene (5 mL) cooled to the 
designated temperature. The polymerization was held at the designated temperature and 
stirred continuously for 8 min. The reaction was quenched by addition of acidic methanol 
(3 mL) and the polymer precipitated via dropwise addition to MeOH. The resultant 
polymer was isolated via filtration and dried. Polymer tacticity was determined with 1H 
NMR in CDCl3.81,82 
 
General Isoprene Polymerization Conditions. Under an inert atmosphere, isoprene 
(0.25 g, 3.67 mmol) was added to a solution of (2) (11.7 mg, 0.0184 mmol) in toluene (4 
mL) at the designated temperature in a vial sealed with a Teflon faced cap. The 
polymerization was stirred continuously for 12 h at the designated temperature. The 
polymerization was quenched with acidic methanol (3 mL) and the polymer precipitated 
via dropwise addition to MeOH. The methanol was decanted off then the polymer was 
dried. Polymer regiochemistry was determined with 1H NMR in CDCl3.83–85 
 
Procedures for X-ray Crystallography 
(1) A crystal (0.36 x 0.24 x 0.20 mm3) was placed onto the tip of a thin glass optical fiber 
and mounted on a Bruker SMART APEX II CCD platform diffractometer at the X-ray 
Crystallographic Facility, Department of Chemistry, University of Rochester, Rochester, NY 
for data collection at 100.0(5) K.86 A preliminary set of cell constants and an orientation 
matrix were calculated from reflections harvested from three orthogonal wedges of 

reciprocal space. The full data collection was carried out using MoK radiation (graphite 
monochromator) with a frame time of 60 seconds and a detector distance of 4.03 cm. A 
randomly oriented region of reciprocal space was surveyed: four major sections of frames 

were collected with 0.50° steps in  at four different  settings and a detector position of -

38° in 2. The intensity data were corrected for absorption.87 Final cell constants were 
calculated from the xyz centroids of 3884 strong reflections from the actual data collection 
after integration.88 The structure was solved using SHELXT-2014/5 89 and refined using 
SHELXL-2014/7.90 The space group P21/m was determined based on systematic absences 
and intensity statistics. A direct-methods solution was calculated which provided most 
non-hydrogen atoms from the E-map. Full-matrix least squares / difference Fourier cycles 
were performed which located the remaining non-hydrogen atoms. All non-hydrogen 
atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 
placed in ideal positions and refined as riding atoms with relative isotropic displacement 
parameters. The asymmetric unit contains one calcium cation on a crystallographic mirror 
plane, one potassium cation near a crystallographic inversion center, and three allyl ligands 
whose occupancies are restricted to one half because they are disordered as a set over 
crystallographic symmetry. Because the silicon atoms are approximately evenly spaced 
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from one another (about 6 Å apart), the connecting allyls are able to connect in two 
directions, and thus the structure is a disorder of the two motifs, the ratio of which is 
exactly 0.50:0.50 due to the aforementioned crystallographic symmetry. The SiMe3 group 
containing Si5 is modeled as disordered over two additional positions (0.82:0.18). 
 
(2b,2c) X-ray crystallographic data were collected on a Rigaku Oxford Diffraction 
Supernova diffractometer at Vanderbilt University. Crystal samples were handled under 
immersion oil and quickly transferred to a cold nitrogen stream. The crystals were kept at 
100 K during data collection. Under Olex2,91 the structure was solved with the SHELXT89 
structure solution program using direct methods and refined with the SHELXL90 
refinement package using least squares minimization. All non-hydrogen atoms were 
refined with anisotropic displacement parameters. 
 
Crystallographic data for the structure have been deposited with the Cambridge 
Crystallographic Data Centre as CCDC 2024008 (2), 2024009 (2b), and 2024040 (2c). 
Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, 
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). 
 
General Procedures for Calculations 
All calculations were performed with the Gaussian 09W92 or Gaussian 16 (Linux) suite of 
programs.93 The B3PW91 functional, which incorporates Becke’s three-parameter exchange 
functional with the 1991 gradient-corrected correlation functional of Perdew and Wang, 
was used.94,95 To supply dispersion corrections, Grimme’s D3 correction96 with additional 
Becke-Johnson damping was used (Gaussian keyword: empiricaldispersion=GD3BJ).97 
Unless otherwise noted, the def2SVP basis set was used on all atoms.98 Frequency 
calculations were also done at the double-zeta level. An ultrafine grid was used for all 
calculations (Gaussian keyword: int=ultrafine). 
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Figure 71. 13C NMR spectrum of initial product (1) from K[A´] + CaI2 

Figure 70. 1H NMR spectrum of initial product (1) from K[A´] + CaI2 
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Figure 73. 13C NMR spectrum of rearrangement product (2) from K[A´] + CaI2 

Figure 72. 1H NMR spectrum of rearrangement product (2) from K[A´] + CaI2 
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Wavelength (nm)

Figure 74. UV-vis spectrum of K[CaA′3] in toluene. The peak underneath the arrow is at 316 nm. 
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Figure 75. Portion of the coordination polymer of {K[CaA′3]•C6D6}n (2b). Thermal 

ellipsoids have been drawn at 50%, and hydrogen atoms have been removed for clarity. 

Selected bond distances (Å) and angles (°): Ca–C1, 2.623(2); Ca–C2, 2.635(2); Ca–C3, 

2.611(2); Ca–C10, 2.654(2); Ca–C11, 2.670(2); Ca–C12, 2.726(2); Ca–C19, 2.695(2); Ca–

C20, 2.640(2); Ca–C21, 2.711(2); K–C19, 3.127(2); K–C20, 2.933(2); K–C21, 3.107(2); 

Ca1…K, 5.153; Ca2…K, 5.053; Ca…K…Ca´, 170.4, K…Ca…K´, 114.6. 
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Figure 76. Portion of the coordination polymer of {K[CaA′3]•C5H9Me}n (2c), with carbon-
carbon and carbon-silicon bonds shown as sticks. Hydrogen atoms have been removed 
for clarity, and only one conformation of the disordered methylcyclopentane is presented. 
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Figure 77. Portion of the coordination polymer of {K[CaA′3]•C5H9Me}n (2c), projected 

down the crystallographic b axis. Carbon-carbon and carbon-silicon bonds are shown 

as sticks, and interstitial methylcyclopentane molecules are displayed with space-filling 

parameters. 

 



197 
 

 

 
 
  

Figure 78. Calculated geometry (B3PW91-D3BJ/def2SVP) of an approximately C3-

symmetric version of 1•C6H6, in which the allyl ligands adopt a µ2-η1: η3 arrangement 

(Figure 68a in the main text). Carbon-carbon and carbon-silicon bonds are shown as 

sticks. Selected bond distances (Å): Ca1–C, 2.514; average K1–C (η3-A´), 3.115; K1…(ring 

centroid), 3.339; Ca1…K1 separation: 3.401. 
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Figure 79. Calculated geometry (B3PW91-D3BJ/def2SVP) of an approximately C3-

symmetric version of 1, obtained by reoptimizing the 1•C6H6 model (Figure 68a in the main 

text) with the C6H6 removed. Carbon-carbon and carbon-silicon bonds are shown as 

sticks. Selected bond distances (Å): average Ca1–C, 2.495; average K1–C (η2-A´), 3.059; 

Ca1…K1 separation, 3.874. 
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Figure 80. Calculated geometry (B3PW91-D3BJ/def2SVP) of a (C6H6)•K[Ca(π-A´)2(σ-A´)] 
model of 1 (Figure 68b in the main text). Carbon-carbon and carbon-silicon bonds are 
shown as sticks. Selected bond distances (Å): average Ca1–C(η3-A´), 2.617; Ca1–C10: 2.602; 

average K1–C(η2-A´), 2.970; K1…C63, 3.074; K1…(ring centroid), 3.390. 
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Figure 81. Calculated geometry (B3PW91-D3BJ/def2SVP) of a version of 1, obtained 
by reoptimizing the (C6H6)•K[Ca(π-A´)2(σ-A´)] model (Figure 68b in the main text) 
with the C6H6 removed. Carbon-carbon and carbon-silicon bonds are shown as 
sticks. Selected bond distances (Å): average Ca1–C(η3-A´), 2.622; Ca1–C10: 2.602; K1–
C4: 3.090; K1–C6: 3.096; K1–C12: 3.075; K1–C14: 2.846; K1–C51: 3.095; K1–C95: 3.101. 
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Figure 82. Calculated geometry (B3PW91-D3BJ/def2SVP) of a version of 1, obtained by 
reoptimizing the (C6H6)•K[Ca(π-A´)(σ-A´)2] model (Figure 65a in the main text) with the 
C6H6 removed. Carbon-carbon and carbon-silicon bonds are shown as sticks. Selected 
bond distances (Å): average Ca1–C(η3-A´), 2.621; Ca1–C11: 2.604; average K1–C(η3-A´), 
2.986; K1–C4: 3.056; K1–C8: 3.060. 
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Figure 83. Calculated structure [(C6H6)•KA´] (B3PW91-D3BJ/def2SVP), with carbon-

carbon and carbon-silicon bonds shown as sticks. Selected bond distances (Å): K1–C1, 

2.871; K1–C2, 2.783; K1–C3, 2.877; C1–Si1, 1.830; C3–Si2, 1.831; K1…(ring centroid), 3.250. 
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Figure 84. Change in the composition of a solution of 1 in neat C6D6, as measured with 1H 
NMR spectroscopy. There is no evidence for the presence of the rearrangement product 2 
until more than 40 h have passed. The line through the data points is meant as a guide to 
the eye; it does not represent a calculated fit. 
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Table 17: GPC trace data and resulting molecular weight calculation (MMA run 1) 

 [min] [mV] [mol]   Mn        63,634 

Peak start   5.257   -0.067    694,010,710   Mw       537,010 
Peak top   8.575   10.364        43,417   Mz     51,774,362 
Peak end   9.892    0.105         5,932   Mz+1    393,725,613 

      Mv       537,010 
Height [mV]   10.305   Mp        43,417 
Area [mV*sec]    919.680   Mz/Mw           96.412 
Area% [%] 100.000   Mw/Mn            8.439 
[eta]     537010.16727   Mz+1/Mw          733.181 

 

 
Figure 86. Representative GPC trace of PMMA obtained with K[CaA’3] (2) at 0 °C. Samples 

measured in THF at 40 °C and referenced using PMMA standards (Table 16, entry 2 in main text). 

 
Table 18: GPC trace data and resulting molecular weight calculation (MMA Run 2) 

 [min] [mV] [mol]   Mn        75,698 

Peak start   5.108   -0.022    999,999,999   Mw       624,317 

Peak top   8.217    5.917        68,788   Mz    246,918,228 

Peak end   9.847    0.123         6,392   Mz+1    892,166,904 

      Mv       624,317 

Height [mV]    5.845   Mp        63,161 

Area [mV*sec]    718.291   Mz/Mw          395.502 

Area% [%] 100.000   Mw/Mn            8.247 

[eta]     624316.73911   Mz+1/Mw         1429.029 

Figure 85. Representative GPC trace of PMMA obtained with K[CaA’3] (2) at RT. Samples measured 

in THF at 40 °C and referenced using PMMA standards (Table 16, entry 1 in main text). 
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Figure 87. Representative GPC trace of PMMA obtained with K[CaA’3] (2) at -78 °C. Samples 

measured in THF at 40 °C and referenced using PMMA standards (Table 16, entry 3 in main text). 
 

Table 19: GPC trace data and resulting molecular weight calculation (MMA Run 3) 

 [min] [mV] [mol]   Mn        76,285 

Peak start   5.038   -0.037    999,999,999   Mw       794,243 

Peak top   7.945    8.415        97,982   Mz    657,597,981 

Peak end   9.962    0.036         5,281   Mz+1    947,509,873 

      Mv       794,243 

Height [mV]    8.378   Mp        88,165 

Area [mV*sec]    833.426   Mz/Mw          827.956 

Area% [%] 100.000   Mw/Mn           10.412 

[eta]     794242.89642   Mz+1/Mw         1192.972 
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Figure 88. Representative GPC trace of polyisoprene obtained with K[CaA´3] 
(2) at RT. Samples measured in THF at 30 °C and reported as absolute 
molecular weight (Table 16, entry 6 in main text). 
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Figure 89. Representative GPC trace of polyisoprene obtained with K[CaA’3] (2) at 50 °C. Samples 
measured in THF at 30 °C and reported as absolute molecular weight (Table 16, entry 7 in main 
text). 

 

Figure 90. Representative GPC trace of polyisoprene obtained with K[CaA’3] (2) at 80 °C. Samples 
measured in THF at 30 °C and reported as absolute molecular weight (Table 16, entry 8 in main 
text). 
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Figure 91. 1H NMR spectrum (300 MHz, 25 °C, CDCl3) of PMMA obtained using K[CaA´3] (2) at RT.  
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Figure 92. 1H NMR spectrum (300 MHz, 25 °C, CDCl3) of PMMA obtained using K[CaA´3] (2) at 0 
°C. 
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Figure 93. 1H NMR spectrum (300 MHz, 25 °C, CDCl3) of PMMA obtained using K[CaA´3] (2) at -78 
°C. 
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Figure 94. 1H NMR spectrum (300 MHz, 25 °C, CDCl3) of polyisoprene obtained using K[CaA´3] (2) 
at RT. 
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Figure 95. 1H NMR spectrum (300 MHz, 25 °C, CDCl3) of PMMA obtained using K[CaA’3] (2) at 50 

°C.  
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Figure 96. 1H NMR spectrum (300 MHz, 25 °C, CDCl3) of PMMA obtained using K[CaA’3] (2) at 80 

°C.  
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Table 20: Crystal Data and Summary of X–ray Data Collection of Calcium Compounds 

 

Compound {KCa{1,3-(SiMe₃)₂C₃H₃}₃}n (2) {[KCa{1,3-(SiMe₃)₂C₃H₃}₃•C6D6}n (2b) {[KCa{1,3-(SiMe₃)₂C₃H₃}₃•C5H9Me}n (2c) 

Empirical formula C27H63CaKSi6 C27H63CaKSi6•C6D6 C27H63CaKSi6•C6H12 

Formula weight 635.49 713.60 719.65 

Color of compound pale yellow pale yellow orange 

Temperature/K 100.0(5) 100 183 

Crystal system monoclinic monoclinic monoclinic 

Space group P21/m P21/n P21 

a/Å 11.235(2) 13.4801(3) 11.1995(10) 
 

b/Å 17.338(3) 17.1263(3) 16.7329(11) 
 

c/Å 11.856(2) 20.6565(3) 13.5654(13) 
 

α/° 90 90 90 

β/° 115.571(4) 104.8787(17) 111.347(11) 

γ/° 90 90 90 

Volume/Å3 2083.4(7) 4608.96(14) 2367.7(4) 

Z 2 4 2 

ρcalc g/cm3 1.013 1.028 1.009 

μ/mm–1 0.437 3.604 3.507 

F(000) 696 1560 792 

Crystal size/mm3 0.36 × 0.24 × 0.20 0.219 × 0.107 × 0.066 0.123 × 0.049 × 0.021 

Radiation MoKα (λ = 0.71073) CuKα (λ = 1.5418) CuKα (λ = 1.54184) 

Θ range for data collect/° 1.904 to 29.629 3.40 to 73.43 3.498 to 68.106 

Index ranges -15 ≤ h ≤ 15, -24 ≤ k ≤ 24, -16 ≤ l ≤ 16 -16 ≤ h ≤ 15, -20 ≤ k ≤ 19, -23 ≤ l ≤ 25 -9 ≤ h ≤ 12, -19 ≤ k ≤ 19, -16 ≤ l ≤ 10 

Reflections collected 30 710 35 462 8115 

Independent reflections 6049 [Rint = 0.0445] 2407 [Rint = 0.0379, Rsigma = 0.0317] 5624 [Rint = 0.0524, Rsigma = 0.0959] 

Data/restraints/parameters 6049/30/356 9099/0/388 5624/194/446 

Goodness-of-fit on F2 1.032 1.027 1.049 

Final R indexes [I > 2σ (I)] R1 = 0.0457, wR2 = 0.1162 R1 = 0.0343, wR2 = 0.0841 R1 = 0.0711, wR2 = 0.1640 

Final R indexes [all data] R1 = 0.0796, wR2 = 0.1398 R1 = 0.0415, wR2 = 0.0883 R1 = 0.0948, wR2 = 0.1803 

Largest diff. peak/hole/e Å–3 0.455/-0.184 0.404/-0.427 0.76/-0.73 

Flack parameter N/A N/A 0.27(3) 
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Chapter 7 

 
Di(indenyl)beryllium 

 
 
 

7.1 Introduction 
 

Among the many accomplishments of E. O. Fischer and his coworkers was the 
synthesis of beryllocene, [Be(C5H5)2], in 1959.1 It and its substituted derivatives have been 
among the most intensively studied main-group metallocenes, an interest that started with 
the discovery of beryllocene’s nonzero dipole moment (2.24 D in C6H12 at 25 °C),1 ruling 
out a ferrocene-like structure with D5h or D5d symmetry. The results of electron diffraction 
data,2,3 Raman spectroscopy,4 and X-ray diffraction,5–7 bolstered with molecular 
dynamics8,9 and density functional theory calculations,10 eventually converged on an η5-η1 
“slip-sandwich” structure in the solution and solid state (Figure 97a). Among the 
substituted beryllocenes are various methylated versions, including the bulky 
[Be(C5Me5)2], which uniquely possesses a η5-η5 structure and appreciably longer Be–C 
bonds than other beryllocenes. 
 
 Despite potential for use in hydrogen storage, catalysis, and other fields, beryllium 
chemistry is severely understudied. Much of “classic” organoberyllium chemistry in fact 
stems from the work of Geoffrey Coates from the 1950s–1970s.11–14 Beryllium chemistry is 
often discouraged or prohibited due to its reputation for toxicity and carcinogenicity, 
which has resulted in starting materials becoming increasingly difficult to obtain or 
banned. Chronic beryllium disease / berylliosis are well documented in the manufacturing 
industry from aerosolized beryllium particles, and consequently the danger of beryllium 
compounds themselves is treated similarly, as it is not well understood.15–17 These factors, 
along with a focus on organotransition metal chemistry, have resulted in a drought of 
beryllium chemistry since Coates’ work. Specifically, the homoleptic organoberyllium 
compounds that have been crystallographically characterized almost exclusively contain 
alkyl- or cyclopentadienyl substituents. In this work, we report the expansion of this series 
to include a di-indenylberyllium species with (η5-η1) bonding.  
 
 The indenyl ligand has long been considered to be an analog of the cyclopentadienyl 
anion (Fischer prepared [Fe(C9H7)2] in 1953),18 but because of its benzo moiety, the indenyl 
anion is able to undergo changes in ligation (e.g., η5 ⇄ η3) more easily than [Cp]–. It could 
alter the delicate balance between Be–C bond strength, favored by σ-bonding, and Cp 
delocalization energy, favored by π-bonding.19 Curiously, no organoberyllium complexes 
containing indenyl ligands have ever been reported, although they are known for all of the 
rest of the non-radioactive s-block elements.20–22 We hope that our efforts herein will add 
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to our fundamental knowledge of Be–C carbon bonding, and close the gap as the last 
missing class of indenyl complexes of the s-block elements. 
 

 
7.2 Results and Discussion 
 
 In our pursuit of a beryllium indenyl compound, a halide metathesis between 2 
equiv. K[1,3-TMS2Ind] and BeBr2 in THF was attempted. The result was an intractable 
mixture of indenyl compounds with an extremely broad signal in the 9Be NMR spectrum 
at 3.6 ppm, which could correspond to solvated starting material or beryllium indenyl 
products.23 A halide test on this reaction mixture using AgNO3 lead to a large amount of 
cream-colored precipitate and reduced silver. Unfortunately, even after surveying the 
literature and calculating shifts for a variety of possible or related compounds, it is difficult 
to say more besides definitively stating that there is some halide-containing material 
present. There may be starting material (BeBr2•THFx), decomposition products relating to 
solvent, or partial substitution products (e.g., [Be(1,3-TMS2Ind)Br•(THF)x]) 
 
 The difficulty in assembling beryllium sandwich compounds has been observed 
before (e.g., the synthesis of decamethylberyllocene stops at Cp*BeX if forcing conditions 
are not used).24,25 For this reason, multiple attempts under harsher conditions were made 
to achieve complete indenyl substitution. High temperature reflux in 1:1 toluene:diethyl 
ether for 3.5 days, as used by the Carmona group for synthesizing Cp*2Be, resulted only in 
the formation of decomposition products with no 9Be NMR signal from a hexane extract of 
the reaction mixture. However, analyzing the reaction after just 18 hours shows 2 signals, 
at δ = 3.97 and -17.3 ppm. The signal at -17.3 ppm is close to the shift of -18.5 reported for 
[Cp2Be] in toluene,26 allowing us to tentatively identify the signal as a beryllium indenyl 
complex, if not the fully substituted [(1,3-TMS2Ind)2Be]. Unfortunately, due to the mixture 
of presumed beryllium indenyl product, starting material, and decomposition, the 
beryllium-containing product was not separable from the oily mixture, and since longer 
reactions results in more decomposition, these conditions are unlikely to allow isolation of 
the desired product. 

Figure 97. a) Schematic of the bonding in the monomeric [Be(C5H5)2]; b) beryllocene as found in 
the solid state (the Be and Be´ are each at one-half occupancy); c) structure of the mixed ring 
beryllocene [Be(η5-C5Me5)(η1-C5Me4H)]; structure of the η5-η5 structure of [Be(C5Me5)2]. 

a b c d 
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 Given our recent successes in mechanochemical synthesis,27–32 we hoped that ball 
milling could provide a simpler, faster, safer, and cleaner route to this new compound. 
Grinding and milling reagents together without solvent has emerged in recent years as a 
powerful method for synthesizing organometallic molecule that that would otherwise been 
inaccessible owing to deleterious interactions with solvents.33 After milling K[1,3-TMS2Ind] 
and BeBr2 together for 15 minutes, followed by extraction of the ground mixture with 
minimal hexanes, an almost colorless oil is obtained from evaporation of the filtrate. The 
oil solidified into tan-to-colorless needles that in C6D6 provided an 1H NMR spectrum 
corresponding to one set of indenyl signals different from those of K[1,3-TMS2Ind]. The 9Be 
NMR spectrum again consisted of a singlet at δ -17.3 ppm.  
 

A single crystal X-ray analysis revealed the sample to be the mono(indenyl) species 
[Be(1,3-TMS2Ind)Br] (Figure 98). The compound is monomeric, which unlike related 
Cp*BeX structures,34 does not display obvious intermolecular interactions in the solid state. 
The beryllium atom is bonded in an η5-manner to the 5-membered ring of the indenyl 
ligand. Consistent with the asymmetry in the indenyl ligand compared to the C5-symmetric 
Cp*, the spread of Be–C distances in 1 (1.86–1.93 Å, ∆ = 0.07 Å) is considerably larger than 
in the Cp* analogue (∆ = 0.008 Å). 
 

Figure 98. Thermal ellipsoid plot (50% level) of [Be(1,3-TMS)2C9H5)] (1); for clarity, hydrogen atoms 
have been removed from the trimethylsilyl groups. Selected bond distances (Å) and angles (°): Be1–
Br1, 2.039(8);  Be1–C1, 1.883(10); Be1–C2, 1.857(9); Be1–C3, 1.882(10); Be1–C4, 1.926(10); Be1–C5, 
1.925(10); C1–C2, 1.436(8); C1–C5, 1.438(9); C2–C3, 1.425(8); C3–C4, 1.444(9); C4–C5, 1.449(8); C1–

Si1 1.871(6); C3–Si2 1.888(6); Be1–, 1.447; Br1–Be1–, 172.1. 
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 Longer ball milling reactions or liquid-assisted grinding (LAG) with toluene were 
attempted to achieve full substitution on the beryllium center, but did not change the 
reaction outcome, yielding only 1. Although there is a danger in concluding from the failure 
of synthetic attempts that a compound is not isolable with standard synthetic approaches 
(this was at one time thought to be the case for [Cp*2Be]), this may truly be the case for 
[Be(1,3-TMS2Ind)2]. DFT calculations indicate that although an η5-η1 form of [Be(1,3-
TMS2Ind)2] is a minimum on the PES, its Gcomplex value, a measure of the occupancy of the 
coordination sphere,35 is 91.9%, which may be prohibitively congested for such a small 
metal (see section 7.2.1 and Appendix,). 
 
 After coming to the conclusion that complete indenyl substitution with the 1,3-
TMS2Ind ligand was unlikely to be a promising avenue, the parent indenyl anion was used 
in attempts to isolate a bis(indenyl) complex. As with 1, the reaction of K[C9H7] and BeBr2 
in THF yielded a product with 1H NMR resonances that may correspond to the parent 
indene, and 9Be NMR reveals a sharp resonance at 3.3 ppm, which given the broad, 
uninterpretable resonances in the proton NMR spectrum, can likely be attributed to 
solvated BeBr2  or decomposition products (also observed in reactions with K[1,3-TMS2Ind] 
in THF), as a small amount of white smoke is released if BeBr2 is added quickly to THF.23 
The reaction mixture was evaporated and re-extracted with hexanes, then filtered through 
a fine glass fritted funnel. This yielded no residue, which in addition to the previous 9Be 
NMR resonance, points to solvated BeBr2 or otherwise hexane-insoluble decomposition 
products. The reaction between K[C9H7] and BeBr2 was repeated in Et2O overnight, and 
the C6D6 extraction of the dried reaction mixture showed no identifiable beryllium or 
indenyl signals in 1H or 9Be spectra. Based on these experiments, a solution route to an 
isolable and characterizable beryllium complex with unsubstituted indenyl ligands(s) 
seemed unfeasible. 
 

Again, we turned to ball milling as a solution. When a 2:1 mixture of K[C9H7] and 
BeBr2 is milled for 15 minutes, a hexanes extract of the ground solid can be filtered to leave 
a colorless solution that upon evaporation leaves a clear, colorless oil (2). The oil crystallizes 
extremely rapidly into small colorless blocks when mechanically disturbed. 1H NMR spectra 
of 2 contained resonances consistent with a coordinated indenyl ligand, and intriguingly, 
9Be NMR displayed a single peak at δ = -19.1 ppm.  

 
Eventually, crystalline blocks of 2 large enough for a single crystal X-ray study were 

obtained, and they proved to be of the di(indenyl) complex [Be(C9H7)2] (Figure 99). The 
molecules are monomeric and comprise a mixed hapticity (η5-η1) metallocene with marked 
similarities to that of beryllocene. The two compounds in fact crystallize in the same 
monoclinic space group (P21/c, with Z = 4) but 2 does not display the 2-fold disorder found 
in [Be(C5H5)2], which blends the structural parameters of the rings and makes the locations 
of the hydrogens more ambiguous than normal. The crystals of 2 in fact provided a very 
high-quality structure, in which all the hydrogens were located and their positions refined 
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with isotropic thermal parameters. The molecules are well-separated, with no geometric 

distortions that could be assigned to crystal packing (the closest intermolecular H…H´ 
contact is at 2.57 Å, outside the sum of the van der Waals’ radii for hydrogen of 2.4 Å).36 

 

It is particularly interesting / exculpatory that the two indenyls are unique and 
coordinated to just one beryllium center, as small changes in light group 2 coordination 
environments can cause significant structural changes. This is exemplified by the structure 
of [Mg(C9H7)2] vs magnesocene, and our previous investigation of magnesium allyls. 
Magnesocene is isostructural to ferrocene, while [Mg(C9H7)2] has a complicated polymeric 
structure where each magnesium center appears to be η5, η1, and η2 coordinated to a mix 
of terminal and bridging indenyls.20,37 However, the di-THF solvated [Mg(THF)2(C9H7)2] 
has two η3-coordinated indenyls.38 The small size and lack of directional orbitals is one 
common explanation for this sensitivity, but a more nuanced argument is that Mg and Be 
sit at the interface of the ionic-covalent divide. 

 
The average Be–C distance to the η5-bonded ring is 1.911(4) Å, (1.475 Å to the ring 

centroid), very close to the comparable distances in the octa- and nonamethyl beryllocenes 
([Be(C5Me4H)2] and [Be(C5Me4H)(C5Me5)], respectively, and slightly shorter than in the 

Figure 99. Thermal ellipsoid plot (50% level) of [Be(C9H7)2] (2). Selected bond distances (Å) and 
angles (°): Be1–C1, 1.746(2); C1–C2, 1.479(1); C1–C5, 1.482(1); C2–C3, 1.356(1); C3–C4, 1.449(1); C4–
C5, 1.419(1); Be1–C10, 1.893(2); Be1–C11, 1.875(2); Be1–C12, 1.887(2); Be1–C13, 1.950(2); Be1–C14, 
1.950(2); C10–C11 1.417(2); C10–C14 1.433(1); C11–C12, 1.418(1); C12–C13 1.433(1); C13–C14, 1.442(1); 

Be1–, 1.475; C1–Be1–, 174.9; Be1–C1–C2, 102.56(8); Be1–C1–C5, 104.51(8); Be1–C1–H1, 108.4(8). 



225 
 
 

parent [Be(C5H5)2] (1.505 Å). All of these are noticeably shorter than the analogous 1.655(1) 
Å distance found in the sterically crowded decamethyl derivative [Be(η5-C5Me5)2]. Just like 
other known beryllocene analogs, 2 exhibits fluctional ring behavior even at low 
temperature.25,39,40 This can be seen in the 1H and 9Be NMR spectrum in C7D8 at -70 °C, 
though the 9Be resonance does become significantly more broad (see Appendix). 

 
The parallels with the octa- and nona-methylberyllocenes extend to the Be–C(H) 

bond to the η1 ring in 2. At 1.746(2) Å, it is similar to the 1.77 Å distance found in the 
methylated beryllocenes, and again shorter than in beryllocene itself (1.826(6) Å], though 
that is an averaged value due to the disordered η1-η5 rings.  

 

7.2.1 Computational work 
 
Despite the large body of work on beryllocene, the only reference to 

indenylberyllium compounds in the open literature is work on MNDO calculations where 
Be is used as a d-electron free surrogate for transition metals.41 It was calculated that the 
Be atom would be slightly more stable η1-bonded to indenyl over the η5 form, but this was 
discounted because MNDO is known to underestimate multicenter bonding (e.g., the η5 
form). To determine a reasonable modern computational method, calculations with a 
variety of functionals were performed on beryllocene and [Be(4MeCp)2], with B3PW91 
matching experimental values closely. 

 
After determining that B3PW91 would be a reliable functional to use with this 

beryllium chemistry, we set out to answer a few questions that were amenable to 
computational investigation. These included identification of presumably solvated species 
from solution-phase reactions, and understanding the structural and thermodynamic 
differences between beryllium Cp and indenyl complexes, both in substituted and 
unsubstituted forms. Unfortunately, calculations on a variety of hypothetical compounds 
with multiple functionals and basis sets were unable to identify any of the unknown 9Be 
NMR signals. See Appendix for details. 

 
Given the decomposition of the K[(1,3-TMS2Ind)] reaction in solution and 

identification of a partial substitution product 1 only at higher temperature, it is unlikely 
that a di-indenyl complex [Be(1,3-TMS2Ind)2] is being formed at all; at high (or any) 
temperature it may be unstable and rapidly decompose once formed. Alternatively, due to 
the bulk of the trimethylsilyl groups, the [1,3-TMS2Ind]- anion may bind more weakly than 
the parent indenyl. This may allow preferential interaction with ethereal solvents, 
preventing substitution of the remaining bromide with a second indenyl ligand. 

 
We hypothesized that the increased steric bulk of 1,3-TMS2Ind actually resulted in 

a weaker Be-C bond, with the resulting instability explaining our inability to isolate 
[Be(TMS2Ind)2]. To investigate this computationally, metal-ligand bond dissociation free 
energies were calculated from the reaction:  
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 [BeL2] → [LBe]+  +  L– 

 
by optimizing and then obtaining the Gibbs free energy of each species, and solving for the 
energy difference for the left and right side of the reaction. As seen in table 21, while 
[Be(Cp)2] and [Be(Ind)2] have similar BDE values for the loss of one anionic ligand, the 
trimethylsilylated indenyl results in a lower BDE by almost 25 kcal mol–1. This may be 
indicative of a significantly weaker M-C bond, which may explain our inability to isolate 
[Be(1,3-TMS2Ind)2]. For more details, see the Appendix. 

 
 

Table 21: BDE calculations of [BeL2] → [LBe]+  +  L–  (B3PW91-D3BJ/def2TZVPD ) 
 

ΔG° (kcal mol-1) L = Cp L = C9H7 L = 1,3-TMS2Ind 

[BeL2] → [LBe]+  +  L–   174.4 179.2 155.7 

 
Combined with experiments, these calculations show that the 1,3-TMS2Ind ligand 

was indeed an unsuitable ligand for our purpose, most likely due to its considerable steric 
bulk. Though there is often a tendency to move to bulkier ligands to stabilize reactive 
species, especially given our progress in understanding dispersion interactions, for a small 
metal like beryllium it may in fact be counterproductive. 

 
 To quantify this supposition, we applied the Solid-G program to the known and 
calculated beryllocene analog structures. Solid-G is a program that calculates steric 
shielding of the central atom of a complex, given as the Gcomplex value, where 100% refers 
to complete shielding. All structures used for Solid-G calculations have been optimized 
with B3PW91 at the def2TZVP level. 
 
Table 22:  Solid-G values of related beryllium structures 

Complex Gcomplex Value 
(%) 

Ref. for structure 

[Be(1,3-TMS2C3H3)2] 91.9 from calculation 

[BeInd2] 81.4 this work 

[BeCp2] 81.8 from calculation 

[Be (Me4Cp)2] 84.7 39 

[BeCp*2] 90.6 39 
[Be(1,3-TMS2Ind)Br] 86.2 this work 

 
 While the difference in steric saturation between [BeCp*2] and [BeMe4Cp2] appears 
to be due to a shift from η5-η1 to η5-η5 coordination, the saturation for the theoretical 
Be[(1,3-TMS)2C3H3]2 must be related to the trimethylsilyl groups, and explains why a 
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minimum cannot be found for the η5-η5 geometry, as it is already extremely sterically 
crowded. 
 
 Our previous work on beryllium chemistry resulted in the synthesis of the bulky 
allyl complex [Be{1,3-(SiMe3)2C3H3}2], and a crystal structure of the diethyl ether solvate. 
Calculations on the unsolvated form showed that at the B3PW91/def2TZVP level, an η3-η3 
coordination mode was 4.9 kcal mol-1 more stable than the η1-η1 form. As has been shown, 
this preference for π-coordination does not extend to the beryllium indenyls or 
cyclopentadienyls, except for BeCp*2. Calculations on the Be[C9H7]2 show that an η5-η1 
arrangement is 4.65 kcal mol-1 more stable than the η5-η5 arrangement. A simple 
explanation for this invokes the octet rule; Cp- and Ind- are L2X type ligands, meaning that 
an η5-η5 [BeCp*

2], for example, is formally a 10-electron complex. Though the 8-electron 
rule may be thought of as more of a guideline for systems that are at the border of 
covalent/ionic bonding, [BeCp*2] has extremely long Be-C bonds that may be rationalized 
by the metal center’s being electronically oversaturated. 
 
 The electronic effect of the trimethylsilyl substituents may be another potential 
explanation for the unsuitability of [1,3-TMS2Ind]- anion as a ligand for beryllium. Silyl 

groups are commonly thought to be electron-donating groups, but they also exhibit the -
silicon effect, where Si-C hyperconjugation contributes to a weakening of metal-ligand 
bonds in delocalized systems such as allyls.42–44 Though a paper varying trimethylsilyl 
substitution patterns for indenyltitanium compounds shows experimental evidence that a 
trimethylsilyl group at either the 1- or 2- position donates electron density, this and other 
reports systematically studying metal-indenyl interactions focus almost exclusively on 
transition metals.45–49 Because the d-orbital interaction with delocalized ligands is such a 
significant driver of coordination mode and reactivity for transition metals, it is tenuous to 
extrapolate some of these findings to main-group elements. As an example, studies focused 
on the electronic properties of indenyl ligands using electrochemical redox potentials 
cannot deconvolute the electronic effect of the ligand from the increased propensity for 
ring slippage’s effect on redox potentials, meaning it is challenging to make broad 
statements about the differences between indenyl and cyclopentadienyl or other π-
delocalized ligands even for transition metals.49 
 
7.3 Conclusion 
 We show that mechanochemistry most simply provides access to what may be the 
closest structural/crystallographic analog to beryllocene, providing more definitive 
evidence of its connectivity and structure. In addition, this work shows that 
mechanochemistry provides an alternative route for the synthesis of compounds that can 
be or use reagents that are sensitive to the often-reactive solvents (THF, etc.) that are 
conventionally required. This work also provides a counterexample to the prevailing 
wisdom that large, bulky ligands are necessary for the isolation of unique or reactive 
species. Instead of needing bulky ligands to protect the metal center, using 
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mechanochemistry we were able to design a system where protection was not necessary. 
This resulted in our desired reaction, full substitution at the metal center.  
 
7.4 Appendix 
 
Experimental Section 
General Considerations. All manipulations were performed with the rigorous exclusion 
of air and moisture using Schlenk or glovebox techniques. All glassware was dried by flame 
or in an oven at 140 °C overnight. Elemental analysis was performed at the University of 
Rochester CENTC Elemental Analysis Facility by Dr. William Brennessel. Proton and 
beryllium (9Be) NMR spectra of the organometallic compounds were obtained on a DRX-
500 spectrometer at 500 (1H) and 70.4 (9Be) MHz. Proton and carbon (13C{1H}) spectra 
were obtained on an AV-600 spectrometer at 600 (1H) and 150 (13C) MHz or an AV-400 
spectrometer at 400 (1H) and 100 (13C) MHz. Proton and carbon spectra were referenced 
to the residual proton and 13C resonances of C6D6, and beryllium spectra to the 9Be signal 
at 0.0 ppm of Be(H2O)4

2+ in D2O. 
 
Materials. BeCl2(L) (L = Et2O, THF) was prepared by the action of 4M HCl in dioxane on 
chunks of Be metal in L = Et2O or THF. For the potassium indenyl K[C9H7], indene was 
passed through a column of activated alumina, then distilled under vacuum. The purified 
indene was freeze/pump/thawed three times, brought into a nitrogen atmosphere 
glovebox, then deprotonated with potassium hexamethyldisilazide in toluene overnight. A 
tan solid precipitated and was collected by filtering the reaction mixture through a medium 
glass fritted funnel, followed by washing three times with hexanes. Residual hexanes dried 
from the tan solid to leave a white solid. Beryllium bromide was synthesized according to 
previously established procedures from the elements.50 1,3-TMS2C9H6 was synthesized 
using a procedure adapted from the literature.51 This was deprotonated using potassium 
hexamethyldisilazide and isolated as an off-white solid after collecting in a medium glass 
fritted funnel and washed three times with hexanes. 
 
Toluene was degassed with argon and dried over activated alumina using a solvent 
purification system, then stored over 4 Å molecular sieves in a glovebox. Hexanes were 
distilled under nitrogen over Na/benzophenone radical,52 then stored over 4 Å molecular 
sieves in a N2-atmosphere glovebox. THF was refluxed under nitrogen over 
Na/K/benzophenone until purple, distilled under nitrogen, and stored over 4 Å molecular 
sieves in a N2-atmosphere glovebox. Benzene-d6 was obtained from Cambridge Isotopes 
and stored over 4 Å molecular sieves in a N2-atmosphere glovebox.  
 
Synthesis of [Be(1,3-TMS2Ind)Br] (1). In a typical reaction, BeBr2 (0.030 g, 0.178 mmol) 
and K[1,3-TMS2Ind] (0.106 g, 0.355 mmol) were added to a 50 mL stainless steel Retsch 
milling jar with 25 g (ca. 57 count) of stainless steel (440 grade) ball bearings (3/16 in (5 
mm), 0.44 g) under a nitrogen atmosphere in a glovebox.  The jar was sealed with a clamp 
in the glovebox and milled for 15 minutes at 600 rpm in a Retsch PM100 planetary mill. 
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The jar was opened in a glovebox, and the reaction mixture was extracted with hexanes 
through a fine-porosity glass fritted funnel. The resulting clear filtrate was dried under 
vacuum, leaving an oil that quickly formed large amounts of short and stubby clear, 
tan/green-tinged needle-like crystals. (0.044 g, 71% yield). Due to extreme air sensitivity, 
evacuated ampoules of 1 prepared for sealing decomposed immediately (by visual 
inspection) upon removal from the glovebox. Because of this exceptional sensitivity, 
despite repeated attempts, satisfactory EA was unobtainable. 9Be NMR (70.4 MHz, C6D6): 
δ = -17.29 (s) 1H NMR (500 MHz, C6D6): δ 0.132 (s, 36H, TMS), 6.54 (s, 1.99H, -HC=C), 7.10 
(m, 1JH-H

 = 3.03 Hz, 2.24H, arom), 7.56 (m, 1JH-H 3.03 Hz, 2.18H, arom). 13C{1H} NMR is 
unobtainable due to the extreme oxygen- and moisture-sensitivity. The included 13C 
spectrum shows decomposition, likely from protonation. Anal Calcd for C15H23BeBrSi2: C, 
51.7, H, 6.65. Found: C, 68.19, H, 8.87. Analysis for the indene C15H24Si2, C, 69.15, H, 9.29 
 
 
Synthesis of [Be(Ind)2] (2). A similar procedure was followed for the synthesis of 
[Be(Ind)2] as for 1. BeBr2 (0.030 g, 0.18 mmol) and K[C9H7] (0.055 g, 0.36 mmol) were 
subjected to the same conditions as 1, and again filtered with hexanes. When the clear 
filtrate was dried under vacuum, a clear oil was left. This oil crystallizes rapidly upon 
physical disturbance, leaving transparent/white crystals. The hexane filtrate was lightly 
dun/tan colored, and yielded a faintly dun/tan colored oil upon removal of solvent, with 
sheets of pale off-white (pale brown) crystals precipitating out (0.0207 g, 48%). 9Be NMR 
(70.4 MHz, C6D6) δ = -19.14 (s) 1H NMR (600 MHz, C6D6): δ 5.14 (d, 1JH-H = 3.43 Hz, 1.95H) 
6.02 (t, 1JH-H = 3.48 Hz, 1H), 7.03 (arom, mult, 2.13H), 7.23 (arom, mult, 1.97H) 13C{1H} NMR 
(150 MHz, C6D6) δ 121.74, 122.70, 128.34, 132.10.  Anal. Calcd for C14H18Be: C, 90.34; H, 5.90. 
Found: C, 89.37; H, 5.86   
 

High temperature reaction of K[1,3TMS2Ind] and BeBr2 in 1:1 toluene:Et2O. Following 
Carmona’s procedure for the synthesis of [BeCp*2], a high temperature reaction was 
attempted. A 1:1 mixture of dry Et2O and toluene was added to an oven-dried 250 mL 
Schlenk flask with a Teflon stir bar. To this, K[1,3-TMS2Ind] (0.124 g, 0.415 mmol) and BeBr2 

(0.035 g, 0.207 mmol) were added. This was brought out of the glovebox, and cycled three 
times onto a Schlenk line. Under positive N2 flow, an oven dried reflux condenser was 
attached to the flask. The reaction was heated in an oil bath that was gradually heated to 
95 °C. The reaction slowly turned pink in the first 48 h, and then turned yellow with a white 
deposit settling on the side of the flask. After 3.5 days, the reaction was removed from the 
oil bath, allowed to cool, and the solvent was removed. Extraction of the resulting residue 
with hexanes, filtration of the extract through a glass fine fritted funnel, and evaporation 
under vacuum left a thick orange oil. A C6D6 NMR sample was made of the resulting oil, 
which showed what appears to be the protonated indene and another decomposition 
product in the 1H NMR spectrum and no discernible 9Be NMR signal. 
 

However, stopping the reaction at 18 hours and removing the flask from the 90 °C 
oil bath causes a shift in color from pink to orange. Removing the solvent leaves a deep 
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orange oil, which was extracted with hexanes and filtered through a fine glass fritted funnel 
before being evaporated under vacuum. An NMR sample was made of the resulting orange 
residue, which showed 9Be resonances at δ -17.3 (1) and 3.97. The 1H NMR spectrum shows 
a ~5:1 ratio of 1 to the coupled indenyl. 
 
Reaction of K[1,3-TMS2Ind] and BeBr2 in THF Inside a glovebox, ca 7 mL of THF was 
added to an oven-dried 20 mL glass vial with glass stir bar. To avoid reaction (white smoke), 
BeBr2 (20 mg, 0.12 mmol) was added slowly while stirring. After stirring for ~5 minutes, all 
the BeBr2 had dissolved, leaving a clear solution. To this solution, K[1,3-TMS2Ind] (71 mg, 
0.24 mmol) was slowly added with stirring. The reaction mixture immediately turned 
slightly pearlescent and pink. The reaction was allowed to stir overnight. After stirring was 
stopped, a white precipitate settled, presumably KBr, leaving a translucent pink solution. 
This mixture was then transferred into an Erlenmeyer flask and the solvent removed under 
vacuum. The solid residue was extracted with C6D6 to prepare a solution for NMR analysis, 
which was then filtered through oven-dried Celite into an NMR tube. 1H NMR reveals a 
spectrum similar but not identical to the presumably coupled indenyl from the reaction 
conducted under Carmona’s high temperature forcing conditions. 9Be NMR reveals an 
extremely broad (w1/2 = ~128 Hz) resonance centered at δ 3.7 ppm. Attempts to isolate an 
organic residue by filtration of the hexane extract through a fine glass fritted funnel 
resulted in an oil that could not be coaxed to crystallize. 
 
Reaction of K[C9H7] and BeBr2 in THF 
Inside a glovebox, ~7 mL of THF was added to an oven dried 20 mL glass vial with glass stir 
bar. To avoid reaction (white smoke), BeBr2 (20 mg, 0.12 mmol) was added slowly while 
stirring. After stirring for ~5 minutes, all BeBr2 dissolved, leaving a clear solution. To this 
solution, KC9H7 (37 mg, 0.24 mmol) was slowly added while stirring. The reaction mixture 
immediately turned slightly pearlescent and became slightly cloudy. The reaction was 
allowed to stir overnight. The solvent was removed, leaving a yellowish residue. This was 
extracted with C6D6 and filtered through oven-dried Celite into an NMR tube. The resulting 
1H NMR spectrum consists of extremely broad solvent and what appears to be indene 
resonances. 9Be NMR (70.4 MHz, C6D6): δ = 3.32 (s). 
 
Reaction of K[C9H7] and BeBr2 in Et2O 
Inside a glovebox, ~10 mL of Et2O was added to an oven dried 20 mL glass vial with glass 
stir bar. BeBr2 (15 mg, 0.09 mmol) was added slowly while stirring. After stirring for ~10 
minutes, all the BeBr2 had dissolved, leaving a clear solution. To this solution, K[C9H7] (27 
mg, 0.18 mmol) was slowly added while stirring. The reaction mixture turned slightly 
pearlescent over the course of 20 min. The reaction was allowed to stir overnight, 
whereupon the solution turned slightly pinkish and a white solid deposited above the 
solution level. After stirring was stopped, a white precipitate settled, presumably KBr, 
leaving a translucent pink solution. This mixture was then transferred into an Erlenmeyer 
flask and the solvent removed under vacuum. There did not appear to be visible residue 
but the flask was extracted with C6D6 to prepare an NMR solution, which was then filtered 
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through oven-dried Celite into an NMR tube. The recorded 1H NMR spectrum shows only 
solvent peaks, and the 9Be shows no discernable signal. 
 
X-ray Crystallography. X-ray crystallographic data were collected on a Rigaku Oxford 
Diffraction Supernova diffractometer. Crystal samples were handled under immersion oil 
and quickly transferred to a cold nitrogen stream. The crystals were kept at 100 K during 
data collection. Under Olex2,53 the structure was solved with the SHELXT54  structure 
solution program using direct methods and refined with the SHELXL55 refinement package 
using least squares minimization. All non-hydrogen atoms were refined with anisotropic 
displacement parameters. 
 
General Procedures for Calculations. All calculations were performed with the Gaussian 
16 (Linux and Windows) suite of programs.56 The B3PW91 functional, which incorporates 
Becke’s three-parameter exchange functional with the 1991 gradient-corrected correlation 
functional of Perdew and Wang, was used.57 To supply dispersion corrections, Grimme’s 
D3 correction58 with additional Becke-Johnson damping was used.59 Unless otherwise 
noted, the basis sets def2TZVP or def2TZVPD (for BDE calculations) were used on all 
atoms.60 Frequency calculations were also done at the triple-zeta level. Coordination 
sphere saturation values were determined using Solid-G.61 
 
NMR Calculations 
To aid in the understanding of structural phenomena and identify unknown species, DFT 
calculations were done on a variety of isolated and theoretical organoberyllium 
compounds. Initially, the B3LYP/6-311G+g(2d,p) method developed at LANL was used,62 
but because most hybrid functionals and reasonably-sized basis sets give equivalent results 
for NMR calculations of neutral compounds,63 B3PW91/def2TZVP was used in later 
computations. In the table below (Table 23), it is evident that the effect on calculated 
chemical shifts from a change in functional is negligible in comparison to moving to a true 
split-valence basis set (def2TZVP vs 6-311+G(2d,p)). In any case, none of the methods were 
able to exactly match the experimental NMR shifts (for [BeInd2], -23.74 ppm 
B3PW91/def2TZVP, -24.57 ppm B3LYP/6-311G+g(2d,p) vs experimental value of -19.3 ppm 
in C6D6), which the group at LANL claimed was possible. 
 
For each method, the 9Be NMR standard (Be(H2O)4

2+) was first calculated. Then, structures 
for each compound were optimized at the desired level (B3LYP/6-311G+g(2d,p) or 
B3PW91/def2TZVP) in addition to frequency calculations to ensure the optimized 
geometry represented a minimum energy structure. The values in the table were calculated 
as: (standard isotropic shielding constant – calculated structure isotropic shielding value)  
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Table 23: Tabulated 9Be NMR calculations (all values in ppm from Be2+ cation) 
 

Complex B3PW91/ 
def2TZVP 

B3LYP/ 
6-311G+g(2d,p) 

B3LYP/ 
def2TZVP 

Exper. 

[BeInd2] -23.74 -24.57 -23.56 -19.3 

[Be(1,3-TMS2Ind)2] -16.68    

[BeInd•THF] 15.11 16.06 15.86  

[BeInd2•2THF] 7.02 7.20 7.41  

[IndBe[N(SiMe3)2] -19.46    

[Be(1,3-TMS2Ind)Br] -17.96   -17.29 

[Be(Cp4Me
2)] -20.34 -21.27 -20.08  

[BeCp*2]    −21.7 
Cp2Be    -18.5 

[BeIndBr] -20.44 -19.86 -20.31  

[BeIndBr•2THF] 7.12    

[Be(1,3-TMS2Ind)Br•THF] 6.33    

[Be(1,3-TMS2Ind)Br•2THF] 16.27    

 
BDE calculations 
The method used by Frenking and coworkers64 was employed to investigate the bonding 
of various ligands with beryllium. The reaction:  
 

 [BeL2] → [LBe]+  +  L– 

 

was investigated (L = indenyl or cyclopentadienyl). The energy required for this reaction 
can be used as a measure of ligand strength (i.e., a stronger ligand is harder to displace), 
especially when compared across multiple ligands. A geometry optimization and frequency 
calculation must be done for each fragment. In this case, ΔG° was the thermochemical 
parameter of interest, and because an anionic fragment was involved, the def2TZVPD basis 
set, which includes diffuse functions, was used, along with B3PW91, the functional found 
to be appropriate for organoberyllium systems. The net BDEs calculated are of course 
positive, because the [BeL2] compounds are stable and energy is required to remove a 
ligand as an anion. 
 

Table 24: Detailed values for BDE calculations of [BeL2] → [LBe]+  +  L– using B3PW91-
D3BJ, def2TZVPD (ΔG°, kcal mol-1) 

L [BeL2] [BeL]+ [L]- Net 

[C5H5]- -252087 -130499 -121413 174.3622 

[C9H7]- -444836 -217794 -226863 179.1946 

[(1,3-TMS)2Ind]- -1470487 -730630 -739701 155.6756 
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Table 25: Crystal Data and Summary of X-ray Data Collection for [Be(1,3-TMS2Ind)Br] (1). 

 

Empirical formula  C15H23BeBrSi2 

Formula weight  348.43 

Temperature  100.01(10) K 

Wavelength  1.54184 Å 

Crystal size 0.336 x 0.025 x 0.018 mm3 

Crystal system  Orthorhombic 

Space group  Pnma 

Unit cell dimensions a = 14.5296(4) Å  = 90°. 

 b = 6.65866(13) Å  = 90°. 

 c = 18.6670(4) Å  = 90°. 

Volume 1805.98(7) Å3 

Z 4 

Density (calculated) 1.281 Mg/m3 

Absorption coefficient 4.235 mm-1 

F(000) 720 

Theta range for data collection 3.855 to 71.042° 

Index ranges -17≤ h ≤ 15, -8 ≤ k ≤ 8, -22≤ l ≤ 21 

Reflections collected 11316 

Independent reflections 1888 [R(int) = 0.0535] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.527 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1888 / 0 / 169 

Goodness-of-fit on F2 1.270 

Final R indices [I>2sigma(I)] R1 = 0.0420, wR2 = 0.0867 

R indices (all data) R1 = 0.0489, wR2 = 0.0888 

Largest diff. peak and hole 0.338 and -0.574 e– Å-3 
 

  



234 
 
 

Table 26: Crystal Data and Summary of X-ray Data Collection for [Be(Ind)2] (2). 

Empirical formula  C18H14Be 

Formula weight  239.30 

Temperature  99.95(13) K 

Wavelength  1.54184 Å 

Crystal size 0.157 x 0.114 x 0.08 mm3 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 11.28662(16) Å  = 90°. 

 b = 10.17191(11) Å  = 106.3379(13)° 

 c = 11.50513(14) Å  = 90°. 

Volume 1267.53(3) Å3 

Z 4 

Density (calculated) 1.254 Mg/m3 

Absorption coefficient 0.519 mm-1 

F(000) 504 

Theta range for data collection 4.849 to 73.377°. 

Index ranges -13 ≤ h ≤ 13, -12 ≤ k ≤ 12, -14 ≤ l ≤ 13 

Reflections collected 14 937 

Independent reflections 2524 [R(int) = 0.0282] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.799 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2524 / 0 / 188 

Goodness-of-fit on F2 1.073 

Final R indices [I>2sigma(I)] R1 = 0.0348, wR2 = 0.0845 

R indices (all data) R1 = 0.0375, wR2 = 0.0868 

Largest diff. peak and hole 0.207 and -0.256 e– Å-3 
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Figure 100. 1H NMR spectrum of 1 ([Be(1,3-TMS2Ind)Br]) in C6D6 

 

 
 

 

Figure 101. Attempted 13C NMR spectrum of 1 ([Be(1,3-TMS2Ind)Br]) in C6D6 (decomposition and 
protonation product) 
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Figure 102. 9Be NMR spectrum of 1 ([Be(1,3-TMS2Ind)Br]) in C6D6 
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Figure 103. 1H NMR spectrum of 2 ([Be(C9H7)2]) in C6D6 
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Figure 104. 13C NMR spectrum of 2 ([Be(C9H7)2]) in C6D6 
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Figure 105. 9Be NMR spectrum of 2 ([Be(C9H7)2]) in C6D6  
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Figure 106. 1H NMR  spectrum of 2 ([Be(C9H7)2]) in tol-d8 at 203 K (-70 ° C) 
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Figure 107. 9Be NMR spectrum of 2 ([Be(C9H7)2]) in tol-d8 at 203 K (-70 ° C) 

 

  
 

 

  



242 
 
 

Figure 108. 1H NMR spectrum of reaction of 2 K[1,3-TMS2Ind] in THF overnight 

 

 

Figure 109. 9Be NMR spectrum of reaction of 2 K[1,3-TMS2Ind] + BeBr2 in THF overnight 
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Figure 110. 1H NMR spectrum of high temperature reaction of 2 K[1,3-TMS2Ind] + BeBr2 for 3.5 days 

 

In the spectrum above, note that the peak at 0.286 ppm is likely silicone grease, though 
the pattern of peaks is misleading and was initially thought to be the result of two coupled 
TMS2indenyl ligands 
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Figure 111. Comparison high temperature reaction of 2 K[1,3-TMS2Ind] + BeBr2 for 3.5 days with 
room temperature reaction in THF, 1H NMR spectra 

 
Note that many of the same peaks are present, but with some in different relative 
intensities. This demonstrates that there are likely at least 2 decomposition products at 
room temperature in THF and at elevated temperature in 1:1 Et2O:toluene. 
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Except for the peak at 0.286 ppm (2nd from left in blue spectrum, silicone grease), the TMS 
peaks match up. Two peaks may be from the protonation product (indene). 
 
 
 
 
Figure 112. 9Be NMR spectrum of high temperature reaction of 2 K[1,3-TMS2Ind] + BeBr2 for 3.5 days 
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Figure 113. 1H NMR spectrum of high temperature reaction of 2 K[1,3-TMS2Ind] + BeBr2 for 18 hours 
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Figure 114. 9Be NMR spectrum of high temperature reaction of 2 K[1,3-TMS2Ind] + BeBr2 for 18 hours 
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Solid-G Calculations 
All coordinates used for Solid-G calculations came from optimized structures 
(B3PW91/def2TZVP) to normalize C-H distances (crystallographic X-H distances are often 
slightly short) 

 

 
  

Figure 115. [Be(1,3-TMS2Ind)2], Gcomplex = 91.9%     Be[C9H7]2  Gcomplex = 81.4% 

 

Figure 116. [BeCp2], Gcomplex = 81.8%                              [Be(Me4Cp)2], Gcomplex = 84.7% 
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Figure 117. [BeCp*2], Gcomplex = 90.6%                [Be(1,3-TMS2Ind)Br] Gcomplex = 86.2% 

 

Figure 118. H…H contacts in [BeCp*2]. 
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