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Abstract
As a synthesis technique, halide metathesis (n RM + M'Xn → RnM' + n MX) normally relies for its effectiveness on the favorable

formation of a metal halide byproduct (MX), often aided by solubility equilibria in solution. Owing to the lack of significant

thermodynamic driving forces, intra-alkali metal exchange is one of the most challenging metathetical exchanges to attempt, espe-

cially when conducted without solvent. Nevertheless, grinding together the bulky potassium allyl [KA']∞ (A' = [1,3-

(SiMe3)2C3H3]–) and CsI produces the heterometallic complex [CsKA'2]∞ in low yield, which was crystallographically character-

ized as a coordination polymer that displays site disorder of the K+ and Cs+ ions. The entropic benefits of mixed Cs/K metal

centers, but more importantly, the generation of multiple intermolecular K…CH3 and Cs…CH3 interactions in [CsKA'2]∞, enable an

otherwise unfavorable halide metathesis to proceed with mechanochemical assistance. From this result, we demonstrate that ball

milling and unexpected solid-state effects can permit seemingly unfavored reactions to occur.
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Introduction
Halide (or ‘salt’) metathesis is a broadly useful synthetic tech-

nique 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].

(1)

As the generation of MX normally provides a substantial

portion of the energy for the exchange, M should be more elec-

tropositive than M', in order to maximize hard–soft acid–base
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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 organo-

metallic compounds of the transition metals [3-7] and both s-

[8,9] and p-block [10,11] 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 lithi-

um; 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 caesium 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 ap-

plication of mechanochemistry in an organometallic context to

examine alkali metal halide exchange unassisted by solvents.

The 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 Cs [18]. These have been formed via tradi-

tional 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].

(2)

(3)

(4)

Results and Discussion
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 experi-

ments. For example, the fluorides have the largest heats of for-

mation of the alkali halides, regardless of metal, but their high

lattice energies make them typically unreactive, even under

mechanochemical conditions [20]. 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

[21], 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.

(5)

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 diag-

nostic, as in all its group 1 complexes the resonances from the

[A']– anion provide a characteristic spectrum of similar chemi-

cal shifts with singlet (-SiMe3), doublet (C1,3-H), and triplet

(C2-H) patterns that result from a π-bound allyl with syn,syn-tri-

methylsilyl arrangements [21].

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 tolu-

ene solvate (see below). As a check on the consequences of

halide identity, a 1:1 grind of [KA'] with LiCl was also investi-

gated, 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
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Table 2: Non-bonded intrachain K…K'…K angles in [LnKA'] complexes.

Complex K…K'…K (deg) Reference

[KA']∞ 135.1; 135.7; 118.2 [17]

[K(dme)A']∞ 153.3, 141.9 [21]

[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

involving potassium and caesium 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 functional [27,28]

with Grimme’s -D3 dispersion corrections (GD3BJ) [29]. 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

caesium complex (by 29.3 kJ mol−1; Table 1, entries 1 and 2).

The slightly greater realism provided by comparing the [KA']

and [CsA'] complexes does not meaningfully affect the differ-

ence (28.4 kJ mol−1; Table 1, entries 3 and 4). Of course, these

are calculations on isolated monomers, and the energetics of

formation of the solid-state polymeric forms [30] would be ex-

pected to 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.

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 dis-

tributed 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 com-

pletely 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 energeti-

cally significant enough that they support the formation of two-

dimensional sheets in the solid state. To appreciate the magni-

tude of this effect, the relative conformation of the known

[LnKA'] complexes are summarized by their (non-bonded)

K…K'…K angles (Table 2).

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 the Supporting Informa-

tion File 1, Figure S2, 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 intermolecu-

lar M…CH3 interactions. 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). Intermolecu-

lar Cs…CH3 distances of ca. 3.6 Å and longer are not espe-

cially rare, and are strong enough to influence solid state struc-

tures. In the dme adduct of caesium [2,4,6-tri(tert-butyl)pheno-

late], for example, a Cs…CH3 contact of 3.596(5) Å contributes

to its form as a 1D coordination polymer [33]. In the caesium

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 lo-

cated, 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).
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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 the Supporting Information File 1, Figure S3).

Despite the gas-phase environment of the calculations, the dis-

tance between K+ and CH4 is 3.22 Å, a typical value for potas-

sium–methyl interactions in the solid state, as is the ∆H° of

almost 12 kJ mol−1, in the range of hydrogen bonds (Table 3,

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 3, entries 3 and 4) place the contact distance at 3.62 Å

and 3.53 Å for CH4 and Me3SiH, respectively, with correspond-

ing 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 hetero-

metallic complex formation.

Table 3: Energies of reaction (B3PW91-D3BJ, kJ mol−1

Entry Reactiona Energy

1 [KA'] + [CH4] → [(CH4)'] −11.9 (∆H°)

2 [KA'] + HSiMe3 → [(HSiMe3)KA'] −30.0 (∆H°)

3 [CsA'] + CH4 → [(CH4)CsA'] −3.9 (∆H°)

4 [CsA'] + HSiMe3 → [(HSiMe3)CsA'] −23.6 (∆H°)

aThe def2-TZVP basis set was used on all atoms.

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 posi-

tion 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.

Supporting Information

Crystallographic data for the structures reported in this

paper have been deposited with the Cambridge

Crystallographic Data Centre as CCDC 1897690

([KCsA'2]), 1897691 ([(C6H6)KA']), and 1897692

([(toluene)KA']). 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; email:

deposit@ccdc.cam.ac.uk).

Supporting Information File 1

Experimental and computational details; crystal data and

summary of X–ray data collection.

[https://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-15-181-S1.pdf]

Supporting Information File 2

Coordinates of DFT-optimized structures.

[https://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-15-181-S2.xyz]
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