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ABSTRACT: Ab initio molecular dynamics simulations are used to explore tetrahydrofuran (THF) solutions containing pure LiCl
and LiCl with CH3;MgCl, as model constituents of the turbo Grignard reagent. LiCl aggregates as Li,Cl,, which preferentially
assumes compact cubane-like conformations. In particular, an open-edge pseudotetrahedral frame is promoted by solvent-assisted
Li—Cl bond cleavage. Among the Grignard species involved in the Schlenk equilibrium, LiCl prefers to coordinate MgCl, through
#,-Cl bridges. Using a 1:1 Li:Mg ratio, the plastic tetranuclear LiCl cluster decomposes to a highly solvated mixed LiCl-MgCl,
aggregate with prevalent Li—(u,-Cl),—Mg rings and linear LiCl entities. The MgCl,-assisted disaggregation of Li,Cl, occurs through
transient structures analogous to those detected for pure LiCl in THF, also corresponding to moieties observed in the solid state.
This study identifies a synergistic role of LiCl for the determination of the compounds present in turbo Grignard solutions. LiCl
shifts the Schlenk equilibrium promoting a higher concentration of dialkylmagnesium, while decomposing into smaller, more soluble,

mixed Li:Mg:Cl clusters.

he association of Grignard reagents to LiCl (turbo
Grignard reagents) constitutes a pivotal step forward in
main-group organometallic chemistry. This combination yields
more accessible Grignard-like compounds that produce more
powerful and controllable reactions.'™* Despite their un-
disputed success, the enhancing role of lithium salts in the
Grignard reaction, one of many examples of the synergistic
effect of lithium in heterometallic systems,”” "> has remained
ununderstood. Better insight is hampered by the difficulty in
determining the structures of these compounds in solution.
The Grignard reagent forms a diversity of species bearing
various ligands coexisting in fast equilibria, as exemplified by
the Schlenk equilibrium,"* and whose exact composition
depends on the experimental conditions."*™"” Likewise,
multiple forms of LiCl have been observed in the solid state.
The detected species, putatively existing also in solution,
comprise molecular monomeric,'® dimeric,"”"*" fused ring,22
and cubane moieties”** or polymeric and periodic aggre-
gates,zs’26 including both neutral and charged states. 7128
Combining LiCl with Grignard reagent only obscures the
situation further. Attempts to determine the nature of turbo
Grignard reagents suffer from the fact that experimental
characterization, by crystallization or spectroscopic methods,
requires experimental conditions different from those at which
reactions occur. Thus, for decades, no neutral Li:Mg moiety
was reported in either the gas phase or solid state, but this was
not conclusive on their existence in solution.”””" Indeed, very
recently tBu,MgCILi(THF), was isolated and characterized by
X-ray crystallography, and its presence in solution was assessed
by NMR spectroscopy, its monomeric form possibly being
promoted by the bulky tBu groups.’
In view of the experimental challenges, computational
modeling offers a valuable complementary tool. Specifically,
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ab initio molecular dynamics (AIMD) simulations™” are well-
suited for studying highly dynamic systems in solution, as
shown by their successful use for the characterization of the
Schlenk equilibrium involving CH;MgCl in tetrahydrofuran
(THF) and the related Grignard reaction with acetaldehyde
and fluorenone.”** Here we apply this methodology to shed
light on the structural preferences of LiCl in THF and its
interaction with a Grignard reagent, represented by CH;MgCl
and its Schlenk-associated compounds MgCl, and Mg(CHj,),
(computational details in the Supporting Information).

While the structure of lithium—halide aggregates is debated,
there is ample evidence that the four-membered Li,X, ring
represents an underlying structural motif.”"****>%353¢ Eor this
reason, we started from Li,Cl, for determining the structural
forms of LiCl in THF (Figure 1A). The diamond-shaped ring
Li,Cl, has two bridging chlorides and two THFs at each
lithium, yielding the expected Li,CL,(THF),. AIMD provides a
solvated structure in satisfactory agreement with that from X-
ray diffraction (Table 1), with differences of 1.5—3% for bond
distances.

AIMD shows that attraction between two Li,ClL,(THF),
units starts at a relatively long distance of 8 A between their
respective centers of mass. We observed spontaneous partial
desolvation and the formation of two new Li—Cl bonds,
yielding Li,CL,(THF)s (B6, Figure 1B), indicating direct
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Figure 1. (A) Initial simulation box comprising two Li,Cl, entities in
THF. Hydrogens are not shown for clarity. (B) Free energy profile
(AA) as a function of the average coordination number between THF
and Li (eq S2). B, C, and R stand for boat-, cubane-, and ring-type
structures, respectively, followed by the total number of coordinated
THFs. See Figure S3 for an extended version showing all structures.

solvent control onto the multimerization of LiCl. B6 has three
condensed four-membered rings in a boat-type structure, with
the two external rings in a cis arrangement. The lithium atoms
of the peripheral rings are solvated by two THFs, while those
of the central ring accommodate each a single THF. While a
trans arrangement cannot be excluded, we note that the
structure of B6 resembles the motif of the THF-solvated
LiCI*® and LiBr* polymers characterized by X-ray diffraction
(Table 1 and Figure S1A).

The Helmholtz free energy (AA) against THF solvation
evidences how B6 is a metastable configuration over a rather
flat plateau containing, at a higher solvation, bicyclic [4.2.0]
structures (R6, R7) corresponding to solid-state moieties
isolated with tetramethylethylenediamine (TMEDA) (Figure
SIB).”> B6 evolves toward more stable, less solvated species
(C4, Cs), with a higher number of Li—Cl bonds (Figures 1B,
S2, and S3). Both C4 and CS$ have cubane-like structures with
Li’s and Cl’s at the vertices of two imbricated tetrahedra. The
more symmetric C4 arrangement has each Li bonded to three
Cl’s, with distances of 2.43 + 0.16 A, and to one THF. It nicely
resembles the solid-state structures of Li,Cl,(L),, with L =
Et,0 and hexamethylphosphoramide (HMPA) (Table 1)

The pentasolvated cluster, Li,Cl,(THF); (CS), is more
stable than C4 by 1.4 + 0.6 kcal mol ™. Unlike C4, in C$ one
of the 12 Li—ClI bonds is broken, with a Li—Cl distance of 3.81
+ 003 A Two THFs solvate the dangling Li center,
maintaining its tetrahedral coordination; the associated Cl
passes from a pj- to a p,-bridging position between two
proximate Li’s. Overall, CS shows larger flexibility than C4,
with the root-mean-square fluctuations of the LiCl core
increasing from 0.18 A in C4 to 0.34 A in CS. The average
bond distances and angles in CS are closer to those in Li,Cl,,
indicating that cleaving a Li—Cl bond in C4 relaxes the
remaining part of the LiCl cluster (Figure S4). Thus, while no
facile solvent-assisted LiCl bond cleavage occurs in Li,Cl,, the
large solvated LiCl clusters appear to be more dynamic.
Conversion of CS into C4 requires a marginal activation
energy (AA* =2.1 + 0.8 kcal mol™). On the contrary, there is
essentially no energy barrier to open C4 into CS$, as confirmed
by the systematic evolution of C4 into CS observed within ~5
ps of AIMD at room temperature. The identification of
multiple structures for Li,Cl, varying THF coordination
evidences significant plasticity for this cluster, assisted by
solvation.

We employed the global free energy minimum, CS, as the
initial structure to investigate the interaction of LiCl with the
monomeric forms, CH;MgCl, MgCl,, and Mg(CHy),, of the

Table 1. Selected Crystallographic Structures of Li,Cl, with the Corresponding Compounds Found by AIMD in THF“
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Method X-ray?! AIMD X-ray? AIMD X-ray* AIMD
dLi-Cl)  2308(3)-2.342(3) 2.38(15) 2349(5)-2.387(4)  2.36(12)-2.43(15) 2.35(1)-2.40(1) 2.43(16)
dLi-0)  1.937(3)-1.956(3) 2.05(16) 1.922(5) 2.00(11) 1.90(1)-1.93(1) 1.97(7)
d(LiLi) 2.903) 2.96(18) 3.03(4) 3.11(17) 3.00(2)-3.08(1) 3.09(16)
Li-Cl-Li 77.06(11) 76(5) 79.1(2)-80.1(1) 80(5)-81(5) 77.3(3)-815(4) 80(6)
CI-Li-CI 102.94(11) 103(6) 99.9(2)-100.9(2) 97(6)-102(6) 97.5(4)-102.0(4) 99(6)
. 109.66(14)-
CI-Li-0 1392014 113(10) 107.1(2)-113.8(2) 114(12) 108.7(5)-128.8(5) 114(10)

“Distances in A and angles in deg. Blue = Cl; yellow = Li; red = O; gray = C. Hydrogens are not shown for clarity.
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Grignard reagent in the Schlenk equilibrium. Free energy
estimates show that the binding affinity depends on the
number of chlorides of the Grignard species (Figures 2 and
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Figure 2. Interaction of the monomeric forms of the Grignard reagent
with CS. Free energies are in kcal mol™'. THF hydrogens are not
shown for clarity.

S5—S7). Specifically, MgCl, and Li,Cl, bind as MgCl,-Li,Cl,
with a AA of —4.4 + 1.1 kcal mol™, while CH;MgCl shows
only marginal affinity. In contrast, separated Mg(CH,), and
Li,Cl, are more stable than Mg(CH,),-Li,Cl, by ~2 kcal
mol ™%,

The interaction between Grignard and LiCl is triggered by
the dangling lithium, which coordinates preferentially to the
chloride of the Mg species, at the expense of expelling a THF
from its coordination sphere. Subsequently, the y,-Cl binds to
the incoming Mg. Such generalized acid/base interactions are
favored by the higher charges, negative at the p,-Cl and
positive at the open Li, relative to the other Li’s and CI’s of the
cluster (Figure S8). On the contrary, for Mg(CH,), Mg
prefers to coordinate with a less electron-donating y5-Cl, even
if initially positioned nearby a p,-Cl. This could be due to the
stronger electron-donating effect of the methyl groups,®
enhancing repulsion with a more electron-rich chloride in the
LiCl aggregate.

To evaluate the interactions between the Mg fragments and
the LiCl cluster, the three Grignard—LiCl complexes were
investigated by energy decomposition analysis (EDA)*” (Table
S2). The interactions are mostly driven by the electrostatic
term, with an additional charge-transfer contribution. These
two components are the most stabilizing for MgCl, and the
least for Mg(CH,),. This is in line with the high ionic
character of the Mg—Cl bond that enhances both terms. The
preference for Mg(CH,), to coordinate a weaker electron
donor p;-Cl agrees with the reduced Pauli repulsion between
the two fragments.

The strongest binding of Li,Cl, to MgCl, has several
implications. The energetic unbalance in favor of MgCl,-Li,Cl,
pushes the Schlenk equilibrium to the right, enhancing
disproportionation of CH;MgCl and formation of the more
electron-rich Mg(CH,),.** This does not exclude the
occurrence of further equilibria, yielding other species. Another
consequence is associated with the solvation pattern of Li,Cl,,
influencing, in turn, its bonding properties. In CH;MgCI-
Li,CL,(THF), each metal is solvated by one THF, as in C4.
On the contrary, in MgCl,-Li,Cl,(THF),, both Mg and one of
the Li’s are solvated by two THFs, similar to CS. The three
ionic Mg—Cl bonds favor higher solvation of Mg as previously

reported”” and account for its pentacoordination. Furthermore,
the electron-withdrawing character of MgCl, weakens the Li—
Cl interactions, cleaving another Li—Cl bond with the
assistance of additional solvation at Li (Figure 2 and Table S1).

To probe the tendency of MgCl, to break down the LiCl
cluster, we ran AIMD at a 1:1 LiCl:MgCl, concentration,
reporting a dramatic effect of MgCl, on the compactness of
LiCl. Upon binding, the newly formed bimetallic moiety
undergoes rapid structural evolution, deforming the originally
tight Li,Cl, unit.

Relaxation of the cluster occurs through sequential cleavages
of Li—Cl bonds and consequent opening of Li(y-Cl),Li rings
(Figure 3). The LiCl moiety evolves along structures that

R5 B6 A R7 Q@c

. X LR QL
Ly B ® 0
& a;«; {: Ly u c

|
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Figure 3. Time relaxation of solvated Li,Cl, interacting with MgCl, in
a 1:1 Mg:Li ratio. Hydrogens are not shown for clarity.

closely recall those detected along the pathway of formation of
Li,Cl, (Figures 1B and S3), transitioning into an open cubane
moiety resembling RS, a ladder conformation (B6), and a
condensed [4.2.0] bicyclic entity (R7). In these structures,
MgCl, remains outside the decomposing Li,Cl, cluster,
connecting as Mg(4,-Cl),Li four-membered rings (Figure 3).
Within 10 ps, the LiCl cluster reaches a structure comprising a
single LiCl unit held on either side by homonuclear Li(y,-
Cl),Li and mixed Mg(u,-Cl),Li rings (Figure 3). Such rapid
evolution testifies to how the electron-withdrawing power of
MgCl, is sufficient to destroy the cohesive interactions within
Li,Cl,. Moreover, the occurrence of a central, linear LiCl unit
stabilized on both sides by small polynuclear Li:Mg:Cl
aggregates suggests several scenarios. First, this exposed LiCl
unit is more likely to participate in forthcoming reactions. Also,
heterolytic cleavage of the central Li—Cl bond may be
facilitated by the stabilizing effect of the terminal aggregates.
Such an event could yield reactive ionic entities with active Li*
and CI™ centers,™ despite a low dielectric solvent that would,
per se, disfavor ionic separation.

AIMD employed a 1:1 LiCl:MgCl, stoichiometry, while
experiments typically use a 1:1 LiCl:RMgX ratio. Thus, the
resulting LiCl:MgCl, ratio should not exceed 2:1, assuming a
quantitative shift of the Schlenk equilibrium induced by
favorable LiCl-MgCl, binding. Our computations were set up
to favor conformational sampling in an affordable time for
AIMD. Despite the excess concentration, the structures
observed in simulations involved the direct interaction of
Li,Cl, with only two MgCl, molecules, while other MgCl,
engaged peripherally through the dangling Mg—Cl bonds
(Figure 3). Thus, the reported events are compatible with the
experimentally more relevant 2:1 LiCl:MgCl, ratio.
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This study moves a critical step further into the
comprehension of the chemistry of LiCl in ethereal solution
and its interaction with Grignard species. LiCl emerges as a
highly dynamic system whose selective affinity for MgCl,
deeply modifies the Schlenk equilibrium of Grignard reagents
in favor of MgR,. Interaction with excess MgCl, evolves the
LiCl cluster toward a solubilization pathway that is otherwise
energetically unfavorable. Solubilization involves transient
structures related to those detected in crystalline samples.
This confirms the existence of several energetically similar
conformations for solvated LiCl, which may be stabilized by
marginal changes in the environmental conditions.

Disintegration of Li,Cl, by MgCl, yields exposed LiCl
moieties stabilized by small Li:Mg:Cl aggregates. Past
experimental literature reported the presence of putative
ionic species in turbo Grignard solutions.”” While a low-
dielectric medium would disfavor the presence of charged
compounds, the existence of nonbridging LiCl stabilized by the
Li:Mg:Cl aggregates opens the possibility of forming Li*- and
Cl -based ionic compounds. These charged moieties could
interact with the organomagnesium compounds present in
solution, yielding other species of diverse reactivity. The LiCl-
assisted enrichment of dialkylmagnesium confirms the original
proposal by Knochel about its presence in solution,” and it is
also in line with its recent characterization as tBu,MgCILi-
(THF), in the solid state.”’ This work urges further
investigation on the fragmentation of Li:Mg:X clusters into
neutral and ionic compounds as a function of R, halides, and
solvent and on the consequences for turbo Grignard reagents.
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