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Abstract: Since its introduction in 2004, Knochel’s so
called Turbo-Grignard reagents revolutionized the usage
of Grignard reagents. Through the simple addition of
LiCl to a magnesium alkyl an outstanding increase in
reactivity can be achieved. Though the exact composi-
tion of the reactive species remained mysterious, the
reactive mixture itself is readily used not only in
synthesis but also found its way into more distant fields
like material science. To unravel this mystery, we
combined single-crystal X-ray diffraction with in-solu-
tion NMR-spectroscopy and closed our investigations
with quantum chemical calculations. Using such a
variety of methods, we have gained insight into and an
explanation for the extraordinary reactivity of this
extremely convenient reagent by determining the struc-
ture of the first bimetallic reactive species
[t-Bu2Mg ·LiCl ·4 thf] with two tert-butyl anions at the
magnesium center and incorporated lithium chloride.

Since their first description by Phillipe Barbier and its
further development by Victor Grignard, granting the latter
the Nobel Prize in 1912, the compound class of organo-
magnesium halides are still a subject of high and extensive
scientific research.[1] The usage of these compounds, known
as Grignard reagents, expanded from simple electrophilic
addition and halogen exchange reactions[2] to precursors of
more complex coupling reactions[3] and even found their
way into synthetically more distant fields like
optoelectronics.[4] For this reason, experimental and theoret-
ical studies are conducted heavily to narrow down their

composition and structure and thereby understand and
influence their widely used reactivity.[5] More than 100 years
after the first synthesis of Grignard reagents, Knochel et al.
took these reagents to a whole new level. They discovered,
that the addition of LiCl turns on the “turbo” and not only
dramatically enhances their reactivity but also their chemo-
selectivity, especially towards Mg-halide exchanges.[6] While
an increase in yield and a decrease in reaction time could be
observed, reaction conditions applied were milder and the
functional group tolerance higher. Similar to the turbo-
Grignard reagents the addition of LiCl to halo magnesium
amides leads to the formation of turbo-Hauser bases with
dramatically improved reactivities, chemoselectivities and
functional group tolerances, in particular towards deproto-
nation reactions.[7] In 2005, Knochel et al. also showed that
through the addition of [15]crown-5 and thereby complex-
ation of MgCl2 the Schlenk equilibrium of i-PrMgCl ·LiCl
(1a) can be shifted towards the di-organo-magnesium
species i-Pr2Mg ·2 LiCl (3a) which leads to even shorter
reaction times and higher conversion rates (s. Scheme 1).[8]

While examples for these reagents with their extraordi-
nary properties are numerous, their constitution is not clear
at all. When Schlenk introduced his fundamental concept,
which is closely intertwined with Grignard reagents, he
concluded rightfully that there is not only one defined but
an equilibrium between different species.[9] In fact there is a
mixture of several aggregates which are all connected by
equilibria (s. Scheme 2). The position of these equilibria
depends not only on the organyl rest, but also on the applied
solvent, the concentration, the temperature or the used
halide and are subject to several experimental and quantum
chemical investigations to “unravel this chemical
puzzle”.[10,11] In the case of the turbo-Grignard reagents,
these equilibria are also affected by the added LiCl, thereby
becoming more complex and making it even more difficult
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Scheme 1. Acceleration of the Mg� Br-exchange of 4-bromanisole
through the addition of LiCl or [15]crown-5 and LiCl to i-PrMgCl; the
conversion of the reaction was determined by GC analysis on
aliquots.[6a,8]
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to pin down and analyse reactive species. By using a
combination of different experimental methods and quan-
tum chemical calculations Stalke et al. were able to gain
some insight into these underlying equilibria in ethereal
solvents.[12] Studies towards the solid-state structure of
i-PrMgCl ·LiCl lead to oligomeric structures incorporating
four magnesium centers but are lacking LiCl.[13] Yet, these
studies can be seen as good examples for the diversity and
high dynamic profile of the Schlenk equilibrium and its
associated problem of finding defined and thereby charac-
terizable species.[14] Thus, the reactive species of 1, 2 or 3
could never be clearly characterized, leading to different
tentative structural suggestions of the reactive species.

Herein, we present the first study of such a reactive
species with two separate alkyl anions, using single-crystal
X-ray diffraction to determine the solid-state structure as
well as 1H-7Li-HOESY- in combination with
1H-DOSY-NMR-spectroscopy to proof the existence of the
found species in solution. Furthermore, we used these
structures as a starting point to conduct quantum chemical
calculations to explain the observed increase in reactivity
upon addition of LiCl.

In contradiction to previous studies, we started our
investigation on the other side of the equilibrium shown in
Scheme 2 (right hand side). Therefore, we mixed i-PrMgCl
with i-PrLi and t-BuMgCl with t-BuLi to see if we can obtain
structural data of species 2 or 3. While the crystallization
attempts of the i-Pr species failed, we were able to crystallize
two different t-Bu magnesium species (4b and 2b, s.
Scheme 3). We anticipate that the crystallization of the i-Pr
species fails due to the higher mobility of the i-Pr compared
to the t-Bu.

By mixing commercially available t-BuMgCl (in thf) and
t-BuLi (in n-pentane), removing solvents and precipitating
LiCl by recrystallizing the reagent mixture in n-heptane, we
were able to obtain crystals of [t-Bu2Mg ·2thf] (4b). 4b
crystallizes in the monoclinic crystal system, space group
C2/c (s. Figure 1) where the asymmetric unit contains half of
the monomer of the di-organo-magnesium species 4b. The
magnesium center is coordinated by the two t-Bu ligands
and two thf molecules. This coordination pattern is well
known in the literature from other ethereal di-organo-
magnesium compounds.[16]

By simply mixing the two reagents t-BuMgCl and t-BuLi
and storing the mixture over night at � 80 °C, we obtained
colourless crystals. In addition to the usual high sensitivity
of organometallic compounds to moisture and oxygen, these
crystals proved to be very sensitive to slight temperature
changes. While temperatures below 150 K (� 123 °C) re-
sulted in shattering of the crystals caused by an irreversible
phase transition, temperatures above 200 K (� 73 °C) re-
sulted in melting. By using this sweet spot, we were able to
determine the structure of, what we believe is a turbo-
Grignard congener.

The compound [t-Bu2Mg ·LiCl ·4thf] (2b) crystallizes in
the monoclinic crystal system, space group P21/c (s. Fig-
ure 2). The asymmetric unit contains one magnesium center,
which is coordinated by two t-Bu anions and one thf
molecule in similar manner as in the structure of 4b. The
magnesium cation is connected via the chloride anion with
the lithium cation, which is coordinated by three thf
molecules. This R2Mg� Cl� Li structural motif was previously
obtained only by using a chelating dianion, resulting in a
five-membered C� C� C� C� Mg ring, slightly shorter Mg� C
distances of 2.143(2) Å and 2.132(2) Å as well as a much
more acute C� Mg� C angle of about 88° compared to
structure 2b. In contrast to the referenced structure of
Zhang et al., 2b and 4b feature Mg� C distances of about
2.18 Å and C� Mg� C angles of more than 120°, although it
should be noted that these measurements were each
performed at different temperatures.[17]

Scheme 2. Schlenk equilibria and tentative structural suggestions of
different turbo-Grignard congeners.[11, 15]

Scheme 3. Synthetic route to the pure di-organo-magnesium species 4a
and 4b and the turbo-Grignard congeners 2a and 2b.

Figure 1. Molecular structure of [t-Bu2Mg ·2thf] (4b) in the crystal.
Symmetry operation: 1� x,y,3/2� z. Small selection of bond lengths and
angles: Mg1� C1 2.1765(11) Å, C1� Mg1� C1’ 122.51(6) °. For further
information on selected bond lengths and angles see Supporting
Information Figure S5.
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This leads to the question: Does the structural motif of
2b found in the solid state also represent the general
structure of these di-organo-magnesium-LiCl-adducts in
solution? To answer this question, we used the found
structural motifs of 4b and 2b as a basis for quantum
chemical calculations of the equilibrium between 4a,
[LiCl ·2thf]2 (5) and 2a and 4b, 5 and 2b (5 is already
characterized in solid state and solution[13,18]).

The calculated enthalpy of formation of � 13 kJmol� 1

(2a) and � 14 kJmol� 1 (2b) shown in Scheme 4 is in clear
favour of the LiCl adducts 2 over the separated species 4
and 5. In a detailed quantum chemical calculation on the
tentative structural suggestions of different turbo-Grignard
congeners with R= t-Bu, as shown in Scheme 2, aggregate
2b was found to be favored over the other congeners 1b and
3b (see Supporting Information p. S56).

Confident by these results, we moved from theory to
experiment and conducted different NMR-experiments of a
mixture of 4b and 5 as well as of a mixture of i-PrMgCl with
i-PrLi. By addition of 4b to LiCl an upfield shift of about
0.6 ppm for the 7Li-signal can be observed, pointing towards
a change in coordination sphere of the lithium ion. When
comparing the solution of 2a with the solution of 5, the
same upfield shift, as previously recorded for 2b, was
observed. Furthermore, using 1H-7Li-HOESY-NMR experi-
ments, we were able to confirm a coupling between the
protons of the carbanionic ligands (t-Bu 2b and i-Pr 2a) and

the 7Li-nucleus, proving thereby a formation of an aggregate
containing both (see Supporting Information Figures S9 and
S18). This led us to the question whether these aggregates
also represent the found solid state structure of 2b. To
further pursue this question, we investigated the aggregate
sizes of 2a and 2b by 1H-DOSY-NMR experiments (s.
Table 1). All diameters found in solution are in good
agreement with either the diameter calculated by quantum
chemical calculations (2a) or the one found in the solid-state
(2b).

The found solid state structure of 2b in combination
with the employed NMR-experiments of 2a and 2b unearth
a yet unnoticed reactive intermediate, which was not
considered in mechanistic approaches so far. Therefore, we
used this new structural motif to model a simple Br� Mg-
exchange of bromobenzene with either [i-Pr2Mg ·2thf] (4a)
or [i-Pr2Mg ·LiCl ·4thf] (2a) as reagent. Indeed, a barrier
lowering effect of the incorporated lithium chloride known
from various examples can be observed and understood
through these quantum chemical calculations (s. Scheme 5).

Through the incorporation of a third anionic ligand
(2 i-Pr� +Cl� ) the highly charged and less coordinated
magnesium cation is better stabilized in the transition state
TS-LiCl than in TS-Mg (s. Scheme 5). This stabilization can
be explained by a shortening of the distance between
magnesium and chloride by more than 10 pm from Ed-LiCl
to TS-LiCl and thereby elevating stabilizing coulomb
interactions. At the same time, the higher polarity of the
calculated LiCl-aggregates, especially in the case of the
transition state, results in a higher sensitivity towards solvent
effects. Thus, for a more accurate calculation, employment
of a more sophisticated solvent model such as SMD is
required. The values found hereby should not be over-
interpreted as absolute statements but should be seen as
trends pointing towards a direction (for a detailed discussion
see Supporting Information p. S73). All these observations
together provide an explanation why the addition and
incorporation of LiCl enhances the reactivity of Grignard
reagents in the experimental well-observed manner.

By starting off with the crystallization and character-
ization of a turbo-Grignard congener by single-crystal X-ray
diffraction, we were lucky to get a grip on these otherwise
highly dynamic intermediates. From this starting point we
were able to corroborate the gained structural information
as a thermodynamic minimum by quantum chemical calcu-
lations and as present in solution via multiple NMR experi-
ments. Finally, we conducted quantum chemical calculations
of a Mg� Br exchange, showing that the incorporation of
LiCl indeed possesses a barrier lowering effect by stabilizing

Figure 2. Molecular structure of [t-Bu2Mg ·LiCl ·4thf] (2b) in the crystal.
Small selection of bond lengths [Å] and angles [°]: Mg1� C1 2.176(2),
Mg1� C5 2.183(2), Mg1� Cl1 2.4103(8), Li1� Cl1 2.302(3), C1� Mg1� C5
122.78(8), Mg1� Cl1� Li1 123.92(10). For further information on
selected bond lengths and angles see Supporting Information Fig-
ure S13.

Scheme 4. Calculated ΔH of the equilibrium between the three species
[R2Mg ·2thf] (4), [LiCl ·2thf]2 (5) and [R2Mg ·LiCl ·4thf] (2); M06-2X/6-
311+g(d,p), SMD-solvent model with thf as solvent.

Table 1: Experimental results of the 1H-DOSY-NMR experiment of a
0.5 M solution of a 1 :1 mixture of 4b and 5, and i-PrMgCl and i-PrLi in
thf-d8 conducted at room temperature.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2023, 62, e202302489 (3 of 5) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 25, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202302489 by T

echnische U
niversitaet D

ortm
und, W

iley O
nline L

ibrary on [23/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the transition state of this reaction (s. Scheme 5). Most
notably, our results thereby explain the enhanced reactivity
of such mixed R2Mg ·LiCl reagents, as already proven by
Knochel et al. (s. Scheme 1).[8] Based on these findings, it
should be discussed to which extend these di-organo species
(R2Mg ·LiCl) are also involved in the reactivity of the widely
used turbo-Grignard reagents (RMgCl ·LiCl), in which they
should be present due to the Schlenk equilibrium. There-
fore, the in situ mixing of commercially available Grignard
reagents with lithium alkyls should be reconsidered as a fast
path to easily enhance the reactivity of Grignard reagents.
Finally, the results presented here show why and how a
general reactivity enhancement can be achieved by anionic
components such as a simple chloride anion. By adding
another piece to the turbo-Grignard puzzle, we hope that
the results of our work will not only magnify the scientific
picture of these high-performance reagents but also that of
the influencing effects of anionic components. We hope that
our findings will seed inspiration in other scientists for
further improvement of organometallic reagents.
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