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/Abstract: Grignard reagents RMgCl and their so-called turbo
variant, the highly reactive RMgCI-LiCl, are of exceptional
synthetic utility. Nevertheless, it is still not fully understood
which species these compounds form in solution and, in
particular, in which way LiCl exerts its reactivity-enhancing
effect. A combination of electrospray-ionization mass spec-
trometry, electrical conductivity measurements, NMR spec-
troscopy (including diffusion-ordered spectroscopy), and
quantum chemical calculations is used to analyze solutions
of RMgCl (R=Me, Et, Bu, Hex, Oct, Dec, iPr, tBu, Ph) in tetra-
hydrofuran and other ethereal solvents in the absence and
presence of stoichiometric amounts of LiCl. In tetrahydrofur-
an, RMgCl forms mononuclear species, which are converted

-

into trinuclear anions as a result of the concentration in-
crease experienced during the electrospray process. These
trinuclear anions are theoretically predicted to adopt open
cubic geometries, which remarkably resemble structural
motifs previously found in the solid state. The molecular
constituents of RMgCl and RMgCL-LIiCl are interrelated via
Schlenk equilibria and fast intermolecular exchange process-
es. A small portion of the Grignard reagent also forms anion-
ic ate complexes in solution. The abundance of these more
electron-rich and hence supposedly more nucleophilic ate
complexes strongly increases upon the addition of LiCl, thus
rationalizing its beneficial effect on the reactivity of Grignard
reagents.
/

Introduction

Since their discovery by Grignard in the year of 1900, the or-
ganomagnesium halides RMgX that bear his name have been
known and cherished as the prototypical organometallic re-
agents.”” Grignard reagents not only react readily with numer-
ous electrophiles, such as aldehydes, ketones, epoxides, ni-
triles, esters, and carbon dioxide,** but also efficiently under-
go transition metal-catalyzed conjugate addition® and cross-
coupling reactions.” Thus, they are indispensable tools for the
formation of new carbon-carbon bonds and continue to at-
tract a great deal of interest. Important milestones in the de-
velopment of Grignard reagents include the activation of the
magnesium metal for a more facile access to RMgX com-
pounds” and the synthesis and use of highly functionalized
Grignard reagents.” The latest pivotal innovation is marked by
the development of the so-called turbo-Grignard reagent
iPrMgCI-LiCl by Knochel and co-workers.” The presence of LiCl
strongly enhances the reactivity of this reagent and, thus, ena-
bles highly efficient magnesium-bromine exchange reactions.
Thereby, it further broadens the scope of accessible polyfunc-
tionalized Grignard reagents. Thanks to their superior per-
formance, iPrMgCI-LiCl and other LiCl-containing Grignard re-
agents are by now widely adopted in academia and indus-
try." At the same time, the addition of LiCl also significantly
accelerates the insertion of magnesium into organic halides."”
RMgCI-LiCl reagents, thus, represent a prime example of the
emergence of synergistic effects in the reactivity of bimetallic
main-group compounds.!"”
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The outstanding synthetic utility of Grignard reagents has
always resulted in a keen interest in their speciation in solu-
tion. The classical studies by Schlenk and Schlenk showed that
Grignard reagents RMgX in ethereal solutions undergo dispro-
portionation to afford both R,Mg and MgX, (the so-called
Schlenk equilibrium)."¥ Later work of Ashby and others used
ebullioscopy and kinetic measurements as well as NMR, IR, and
X-ray absorption spectroscopy to determine the position of
the Schlenk equilibria and the aggregation state of RMgX.">®
These studies pointed to the presence of monomeric and di-
meric RMgX in diethyl ether. In tetrahydrofuran (THF), only
monomeric species were found, but here the operation of the
Schlenk equilibrium is more pronounced and gives rise to the
formation of substantial amounts of R,Mg and MgX,, besides
RMgX. Electrochemical experiments also indicated the pres-
ence of ionic species, although only in low abundance."” The
nature of these ionic species remains unclear.

More recent studies have also addressed the microscopic
constitution of turbo-Grignard reagents. Krasovskiy and Kno-
chel suggested that the addition of LiCl to RMgCl in THF may
lead to ate complexes, which should exhibit an enhanced nu-
cleophilic reactivity (Scheme 1, top left).®® Quantum-chemical
calculations by Krasovskiy, Straub, and Knochel confirmed the
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observed species in the solid state
Scheme 1. Constituents of iPrMgCl-LiCl assumed to be present in solution

(THF)®*"® and found in the solid state,"” respectively. Coordinating solvent
molecules are omitted for clarity.
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assumed correlation between ate character and nucleophilic
reactivity."® In the same study, the authors also found evi-
dence for the operation of Schlenk equilibria and the forma-
tion of solvent-separated ion pairs from the ate complex and
its Li* counter ion (Scheme 1, top right).'® Such ion pairs were
not observed in crystals isolated from solutions of iPrMgCI-LiCl,
however. Instead, Lerner and collaborators found these crystals
to display neutral open-cube geometries of four Mg centers
without the incorporation of Li (Scheme 1, bottom)."” The
same structure was obtained for crystals isolated from the cor-
responding conventional Grignard reagent iPrMgC|.l'>*!

To elucidate the effect of LiCl upon Grignard reagents at the
molecular level, the direct identification of the in situ-formed
species by spectrometric and spectroscopic methods is essen-
tial. Herein, we analyze solutions of conventional Grignard re-
agents RMgCl and their turbo variant RMgCL-LiCl in THF by
a combination of electrospray-ionization (ESI) mass spectrome-
try, electrical conductivity measurements, and multinuclear
NMR spectroscopy, including diffusion-ordered spectroscopy
(DOSY). ESI mass spectrometry selectively probes charged spe-
cies and, thus, is very well suited to detect anionic ate com-
plexes, as we and others have shown previously.”"?? Note,
however, that the notoriously high sensitivity of Grignard re-
agents toward hydrolysis and oxidation so far has prevented
the successful detection of intact organomagnesium species
by ESI mass spectrometry.”*?¥ The analysis of these challeng-
ing analytes therefore also serves as a rigorous test for the ap-
plied methods. The qualitative insight afforded by ESI mass
spectrometry is ideally complemented by electrical conductivi-
ty measurements, which can provide more quantitative infor-
mation on the ionic constituents in solution.?’™“*! NMR spec-
troscopy, in turn, has the advantage of probing both neutral
and charged species. Moreover, its DOSY variant can be used
to determine the aggregation state of the sampled species,
which is particularly helpful for the characterization of organo-
metallics and metal bases in solution.”® However, one draw-
back of NMR spectroscopic experiments is their relatively slow
time scale, which prevents the resolution of fast equilibria. To
facilitate the interpretation of the experimental results, we also
employ quantum chemical calculations.

Experimental and Theoretical Methods
Materials and general methods

Standard Schlenk techniques were applied in all cases. THF and
[Dg]THF were dried over sodium or potassium/benzophenone and
freshly distilled before use. Et,0 was dried over sodium and freshly
distilled. Dioxane was freshly distilled and degassed. MeMgCl (in
THF, 3 ™), EtMgCl (in THF, 2 M), and PhMgCl (in THF, 2 M) were pur-
chased and wused as received. BuMgCl, HexMgCl, OctMgCl,
DecMgCl, iPrMgCl, and tBuMgCl were synthesized according to
standard procedures (see the Supporting Information). Exact con-
centrations of the Grignard reagents were determined by iodomet-
ric titration.”” Solutions of RMgCI-LiCl were prepared by combining
equimolar amounts of solutions of RMgCl and dry LiCl in THF.

Chem. Eur. J. 2016, 22, 7752 -7762 www.chemeurj.org

7754

CHEMISTRY

A European Journal

Full Paper

ESI mass spectrometry

Before the analysis of solutions of Grignard reagents, the inlet line
of the mass spectrometer was extensively purged with dry THF.
Sample solutions (c=25 mwm if not stated otherwise) were then
transferred into gas-tight syringes and injected into the ESI source
of an HCT quadrupole-ion trap mass spectrometer (Bruker Dalto-
nik) at a flow rate of 8 uLmin~". The ESI source was operated at
a voltage of 3000 V with N, as nebulizer gas (0.7 bar) and drying
gas (5.0Lmin"', 373 K). To transfer the generated ions into the
quadrupole-ion trap, very mild conditions were applied to prevent
unwanted decomposition reactions.?'™?® The helium-filled trap [es-
timated pressure p(He)~ 0.3 Pa] was typically operated at a trap
drive of 40 to ensure efficient trapping and detection of ions of
medium m/z ratios (typically recorded m/z range: 50-1000). The
given assignments are based on the m/z ratios, the isotope pat-
terns (some of which were significantly broadened and, thus,
poorly resolved, presumably due to reactions with traces of back-
ground water during the m/z scan), and the gas-phase fragmenta-
tion behavior of the observed ions. In the gas-phase fragmentation
experiments, the ions of interest were mass-selected (with isolation
widths of 8 u), subjected to excitation voltages of amplitude V,,,
and allowed to collide with the helium gas. Additional experiments
were carried out with a micrOTOF-Q Il mass spectrometer (Bruker
Daltonik) under similar ESI conditions.?? This instrument is
equipped with a time-of-flight mass analyzer and, thus, achieves
a higher mass resolution than the quadrupole-ion trap (typically,
deviations of 20 ppm were obtained when the instrument was ex-
ternally calibrated with a mixture of phosphazenes in H,O/acetoni-
trile). A drawback of the micrOTOF-Q Il instrument is the imperfect
insulation of its ESI source against the surrounding atmosphere
and the resulting intake of trace amounts of water and oxygen.
Both instruments were controlled with the Compass software pack-
age (Bruker Daltonik), which was also used to calculate exact m/z
ratios and theoretical isotope patterns.

Electrical conductivity measurements

Electrical conductivity experiments were performed with a Seven
Multi instrument (Mettler Toledo) with a stainless steel electrode
cell (x.=0.1 cm™, calibrated against an aqueous solution of KCl
at 298 K) at T=298+1 K. lodometric titration immediately after
each measurement proved that the sample solutions still had
>90% of the expected activity.

NMR spectroscopy

Samples of RMgCl or RMgCI-LiCl (c=25mm) and equimolar
amounts of 1,2,3,4-tetraphenylnaphthalene (TPhN) were filled into
5 mm NMR tubes and kept inside the NMR spectrometer at 298 K
for 30 min (with an air flow of 400 Lh™") before the measurement,
if not stated otherwise. All experiments were performed with
a Bruker Avance 400 spectrometer equipped with an observe
broadband probe with a z-axis gradient coil with a maximum gra-
dient strength of 57 Gem™' and without sample spinning during
measurements. The DOSY experiments employed a double stimu-
lated echo sequence with bipolar gradient pulses and three spoil
gradients with convection compensation (dstebpg3s).*” The diffu-
sion time was set to 4=0.1s. The pulsed field gradients /2 were
adjusted for every compound in a range of 2-3 ms. The delay for
gradient recovery was 0.2 ms and the eddy current delay 5 ms. For
each DOSY experiment, a series of 16 spectra on 32 K data points
was collected. The pulse gradients (g) were incremented from 2 to
98% of the maximum gradient strength in a linear ramp with
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a total time of the experiment of 51 min. After Fourier transforma-
tion and baseline correction, the diffusion dimension was pro-
cessed with the Topspin 3.1 software (Bruker Biospin). Diffusion co-
efficients processed with a line broadening of 2 Hz were calculated
by exponential fits with the T1/T2 software of Topspin.

Quantum chemical calculations

Electronic structure calculations were performed with the ORCA
program package (version 3.0.3).5"3? The presented gas-phase
minimum energy structures were calculated without any con-
straints by the DFT method B3LYP™® (as defined in the GAUSSIAN
program system) in combination with Grimme’s atom-pairwise dis-
persion correction with Becke-Johnson damping (DFT-D3bj).% For
all atoms, the def2-TZVP basis set® minimally augmented (ma) by
diffuse functions according to Truhlar and co-workers®® was ap-
plied. To obtain minimum energy geometries in solution, the same
method was used together with the conductor-like screening
model COSMO.B”! All optimized structures were confirmed to corre-
spond to a minimum in energy by means of harmonic vibrational
frequency calculations (conducted at the same level of theory as
each geometry optimization).

Results
ESI mass spectrometry
RMgCl in the absence of LiCl

Upon analysis by negative ion-mode ESI mass spectrometry,
solutions of Grignard reagents RMgCl bearing primary alkyl
groups (R=Me, Et, Bu, Hex, Oct, Dec) showed a multitude of
organomagnesium ate complexes (Figure 1; Figures S1-S19
and Table S1 in the Supporting Information). In all cases,

Bu,Mg,Cl,”
AN

Relative signal intensity

————
800 1000

Figure 1. Negative ion-mode ESI mass spectrum of a 25 mm solution of
BuMgCl in THF.

almost exclusively trinuclear anions of the type [R,Mg;Cl, .1~
were observed. Variation of the concentration of the sample
solution did not change this result (see the Supporting Infor-
mation, Figure S7). For Grignard reagents with short and
medium alkyl chains (R=Me, Et, Bu, Hex), alkyl-rich complexes
[R,Mg;Cl,_,]~ (n>4) predominated, whereas more balanced
distributions were found for Grignard reagents with long alkyl
substituents (R=0ct, Dec). It is not clear whether this trend re-
flects a genuine difference in behavior or whether it merely re-
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sulted from the unavoidable mass discrimination inherent in
the employed mass analyzer. Note that we succeeded in sup-
pressing hydrolysis reactions essentially completely for some
systems (e.g., for BUMgCI; Figure 1), whereas in other cases the
observation of [R,Mg;Cls_,(OH)]™ and [R,Mg;Cl;_,(OH),]- com-
plexes point to the partial occurrence of these unwanted pro-
cesses.

Solutions of iPrMgCl and tBuMgCl also afforded prominent
trinuclear ate complexes of the type [R,Mg,Cl,_,]7, namely
[iPrsMg;Cl,]~ and [tBusMg;Cl,]~, respectively (see the Support-
ing Information, Figures S20-S24). Additional ions contained
alkoxy groups, which presumably resulted from reactions with
traces of dioxygen and the consecutive cleavage of the O-OR
bonds by the nucleophilic attack of metal-bound R
groups.[*>#<38 Control experiments with sample solutions de-
liberately exposed to O, indeed found a dramatic increase of
alkoxide complexes (see the Supporting Information, Figur-
es S25 and S26).

The negative ion-mode ESI mass spectra of solutions of
PhMgCl showed the trinuclear complex [Ph;Mg;Cl,] as base
peak (see the Supporting Information, Figures $27-529). In ad-
dition, the presence of di- and trinuclear ions with up to four
hydroxy groups indicated extensive hydrolysis reactions.

We also analyzed a 1:1 mixture of iPrMgCl and PhMgCl in
THF. The resulting ESI mass spectra indicated a series of trinu-
clear ate complexes, several of which contained both iPr and
Ph groups (see the Supporting Information, Figures S30-S32).
The distribution of the two organic substituents in the detect-
ed anions was not statistical, but showed a significant enrich-
ment in the iPr group.

The analysis of solutions of Grignard reagents RMgCl by pos-
itive ion-mode ESI mass spectrometry only led to the observa-
tion of [Mg;Cl;(OMe),(THF),] ™ ions (n=3-5). As reported previ-
ously, these ions originated from reactions with surprisingly
long-lasting MeOH contaminations present in the ESI sour-
ce®d

RMgCI-LiCI

Negative ion-mode ESI of solutions of turbo-type Grignard re-
agents RMgCI-LiCl (R=Me, Et, Bu, Hex, Oct, Dec, iPr, tBu, Ph)
gave mass spectra very similar to those obtained for the solu-
tions of the corresponding conventional Grignard reagents
RMgClI (see the Supporting Information, Figures S33-543). Only
for DecMgCl and PhMgCl, a few Li*-containing ions, such as
[DecgLiMg;Cl,]~ and [PhMg,LiCl,(OH);]~, could be detected (see
the Supporting Information, Figures S39, S40, and S43). Posi-
tive ion-mode ESI produced [Li(THF),]* (n=2, 3; see the Sup-
porting Information, Figure S44 for BuMgCI-LiCl).

Effects of solvents and additives

Negative ion-mode ESI mass spectrometry of a solution of
iPrMgCl in Et,O afforded [iPr,Mg;Cl;]~ as base peak (see the
Supporting Information, Figures S45-S47). Upon addition of
10% dioxane to a solution of iPrMgCl in THF, [iPrsMg;Cl,]-,
[iPr,Mg;(OiPr),Cl,_,]~ (n=0 and 1), as well as [iPr;;Mg;]~ were
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observed (see the Supporting Information, Figures S48-S51).
The latter ion is remarkable because it is the only pentanuclear
complex detected, which moreover exclusively contains organ-
ic substituents.

Reactivity in solution

We also used negative ion-mode ESI mass spectrometry to an-
alyze solutions of iPrMgCI-LiCl in THF/dioxane (9:1), to which 4-
bromoanisole (ArBr) had been added. From synthetic studies,
it is known that under these conditions bromine-magnesium
exchange reactions occur.”® We could indeed observe the re-
sulting intermediates [Ar,Mg,Cll~ and [ArsMg,]", which
showed the complete replacement of all exchangeable iPr
groups by aryl substituents (Figure 2 and Figures S52 and S53
in the Supporting Information). Unlike the vast majority of
other detected organomagnesium ate complexes, these spe-
cies were dinuclear. In addition, the ftrinuclear anion
[Ar,Mg;(OiPr),Cl]~ was present and again pointed to the occur-
rence of reactions with traces of O,.

100
Ar.Mg,”

=
2 i A
g Ar Ml /ArAMg:!(OPr)ZCI
= r
s ESEN
o
2
2
kS
[]
4

04

0 200 400 600 800
miz
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Figure 2. Negative ion-mode ESI mass spectrum of a solution of the prod-
ucts formed in the reaction of iPrMgCI-LiCl (25 mm) with 4-bromoanisole
(ArBr, 25 mm) in THF/dioxane (9:1).

Gas-phase reactivity

In all cases examined,” the gas-phase fragmentation of the
organomagnesium ate complexes resulted in the loss of R,Mg
units [Eq. (1) and Table S2 and Figures S54-S75 in the Support-
ing Information]. In a few cases, the primary fragment ions un-
derwent a consecutive fragmentation and lost another R,Mg
unit [Eq. (2) and Figures S76-S78 in the Supporting Informa-
tion]. Analogous fragmentation reactions also occurred for the
pentanuclear [iPr;;Mgs]~ ion (see the Supporting Information,
Figure S79) and the lithium-containing complexes (see the
Supporting Information, Figures S80 and S81).

[RnM93C|7—n]7 - [Rn—2M92C|7—n]7 + RZMg (1)
[R,-2Mg,Cl,_,]” — [R,4MgCl;_,]” + R,Mg (2)

These unimolecular reactions were partly obscured by the
parallel occurrence of bimolecular reactions with traces of
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water present in the vacuum system of the mass spectrometer,
which led to the partial hydrolysis of the organomagnesium
ate complexes [Eq. (3) for the case of the trinuclear ions]. The
rates of these reactions apparently depended on the nature of
the organic substituent and were particularly high for the phe-
nylmagnesium ate complexes. For these species, multiple con-
secutive hydrolysis steps were observed (see the Supporting
Information, Figures $S82-584).

[R.Mg;Cl,_,]~ +H,0 — [R,_;MgsCl,_,(OH)]~ + RH (3)

Electrical conductivity measurements
RMgCl+nLiCl

Solutions of Grignard reagents RMgCl (R=Bu and iPr) in THF
displayed relatively low electrical conductivities (Figure 3). In
contrast, the conductivity of a solution of tBuMgCl was mark-
edly higher. Upon addition of 0.5-2 equivalents of LiCl, the
conductivity significantly increased in all cases (Figure 3 and
Tables S3 and S4). With the exception of the iPrMgCl/nLiCl
system, the measured curves exhibited approximately linear
slopes without any apparent signs of saturation. Note that the
conductivity of LiCl in THF alone is negligibly low (see below)
and, thus, cannot account for the observed increase."”

1000
+ ‘BuMgcClI .
800 4 'PrMgCI
= BuMgClI
7E 600
() *
2
= 400
P . :
A
200 4* A
-
L]
ot T T T T .
0.0 0.1 0.2 0.3 0.4 0.5 0.6
¢(LiCl) / (mol L™

Figure 3. Specific electrical conductivities of solutions of RMgCl (approx.
250 mm) treated with different amounts of LiCl in THF at 298 K.

BuMgCl/LiCl: Job plot

To obtain complementary information, we also employed the
method of continuous variation, commonly known as a Job
plot.”” To this end, we considered different binary mixtures of
BuMgCl and LiCl in THF with a constant total concentration
Ciotat = C(BUMgCI) 4 ¢(LiCl) =250 mm. Plotting the electrical con-
ductivities of these mixtures against the molar fraction of
BuMgCl resulted in a curve with a pronounced maximum at
x(BuMgCl)=0.5 (Figure 4). The curve showed a slightly asym-
metric shape due to the different conductivities of the two
pure components: that of LiCl was negligibly low,”®” unlike
that of BuMgCI (see above).
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Figure 4. Job plot for a mixture of BuMgCl and LiCl in THF at 298 K,
Crotal = 250 mm.

NMR Spectroscopy

RMgX in the absence of LiX

'H and "*C NMR spectra of Grignard reagents RMgCl (R=Et, Bu,
Hex, Oct, Dec, iPr) and of BuMgBr in [Dg]THF showed the up-
field-shifted signals characteristic of methylene or methine
groups, respectively, directly bound to magnesium (Figure 5
and Figures S85-5113 in the Supporting Information). In all
cases, a single set of signals was observed, suggesting the
presence of only a single distinct species of BuMgCl or the op-
eration of fast equilibria. Cooling down the sample to 193 K
did not result in additional signals.

( }t log (D/D,)
)i ) L
F=10.2
i L-10.0
r -9.8
-9.6
-9.4
F =92
i@ TPhN L —9.0
BuMgCl ¢b f ' e
THF | \ THF |88
. : . . : : r -8.4
8 7 6 5 4 3 2 1 0 ppm

Figure 5. 'H DOSY spectrum of a 25 mwm solution of BuMgCl in [DITHF at
298 K. TPhN =1,2,3,4-tetraphenylnaphthalene added as internal reference;
the signal marked with an asterisk results from traces of grease.

Moreover, we used 'H DOSY experiments to determine the
diffusion coefficients of the organomagnesium species
(Figure 5 and Figures S88, S92, S96, S100, S104, S108, and S113
in the Supporting Information). We assigned a fixed value to
the diffusion coefficient of an internal reference (1,2,3,4-tetra-
phenylnaphthalene; log D, =—9.1054) for all measurements
and, thus, normalized all diffusion coefficients of the Grignard
reagents. By using a carefully chosen external calibration curve
(ECC; see the Supporting Information, Figure S114 and Ta-
bles S5-59), we could convert these diffusion coefficients into
molecular weights. These molecular weights showed a monoto-
nous and evenly spaced increase with growing length of the
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Figure 6. Comparison of experimentally derived molecular weights (red)
with values expected for [RMgCI(THF),] (black) and [R,Mg,Cl,(THF),] (blue).

alkyl chain of the Grignard reagents (Figure 6). This behavior
strongly suggested that the probed compounds RMgCl be-
longed to a common series of homologous species. From the
observed increase of the molecular weights per additional
C,H, unit in the alkyl chain, it can be directly deduced that the
probed organomagnesium complexes contained exactly one
alkyl group. The obtained molecular weights match those cal-
culated for [RMgCI(THF),] very well (Figure 6). In contrast, as-
suming the presence of, for example, dinuclear
[R,Mg,Cl,(THF),] would not reproduce the derived molecular
weights at all. In the case of BuMgCl, we also investigated the
concentration dependence of the diffusion coefficient. A ten-
fold concentration increase from 25 mm to 250 mm resulted in
no significant increase of the diffusion coefficient. At c=1.0m,
the highest concentration that could be probed, the diffusion
coefficient slightly increased. This behavior could indicate the
partial formation of a higher aggregate interrelated to the
[RMgCI(THF),] species via a fast equilibrium; the validity of the
ECC DOSY method has, however, not been rigorously demon-
strated for highly concentrated sample solutions.”*¥’

BuMgCl+LiCl

The addition of 1 equivalent of LiCl to solutions of BuMgCl had
no discernible effects on the 'H and *C NMR spectra (see the
Supporting Information, Figures S115-5117). The Li NMR spec-
tra of the BuMgCI-LiCl solutions exhibited a signal at 6=
0.28 ppm, which slightly differed from the chemical shift of
0.49 ppm measured for solutions of LiCl (see the Supporting
Information, Figure S118).

The "H DOSY experiments determined diffusion coefficients
for BUMgCI-LiCl, which were consistently higher than those for
simple BuMgCl (see the Supporting Information, Figure S119
and Table S10). This finding indicated that the addition of LiCl
led to the (partial) association of the two components. The
molecular weight deduced from the experiment (MWg >
299.6 gmol ") appears to agree with that calculated for a 1:1
adduct of BuMgCl-2THF and LiCl (MW, =303.5 gmol ") and
to suggest that such species form almost quantitatively. If, in-
stead, it is assumed that the adduct of the two components
binds 3 molecules of THF, thus affording BuMgCI-LiCI-3THF
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(MW_,=375.6 gmol™"), the determined molecular weight im-
plies its incomplete formation. In addition, we also studied sol-
utions of BuMgBr-LiBr, whose NMR spectra closely resembled
those of BUMgBr as well (see the Supporting Information, Fig-
ures S120-S124).

Quantum chemical calculations
Trinuclear ate complexes

For a better understanding of the almost exclusive formation
of trinuclear ate complexes upon ESI of solutions of RMgCl and
RMgCI-LiCl, we calculated the energetically most stable gas-
phase structures of the model complexes [Mg;Cl;]~ and
[Me,Mg;]~. Considering 12 different starting geometries for
each species (see the Supporting Information, Figure S125), 4
distinct minima for [Mg;Cl;]~ and 2 for [Me,Mg;]~ could be
identified. In both cases, the global minimum corresponded to
an open cubic structure, which was predicted to be significant-
ly lower in energy than the other isomer(s) (Figure 7 and Fig-
ure $126 and Table S11 in the Supporting Information).

Figure 7. Calculated gas-phase minimum-energy structures for [Mg;Cl,]~
(left) and [Me,Mg;]™ (right).

MeMgCl + LiCl

We also used quantum chemical calculations to predict the
structures of different minima for the system MeMgCl+LiCl. In
the gas phase, the association of the two components results
in a heterobimetallic adduct, in which two chlorine atoms
bridge the two metal centers. Heterolytic dissociation of this
adduct affords the corresponding anionic Mg complex
(Figure 8). Essentially the same species are found when solva-
tion by THF is taken into account by using COSMO®” and ex-
plicitly considering THF molecules to complete the assumed
tetrahedral first coordination spheres of the metal ions (see
the Supporting Information, Figure S127).

Figure 8. Calculated gas-phase minimum-energy structures for the adduct
formed from MeMgCl and LiCl (left) and the anionic complex resulting from
its heterolytic dissociation (right).

Chem. Eur. J. 2016, 22, 7752-7762 www.chemeurj.org

7758

CHEMISTRY

A European Journal

Full Paper

Discussion

Aggregation state of RMgCl

The observation of trinuclear complexes by ESI mass spectrom-
etry disagrees with the presence of mononuclear species infer-
red from the DOSY measurements. DOSY has recently been es-
tablished as a standard method for determining the aggrega-
tion state of analytes in solution.”® Furthermore, the outcome
of the DOSY experiments is in accordance with the current
consensus on the behavior of Grignard reagents in
THF[>16abdel Thys, it appears beyond any doubt that the
probed RMgCl compounds form mononuclear species in THF.
The ECC DOSY measurements afford further information in
that they point to the attachment of two molecules of THF to
each RMgCl molecule by relating diffusion coefficients to mo-
lecular weights. This finding fully matches expectations, be-
cause the magnesium center thus reaches its preferred coordi-
nation number of 4.

It remains to be clarified why the ESI mass spectrometry ex-
periments arrive at a different result. The ESI process produces
small charged droplets, from which the finally observed bare
analyte ions are emitted into the gas phase. As the charged
droplets rapidly lose solvent molecules due to evaporation, the
effective concentration of the analyte increases. This increase
may result in a shift of the aggregation equilibria,*"* which
can rationalize the observed formation of higher aggregates.
Nevertheless, the high specificity of this process and the
strong preference for the generation of trinuclear complexes
are remarkable. According to the theoretical calculations, the
trinuclear anions adopt open cubic structures. This type of
structure is closely related to that found for crystals of iPrMgCl
and iPrMgCI-LiCI (Scheme 1) and can be converted into the
latter by the addition of one [MgX]™ moiety. It thus appears
that the ESI process does not form random higher aggregates,
but anionic analogues of the species present in the solid state.
One might even argue that in this case the ESI process emu-
lates the crystallization process at the molecular level.

For reagents bearing phenyl or 4-anisyl substituents, the ESI-
mass spectrometric experiments detected not only trinuclear,
but also dinuclear complexes. This finding indicates a special
situation for aryl systems.”¥

Effect of LiCl

The present results consistently indicate that Grignard reagents
RMgCl and LiCl react with each other to form ate complexes
(Scheme 2).9 This reaction involves a 1:1 stoichiometry of
both components, as is clearly seen from the electrical conduc-
tivity measurements and the Job plot with its maximum at

RMgClI Py RMgCl,
+ == R-Mg Li == +
3 N o+
2 Li,Cl, Cl Li

Scheme 2. Formation of ate complexes from RMgCl and LiCl and their heter-
olytic dissociation.”! Coordinating solvent molecules are omitted for clarity.
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x=0.5 for the case of BuMgCl. The quantum-chemical calcula-
tions directly show the ate character of the 1:1 adduct, in
which the Lewis-acidic Mg center has added the chloro ligand
provided by LiCl. Heterolytic dissociation of the contact-ion
pair furnishes the free ions detectable by the ESI-mass spectro-
metric and conductometric experiments (Scheme 2). Thus, our
findings qualitatively agree very well with the hypothesis of
Krasovskiy, Straub, and Knochel."® Apart from the fact that ate
complexes form, it is also of interest to which extent they do
so. The formation of trinuclear anions during the ESI process
implies that the initially present [RMgCl,]~ species find plenty
of neutral RMgCl to react with. This apparent abundance of
neutral RMgCl can be considered as a first indication for the in-
complete formation of ate complexes from RMgCl and LiCl in
the sample solutions. Further evidence pointing into this direc-
tion comes from the conductivity measurements. The lack of
saturation effects, except for the case of iPrMgCl, in the titra-
tion experiments clearly indicates that the equilibrium be-
tween the separated components and the ate complex must
lie on the left side for concentrations of c~250 mm. Likewise,
the relatively broad maximum in the Job plot indicates that
the association between BuMgCl and LiCl does not occur
quantitatively. As outlined above, the interpretation of the
DOSY results depends on the number of THF molecules bind-
ing to the Li*[BuMgCl,]~ complex. As suggested by the quan-
tum chemical calculations, the ate complex binds three THF
molecules such that both metal centers are tetrahedrally coor-
dinated. Under this assumption, the DOSY results are also in
accordance with an incomplete formation of ate complexes
(for c=25 mm).

The present findings can also be compared with our previ-
ous results on the related system RZnCl-LiCL?*® For the latter,
ate complexes Li*[RZnCl,]~ form, which are completely analo-
gous to the magnesates observed in the present work. Inter-
estingly, the organozinc halides show a higher tendency to
add LiCl than the Grignard reagents (K,,~100Lmol™" for
BuZnCl).***' This difference apparently does not reflect simple
trends in Lewis acidity, which is higher for Mg" than for Zn".
Possibly, the higher chemical hardness and oxophilicity of the
Mg" center favor its interaction with THF as the harder Lewis
base, whereas the less hard Zn" center supposedly can better
bind chloride as the less hard Lewis base."

Heterolytic dissociation of RMgCl and Li*[RMgCl,]~

Both the ESI mass spectrometry experiments and the conduc-
tivity measurements show that solutions of Grignard reagents
in THF contain ionic species even in the absence of added LiCl.
These ions presumably form in an ionic disproportionation
[Eq. (4)]. As reported previously, the inferred organomagnesi-
um cations®” have so far eluded detection by ESI mass spec-
trometry because they apparently undergo extremely fast pro-
tolysis reactions with traces of protic solvents remaining in the
ionization source.’®@ We have, however, previously observed
analogous or similar intact organometallic cations in solutions
of organozinc and -indium halides 2?2247
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2RMgCl = [RMg(solv)]* + [RMgCl,] (4)

The addition of LiCl strongly increases the concentration of
free ions in solution because the resulting ate complexes
Li*[RMgCl,]~ can undergo heterolytic dissociation much more
easily than simple RMgCl. A very similar situation is found for
the related case of RZnCl and Li*[RZnCl,]~.*"" As the conduc-
tivity measurements show, the tendency toward dissociation
also depends on the nature of the organic substituent. The
higher conductivities recorded for the tert-butyl system indi-
cate that sterically demanding substituents facilitate heterolytic
dissociation. We noted a similar behavior for the cyanocuprates
LICUR,;LICN.”*@" An important difference between RMgCI-LiCl
and LiCuR,LiCN lies in the higher molar conductivities of the
latter, which exceed those of the former by one order of mag-
nitude.”®@ On the basis of the degree of heterolytic dissocia-
tion estimated for the cyanocuprates,” we thus infer that, at
synthetically relevant concentrations in THF, at most a few per-
cent of the turbo-Grignard reagents undergo heterolytic disso-
ciation.

Schlenk equilibria

The simultaneous observation of several different [R,Mg;Cl,_,]1~
ate complexes by ESI mass spectrometry can be viewed as
direct evidence for the operation of Schlenk-type equilibria.
This finding is in line with previous results.'> %~ probably,
the Schlenk equilibria operate not only in solution, but also in
the nanodroplets produced during the ESI process, where the
increased analyte concentrations make encounters between in-
dividual RMgCl molecules more likely. In comparison to the
Grignard reagents bearing primary alkyl groups, those with
a secondary or tertiary alkyl substituent apparently had a some-
what lower tendency to undergo exchange reactions and form
different [R,Mg;Cl,_,]- ate complexes. Possibly, this deviating
behavior is caused by steric effects. In the case of iPrMgCl, the
addition of dioxane was found to shift the Schlenk equilibrium
strongly, thus corroborating earlier reports."®

The failure of the NMR spectroscopic experiments to detect
different organomagnesium species even at low temperatures
points to high efficiencies of the intermolecular exchange reac-
tions. The occurrence of such exchange reactions was directly
proven by the ESI-mass spectrometric detection of mixed com-
plexes upon combination of iPrMgCl and PhMgCl. The fact
that the detected ate complexes do not show a statistical dis-
tribution of the two different organic substituents possibly re-
flects different ESI activities of the isopropyl- and phenyl-con-
taining magnesium ate complexes.

Reactivity

Taken together, our present results and the previous findings
of Knochel and co-workers®'® point to the in situ-formed mag-
nesates as the reactive component of turbo-Grignard reagents.
The present study does not differentiate between contact ion
pairs Li"[RMgCl,]~ and free [RMgCl,]™ anions as active species,
but the previously reported small effect of added Li*-selective
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[12lcrown-4"® suggests that Li* [RMgCl,]~ and [RMgCl,]~ exhib-
it comparable reactivities in bromine-magnesium exchange re-
actions. The intermediates formed in these reactions could be
directly observed by ESI mass spectrometry. The detected spe-
cies resemble those found for turbo-Grignard reagents
RMgCI-LiCl prepared by insertion reactions.

Apart from the synthetically valuable bromine-magnesium
exchange reactions, the investigated Grignard reagents and
their turbo variants also undergo unwanted decomposition re-
actions with traces of moisture or oxygen. The propensity
toward both reactions strongly depends on the organic sub-
stituent of the Grignard reagent. Hydrolysis proceeds particu-
larly quickly for PhMgCl and PhMgCI-LiCl, but the reason for
their enhanced reactivities is unclear. In contrast, oxidation re-
actions only occur for iPrMgCl, tBuMgCl, and their turbo coun-
terparts. The higher reactivities of secondary and tertiary alkyl
groups indicate the involvement of radicals in these processes.

Finally, the gas-phase fragmentation experiments deter-
mined the unimolecular reactivity of the polynuclear organo-
magnesate anions. The observed loss of organyl-rich neutral
fragments resembles the reactions found for other polynuclear
organometallic ate complexes.?'*”' This fragmentation pattern
maximizes the number of electron-withdrawing halogen atoms
in the anionic fragments and, thus, helps to stabilize the nega-
tive charge.

Comparison of analytical methods

Among the different analytical methods applied in the present
work, ESI mass spectrometry provides the most detailed infor-
mation. This technique affords insight at the strictly molecular
level and can, for example, resolve fast Schlenk equilibria. The
present work comprises the first successful analysis of intact
Grignard reagents by ESI mass spectrometry and thus demon-
strates that it can also be successfully applied to the analysis
of extremely reactive and sensitive species. However, draw-
backs of this method include its limitation to charged analytes
and the perturbation introduced by the very nature of the ESI
process. As the present findings clearly show, this perturbation
can result in drastic shifts of the aggregation equilibria. Fur-
thermore, very weakly bound complexes, such as THF adducts
of the magnesium ate anions, do not survive the ESI process
(in marked contrast to their more stable cationic ana-
logues).

Like ESI mass spectrometry, electrical conductivity measure-
ments only probe the charged components of the sample so-
lution. These measurements do not perturb the analyzed
system and, thus, provide direct information on the equilibria
operating in solution. A rigorous quantitative analysis of the
obtained data is difficult, however, due to the complicating
effect of inter-ionic interactions. These interactions are very
pronounced for the highly concentrated sample solutions in-
vestigated in the present work. Experiments with less concen-
trated solutions, in turn, would necessarily suffer from an in-
creased degree of unwanted hydrolysis and/or oxidation reac-
tions.
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NMR spectroscopy has the advantage of probing analytes ir-
respective of their charge state. For the problem under investi-
gation, simple one-dimensional NMR spectroscopy proved to
be of limited value, however. In contrast, the ECC DOSY
method was much more instructive. This technique employs
only one internal reference. By using this method and system-
atically varying the length of the organic substituents in the
probed systems, we were able to determine the aggregation
states of these systems unambiguously. The same approach
also holds promise for the characterization of other analytes
by DOSY.

Conclusion

By using a combination of different experimental methods and
quantum-chemical calculations, we were able to identify and
characterize the molecular constituents of Grignard reagents
RMgCl and their turbo variant RMgCI-LiCl in ethereal solvents.
DOSY measurements of solutions of both reagents in THF
showed the presence of complexes containing a single magne-
sium center. Negative ion-mode ESI mass spectrometry result-
ed in the detection of trinuclear complexes, which apparently
formed due to the concentration increase associated with the
ESI process. Quantum chemical calculations suggested that
these trinuclear complexes adopt open cubic geometries and,
thus, markedly resemble structures previously found for
iPrMgCl and iPrMgCL-LiCl in the solid state. The simultaneous
observation of organyl-rich complexes [R,Mg;Cl,_,]~ (n>4) and
organyl-poor ones (n<3), moreover directly points to the oc-
currence of pronounced Schlenk equilibria. The highly dynamic
behavior of the organomagnesium species is also reflected in
the formation of exchange products upon mixing two different
Grignard reagents. ESI mass spectrometry is ideally suited to
analyze such processes, as it also unambiguously demonstrat-
ed the occurrence of magnesium-bromine exchange reactions
upon treatment of a Grignard reagent with an aryl bromide.

The remarkable similarity of the negative ion-mode ESI mass
spectra recorded for solutions of conventional Grignard re-
agents RMgCl on the one hand and for their turbo variant
RMgCI-LiCl on the other indicates that they do not exhibit sig-
nificant qualitative differences. Both reagents form ate com-
plexes to some extent, which heterolytically dissociate to
afford the detected free ions. The degree of magnesate forma-
tion and heterolytic dissociation is low for RMgCl and strongly
increases upon the addition of LiCl, as revealed by the electri-
cal conductivity measurements. Thus, the two reagents differ
at a quantitative level. The larger fraction of the more electron-
rich and, thus, putatively more nucleophilic ate complexes in
the case of the turbo-Grignard reagents explains their en-
hanced reactivity.
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