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Abstract

Structures of methyl-, ethyl- and phenyl-magnesium iodides have been determined in diethyl ether
solution by the large angle X-ray scattering (LAXS) technique. Solutions in the concentration range
0.9-2.7 M have been studied. The Grignard reagents are present as solvated monomeric and dimeric
species. Magnesium coordinates an iodide ion, an alkyl or aryl group, and four diethyl ether molecules
octahedrally in the monomeric complex. In the dimeric complex each magnesium is octahedrally
coordinated by two bridging iodide ions, an alkyl or aryl group, and three solvent molecules. The
distribution of monomeric and dimeric species in the different solutions is given by a dimerisation
constant, Ky = [(RMgX)z][RMgX]’Z, which is in the range 0.2-0.8 M~ ' The Mg-I bond distance is
between 2.74 and 2.81 A.

Introduction

Grignard compounds have been of much interest to organic chemists for almost a
century since very valuable transformations, including carbon-carbon bond forma-
tion, can be achieved with organomagnesium compounds-as intermediates [1]. In
recent years organomagnesium compounds have also been shown to be important
intermediates in applications of organotransition metal chemistry synthesis [2,3]. To
understand the mechanism of the Grignard reactions, often performed in diethyl
ether, structural information on the reacting species in this solvent is desirable. The
actual structure of Grignard reagents in solution has been a matter of controversy
for many years [4].

To our knowledge no crystallographic studies of organomagnesium iodides have
been published. In the solid phenylmagnesium bromide dietherate one bromide ion,

* For Part 1 see ref. 41.
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one phenyl group, and two diethy! ether molecules are tetrahedrally coordinated to
magnesium in a monomeric complex, and the Mg--Br bond distance 1s 2.44 A [5]. In
the corresponding ethvl compound [6]. which is also monomeric and wetrahedral, the
Mg Br distance is 248 A, For tetrahydrofuran, THE. solvates an octahedral
arrangement around MgBr. hus been reported [7-91 In sohd MeMgBr{THFE} | the
magnesium s five-coordinate [10} at the centre of « trigonal bipyranud. IR and
Raman spectra have been recorded of diethyl ether and THE solvated methvimag-
nesium iodide and bromide for both solids and solution [11]. The basic structures of
the compounds 11 the sohd state seem o be similar. However, two erysialime forms
of MeMgBr(E(,O). were identified. differing in the conformations of the coordi-
nated diethyl ether molecules. Raman studies of Grignard compounds in dicthyi
cther solution have shown thar the dominant species in the concentration range
0.5-4 M s dsolvated monomers {11} The IR spectra of Me Mg und MeMgBr
THFE solution are significantly different. The THE solution MeMgBr s best
represented as an equilibrivm mixture of Me, Mg, MgX. and MeMpX. MceMgX
being the predominant species for the bromide and chlonde. Sumtar assumpuons
could not be made for the diethyl ether solutions since the spectra were meonclu-

stve, except in the case of the phenvimagnesium jodide solution in which mene-
meric PhMel is the dominant species {121

The Grignard solutions have also heen studied by several other physical chem-
istry techmiques, namely. ebullioscopy. conductivity. electrolysis, and NMR. Bbul-
ltoscopic measurements in fetrahvdrofuran showed that the Grignard compounds
are monomeric in the concentration range studied. 4.1 2 M TERL 0 was further
mdicated that in dicthyl ether the degree of association of organomagnesium
bromides. in general, increased with increasing concentration. The conductivity in
diethyl ether solutions has been determined at various temperatures. OF the solu-

<

tions studied. those of phenvimagnesium bromide showed the lowest conductivity
2.0

[14]. The conductivity increased with increasing concentration in the rang
M. For all the solutions except 2.8 M phenvimagnesium bromide the conductivity
increased with decreasing temperature. The apparent mofecnlar weights oy solution
have been determined by a variery of techniques. The deductions that can be made
from such measurements do not give any information on the degree of solvaton or
on how to Grignard compounds are associated. The - Mg NMR spectra of EtMgBr
in THF showed three distinguishable species at 377C: Er Mg MaBr, and FtMgBr
The broader signal of Et,Mg 15 superimposed on that of EtMgBr. but signals from
MgBr, and EtMgBr are resolved. The appearance of these NMR spectra depends
on the concentrations and temperature. For EtMgBr two signals can he resolved
farrly high temperatures whereas MeMgBr already displavs an average signal w
27°9C since the equilibriune constant s farger than that for FiMgBr {131 For
MeMgX in diethyl ether 'H NMR spectroscopy has been largely unsuccessiul m
distinguishing between various species. At Iow temperntiures MeMgBr con be
distinguished from Me. Mg; at — 100° C two signals are ohserved 116

Lven though it is nearly 90 vears since Grignard first syothesised this wvpe of
compounds {17]. their structures, kinetics and reaction mechanisms are sull not fully
understood. The X-ray scattering technique has been applied 1o nther svstems (o
solve structural problems [T8L We here report the results of o farge angle Xoray

scattering {LAXSY study of wonumber of Grignard reagents i dicthvl ether solution,

Organemagnesium todide compounds were used 1o maxtmise the scattering power
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of the magnesium halide entity. In order to get reliable results from LAXS
measurements, concentrated solutions are required. Solutions in the concentration
range 0.9-2.7 M were used. To determine the concentration dependence of the
composition of the solutions, various concentrations of various iodides were used.
All measurements were carried out at room temperature.

Experimental

All glass equipment and syringe needles had been dried in an oven and all
operations were carried out under dry, oxygen-free nitrogen or argon.

Solvents

Anhydrous diethyl ether and tetrahydrofuran purchased from Aldrich in
Sure/Seal™ bottles were used. The solvents were transferred with hypodermic
syringes.

Reagents

Iodomethane was used as supplied by Merck, iodoethane by Janssen, and
iodobenzene by Fluka. Grignard reagent grade magnesium turnings (Merck) were
used.

Preparation of organomagnesium iodide solutions

The Grignard compounds were prepared in 250-ml, round-bottomed, three-necked
flasks. The weighed amount of magnesium turnings and a magnetic stirring bar were
placed in the flask which was fitted with an addition funnel and a reflux condenser.
10 ml of solvent was added to the flask and another 90 ml was added to the organic
iodide in the addition funnel. The amount of organic iodide was adjusted to give the
desired concentration of the Grignard solution. 5 ml of the halide mixture was
added to the flask and the reaction started. In none of the cases was it necessary to
add an initiator. The remaining iodide solution was added dropwise. The mixture
was refluxed and stirred for an hour after all the halide had been added and was
then left to settle. The solution was transferred to a Schlenk tube and filtered. All
transfers from storage bottles to sample cells were carried out with hypodermic
syringes.

Analyses

All the organomagnesium solutions were analysed for magnesium by EDTA
titration using Eriochrome Black T as indicator in aqueous solution.

The phenylmagnesium iodide solutions were analysed for PhMgl by adding dry
ice and weighing the benzoic acid formed after hydrolysis, evaporation of the ether
and thorough drying. '"H NMR spectra were recorded on a Varian XL-300 spec-
trometer in deuterochloroform for the phenylmagnesium iodide solutions before and
after the scattering measurements to confirm that the composition of the solutions
remained unchanged.

Data collection
A large angle 6-8 diffractometer of the Seifert GSD type with Mo-K, radiation
(A =0.7107 A) was used to measure the scattered intensities from the free surface of
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Table 1

Composition of the solutions studied

Solution [Mg? "1 [Solvent] i
{M) (M) {em i
CH Mgl 1 95 73
92 133
C,H-Mgl 6.9 9.3 44
27 7.6 114
C.H Mgl 0.9 93 35

the solutions [19]. A curved graphite or lithium fluoride monochromator was placed
immediately before the scintillation counter. The solutions were kept in the previ-
ously described [20} cvlindrical. thin-walled glass vessel in order to avod evapora-
tion and to keep out moisture and air. The container was half-filled. A correction
function for the angle dependent absorption by the glass contamer was determined
and applied as described elsewhere [20]. Scattered intensities were collected i the
range 4 < # < 55° with steps of s=00335 A ' s=47 sinf A . The scattering
angle 1s 26. An extrapolation of the intensity data for # < 47 was necessary beciuse
of the upward fiquid meniscus on the glass wall. The reproducibility was checked by
repeated scans. 20000 counts were collected for s < 10.2 A ' K000 counts for
10.2 < 5 < 14.5. The number of collected counts for s > 10.2 A 7 was decreased due
to the very long counting time. The counting time for each sampling pomit was never
less then 20 min.

Data reatment

Experimental data were initially corrected for background scattering and polari-
sation effects {19]. Correction for multiple scattering was made because of the fow
absorption coefficients [21]. Table 1. The corrected data were normalised to a
stoichiometric volume containing one magnesium atom. The normalisation factor.
K. used in the data analysis was derived by comparison of the measured and total
independent scattering in the high-angle region, s> 13 A ' & calculated in this
manner was then compared with K calculated according to Krogh-Moe [22] and
Norman {23].

Scattering factors. /. for the neutral atoms were used [24] except for H. for which
the spherical form factors suggested by Stewart et al. were emploved [253]. The
contribution from anomalous dispersion. Af" and Af”. was considered for all
atoms [24]. Incoherent scattering factors {26--28]. corrected for the Breit- Dirac
effect [29.30], were used. The raw data were normal up to = 10 A, where an
unexpected decrease in the total intensity was observed. The structural information
was. however, not affected by this decrease in intensitv. The intensity function was
straightened up by applying a smoothed correction function o the experimental
data, in such a way that one Fourier transformation was enough 1o straighten up the
entire experimental function. as is the usual case. All these corrections were laken
into account when the reduced intensity function, /(). Fig. 1. and the differennal
radial distribution functions. D(r) - 4mr’p,, Fig. 2. were calculated using standard



159

procedures [31,32]. Spurious peaks below 1.5 A which could not be identified with
interatomic distances in the solutions, were removed by a Fourier transformation
procedure [33].

All calculations were made with the program KURVLR [34]. Least-squares refine-
ments were carried out with the STEPLR program [35].

Results

The studied Grignard compounds in diethyl ether solution seem to have the same
basic structure. In the radial distribution functions (RDFs) there is a peak at about
2.8 A corresponding to the Mg—1I bond distance within the Grignard compound,
and another peak at 1.5 A matching the intramolecular distances in the diethyl ether
molecule and in the alkyl or phenyl group, Fig. 2. The size of the Mg-I peak is
somewhat larger than expected for a monomeric structure, but smaller than ex-
pected for a dimeric structure. There is also a marked shoulder at 3.9 A which is
assigned to an I1-1 distance in a dimer where the magnesium ions are six-coordi-
nated, or to an I-C distance in tetrahedral monomeric or dimeric species. The
intensity of this interaction corresponds well to (n(Mg-1) — 1)/2 I-I distances as
expected for a dimeric structure. n(Mg-1) is the number of Mg-I distances. For
dimeric species where magnesium is tetrahedrally coordinated, an I-I distance is
expected at about 4.6 A. A weak interaction is indeed found in the RDFs at 4.5 A,
but it corresponds poorly with the number of Mg-I distances. This interaction can
instead be assigned to an intermolecular distance between the diethyi ether mole-
cules. This is seen as a peak in the difference curve for the octahedral models in Fig.
2. The I-C distance in a tetrahedral model cannot fully compensate for the
experimental interaction observed at 3.9 A. This strongly indicates that both
monomeric and dimeric Grignard species are present in the diethyl ether solutions
studied, and that the magnesiums are octahedrally coordinated in the dimeric
species. It is not possible from the present data to distinguish between tetrahedral
and octahedral geometry of the monomeric species, since the I-O and I-C interac-
tions have too weak scattering power to be seen as well-defined peaks or shoulders
in the RDFs. We therefore chose to use octahedral monomeric and dimeric species
in the final calculations.

Least-squares refinements were performed with both octahedral and tetrahedral
models and with either only monomers or with mixtures of monomeric and dimeric
species. It was only possible to refine the Mg-I distance, 4, and its temperature
factor, b, with a least-squares minimisation. All the other parameters were either
obtained by curve-fitting using the KURVLR program [34], or were fixed at values
estimated from previous studies [20,36]. The parameters for the diethyl ether
molecule and the C-C distances in the alkyl and phenyl groups are the same for all
the solutions. Substantially lower error-square sums and better curve fits were
obtained for the model containing dimeric species. The Mg-C parameters were set
to the following values: d=2.20 A, b =0.006 Az, n=1.0 for the octahedral
complexes and d = 2.15 A, b=0.006 A%, n=1.0 for the tetrahedral complexes. The
following Mg—O parameters were used: d = 2.15 A, b=0.008 A%, n=5— n(Mg-D)
for octahedral complexes and d=2.05 A, b=0.008 AZ, n=3-nMg-I) for
tetrahedral complexes. The Mg-O and Mg-C parameters in the tetrahedral model
are taken from the structure of C,H;MgBr-2CH,0OCH, [6]. For the octahedral
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Fig. 1. Reduced intensities, i(s). multiplied by s vs s for organomagnesium iodides in diethyl ether.
Experimental values are represented by the thin lines and the values caleulated from the final structure
models in Table 2 by the thick lines. The models with octahedrally coordinated magnesium ions are

shown to the left, and the corresponding models with tetrahedrally coordinated magnesium ions ar
shown to the right.
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Fig. 2. The differential electronic radial distribution function, D(r)-— 47r?p,, for organomagnesium
iodides in diethyl ether solution, solid lines. The dashed lines represent the sum of the calculated peak
shapes and the difference is drawn with double-dashed lines. The models with octahedrally coordinated
magnesium ions are shown to the left, and the models with tetrahedrally coordinated magnesium ions are

shown to the right.
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Table 3

The estimated dimerisation constants K4, (M ~'), of Grignard compounds in diethyl ether solution. The
estimated error in K; is less than 50%

System K4
CH, Mgl 0.55
C,H Mgl 0.23
C,H, Mgl 0.25

model the choice of 2.15 A for the Mg-O distance is based on the Mg-O distance in
the hydrated magnesium ion: 2.11 A [37], and it can be assumed that this distance is
slightly longer for the more weakly solvating diethyl ether molecule. The tonic
radius of magnesium increases with about 0.14 A when going from tetrahedral to
octahedral configuration [38], but as it is assumed that the Mg—~C bond is substan-
tially stronger than the Mg-O solvate bonds, the Mg-C bond distance has been set
to 2.20 A. The I-1 and I-C distances were calculated from the refined Mg-1 bond
distance, and the number of [-I, I-C and Mg-O distances were obtained by
curve-fitting. The temperature factor coefficients for the I-1 and I-C distances have
been set to 0.025 and 0.020 A%, respectively. The parameters obtained from least-
squares refinements and curve-fitting are summarised for the systems studied in
Table 2.

These comparisons show that a model involving both monomeric and dimeric
alkyl Grignard species where magnesium is octahedrally coordinated gives the best
fit to the experimental data (see Figs. 1 and 2). For phenylmagnesium iodide,
however, an equally good fit is obtained for a model with tetrahedrally coordinated
magnesium (see Figs. 1 and 2).

The degree of dimerisation was determined for each sample studied, by curve-fit-
ting the number of I-1 distances and a dimerisation constant, Ky = [(RMgI),]
[RMgl] 2, was calculated. In the final calculations of the theoretical RDFs, the
degree of dimerisation used was that obtained from the average of the dimerisation
constants calculated for the various concentrations of a particular Grignard com-
pound. The estimated dimerisation constants are given in Table 3.

Discussion

This study has shown that the Grignard reagents are present as both solvated
monomeric and dimeric species. The degree of dimerisation is dependent on both
the concentration and the R group, and is determined by the equilibrium 2 RMgX
= (RMgX),, which corresponds to the left hand side of an expanded Schlenk
equilibrium [38]:

(RMgX), = 2 RMgX = R,Mg-+MgX, = R,Mg-MgX, (1)
where (RMgX), is either structure I or II and R,Mg - MgX, is represented by the
structure in III. Note that solvent molecules are omitted.

R—Mg—X X—Mg—R

| | l RS <N M
X—Mg—R X—Mg—R /Mg\X/ g
R

M (1) (1)
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This study supports the occurrence of dimerisation of Grignard compounds, and
not the formation of R.Mg and MgX.. in diethyl ether solution. If these two
species were present it would not be possible to curve-fit the number of 1.1
distances with a dimerisation constant since the number of 1.1 distances per
magnesium in (RMely, and Mgl, are different. viz. 0.5 and 1.5 respecuvely. The
dimerisation constants. K. are fairly small (Table 3y but the dimerisation cannot
be neglected at any concentration, including very dilute sofutions.

In the monomeric Grignard complexes magnesium mosi probably coordinates
one iodide, one alky! or aryl group and four diethvt ether molecules in an octahedral
fashion (Fig. Sh. ref. 40). The experiments cannot rule out tetrahedral coordination
around magnesium in the monomeric complexes. but thev have shown that the
dimeric species have octahedral configuration. {1 s therefore reasonable to beleve
that the monomeric species are also octahedral. In the dimerie structure one diethvt
ether 1s replaced by a bridging iodide. A dimeric structure with one bridging rodide
and one bridging R group. 1L cannot be excluded from the structural resufts. This
structure seems less likely though, for several reasons. Such a dimeric structure nust
have a dipole moment and would have low solubility in diethvl ¢ther. which has a
low dielectric constant. Bridging and terminal halides normally huve different bond
distances, which in LAXS siudies would result in lfarger 4 factors than expected {or
a vertain coordination geometry. b factors are normally around 0.010 A° for
metal-ligand and metal-solviate bond distances in an octahedral configuration [37],
This dimeric structure would imply that the tendency to act as brndging group
would be the same for a halide ion as for an alkyl group. which seems unlikely. The
dimeric structure R,Mg-MgX . (III), which has been suggested [4]. also seems
unlikely chemically. It cannot be excluded by our measurements but wnstead of an
R,Mg - MgX., complex one would expect a statistical distribution of the halide and
alky! ligands between the two magnesiuns.

The refinement of the dats was very difficult but in the end the best fits were
obtained with models having octahedral coordination around magnestum, it least in
the dimeric species. In Fig. Sb. ref. 40, the tetrahedral models are also shown for
comparison. Tetrahedral magnesium complexes seem to be present only when the
solvent activity is very low. as m solids [3.6] or in extremelv concentrated solutions
(411,

These results do not exclude a trigonal bipyramidal siructure around magnesium
in diethyl ether solvated Grignard compounds either. A large number of structural
studies of solvated metal complexes in solution have shown that hard metal ions,
such as magnesium. tend to adopt the maximum coordination number, which is six
for magnesium [37]. It 1s assumed that this is also the case for the Grignard reagents
in diethyl ether solution, and that tngonal bipyramidal configurations are observed
only when the solvent activity is fow, as in solids [10],

Preliminary studies of n-pentvlmagnesium iodide and 2.5-dimethvl-thienylmag-
nestum 1odide give similar results. and also indicate that these findings can be
extended to include at feast certain electron-rich heteroaromatic Grignard reagents.
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