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Abstract

Phenylmagnesium bromide in diethyl ether solution has been studied by large angle X-ray scattering
(LAXS) and extended X-ray absorption fine structure, EXAFS, techniques. The reagent is present as
both dimeric and monomeric complexes in this solvent, with magnesium octahedrally coordinated in
both cases. The Mg—Br bond distance is 2.56(2) A and the Br-Br bond distance in the dimeric complex is
3.62(3) A. The local structure around bromine in methyl- and ethyl-magnesium bromides has also been
determined in diethyl ether solution by EXAFS. Data for the Br K edge were collected for solutions in
the concentration range 0.1-1.0 M. For all the solutions the Mg—Br bond distance was found to be the
same, 2.54 A, within the limits of error. No other interaction was observed.

Introduction

Grignard compounds are important reagents in organic synthesis {1]. One of the
most investigated reactions is that of alkyl- or aryl-magnesium halides with al-
dehydes and ketones; the current view is that this reaction proceeds via an electron
transfer mechanism [2]. A four-centered cyclic transition state has also been sug-
gested [3].

Grignard reactions are difficult to study since there are a variety of species
present in solution and since the composition of these solutions depends on the
concentration, the solvent, the temperature and the alkyl- or aryl-group atiached to
the magnesium. Furthermore, the study of these solutions is complicated by the fact

* For Part III see ref. 17.
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that both R,Mg and RMgX. species possibly present in the Schlenk equilibrium
{eq. 1), can react with aldehvdes or ketones to form alcohols [4].

2 RMgX = R,Mg+ MgX. (1)

The existence of the Schlenk equilibrium was proposed in 1929 [5]. The equi-
librium can be extended further to include dimers:

(RMgX), = 2 RMgX = R,Mg+ MgX, (2)

A number of dimeric species can be envisaged and these can be in equilibrium with
each other and with monomeric species. The position of the equilibrium s mainly
dependent on the solvent used. A more strongly coordinating solvent. such as
tetrahydrofuran (THE) favours formation of monomerie RMgX.

Many attempts have been made to determine the structures of the Grignard
reagents. The studies have focussed on X-ray diffraction in the solid state. The
crystal structure of the phenylmagnestum bromide dietherate has been determined
[6]. It was found to be a monomeric complex with magnesium tetrahedrally
surrounded by a phenyl group. a bromide ion, and two solvent molecules, Fig. 5. A
Mg-Br bond distance of 2.44 A was observed. In the corresponding ethyl com-
pound (7], which is also monomeric and tetrahedral, the Mg Br distance is 2.48 A,
The dimeric complex [EtMgBr - EtN], has been crystallised from triethylamine
solution; it has bridging hromide ions in a tetrahedral complex with Mg-Br
distances of 2.56 A [8]. These distances are ca 0.1 A longer than those i monomeric
MgBr.(THF), [9]. In solid MeMgBr(THF}, the magnesium is five coordinated [10]
and at the centre of a trigonal bipyramid. It 1s apparent that many different crvstal
structures are possible for Crignard reagents and that no generalisations c¢an be
made.

For determining structures in solution various methods have been utilised, e.g.
ebullioscopy, IR spectroscopy, and in recent years NMR spectroscopy. Ebullio-
scopic measurements indicated that the degree of association of the (Grignard
compounds in diethyl ether. in general. increases with increasing concentration {11].
Conductivity measurements showed that the conductivity decreases with dilution
between 2 and 0.5 M [12].

The interpretation of IR spectra of diethyl ether solutions of Grignard reagents
was inconclusive, but spectra of the corresponding tetrahvdrofuran solutions showed
that Grignard solutions prepared in this solvent are best represented by a4 mixture of
RMgX. R,Mg and MgX, species. eq. 1 [13]. From a :SMg NMR study it was
suggested that the Schlenk equilibrium exists. For EtMgBr the three species of eq. 1
were detected in THF at 37°C [14]. A '"H NMR study was rendered difficult by the
rapid intermolecular exchange of alkyl- and aryl-groups at room temperature. At
low temperature signals from RMgX and R,Mg were distinguished {15].

To our knowledge no studv has been made of Grignard reagents by extended
X-ray absorption fine structure (EXAFS) or large angie X-rav scattering (LAXS)
methods. With these techniques valuable information for different tvpes of systems
can be obtained [16]. EXAFS spectra provide local structural information about
distances and the type and number of atoms surrounding the absorbing atom. It
should. in principle, be possible to determine the Br-Mg and Br-Br distances from
the measurements. With LAXS the scattering from all the atom pairs present in the
solutions is recorded. These techniques could also give information on the number



169

of Br-Br distances, which would help in determining the proportion of dimeric
species probably present in the solutions [17].

We herein report a study of phenylmagnesium bromide in diethyl ether by
EXAFS and LAXS methods. This substrate, often used by synthetic chemists and
commercially available, was selected because it has been well-characterised in the
solid state [6]. Results of an EXAFS study of alkylmagnesium bromides are also
discussed.

Experimental

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

Solvents
Anhydrous diethyl ether purchased from Aldrich in Sure/Seal™ bottles was
used. The solvent was transferred with hypodermic syringes.

Chemicals

All Grignard reagents were purchased from Aldrich in Sure/Seal™ bottles:
ethylmagnesium bromide i diethyl ether, 3 M; methylmagnesium bromide in
diethyl ether, 3 M; phenylmagnesium bromide in diethyl ether, 3 M. The reagents
were diluted to the desired concentration with anhydrous solvent.

The following compounds were all purchased from Aldrich; Br,, KBrO,, CBr,,
MgBr, and NaBr.

Model compounds

The obvious model for Mg back-scattering is MgBr,(s) and data were collected
for this compound several times, Table 1. However, due to its very high tendency to
absorb water the data were not reproducible and the scans collected could not be

Table 1
EXAFS data collection

Solution Data collection *
CH,MgBr 0.6 M SSRL1,3
C,H;MgBr 0.1 M SSRL1,2,3

1.0 M SSRL1,2,34, SRS
C¢H;MgBr 05 M SSR1.1,2,3

1.0 M SSRL1.3.4
Model
Br, SSRL1,3
CBr, SSRL1,3, SRS
BrO, SSRL1,2
MgBr, SSRL1,2,3
NaBr SSRL4, SRS

“ SSRI. 1 Beam line 7-3, Si(220) double-crystal monochromator, 8-pole wiggler, unfocussed.
SSRL2 Beam line 4-2, Si(111) double-crystal monochromator, 8-pole wiggler, focussing mirror.
SSRL3 Beam line 7-3, Si(111) double-crystal monochromator, 8-pole wiggler, unfocussed.
SSRL4 Beam line 4-1, Si(111) double-crystal monochromator, 8-pole wiggler, unfocussed.

SRS Beam line 9-2, Si(220) double-crystal monochromator, 3-pole wiggler, unfocussed.



averaged. Since hygroscopicity is a problem with all magnesium bromide com-
pounds no suitable magnesium-containing model compound could be found. and
solid NaBr was used instead.

Analvses

All the organomagnesium solutions were analysed for magnesinm by EDTA
titration using Ertochrome Black T as indicator. They were analvsed for halide by
titration with a standard solution of AgNO,. The analyses were performed in
aqgueous solution. "H NMR spectra were recorded on a Vartan X1-300 spectrometer
in deuterochloroform for the phenylmagnesium bromide solution before and after
the scattering measurements to confirm that the composition of the solution
remained unchanged.

1.AXS data collecrion

A large angle 6 -8 diffractometer of the Seifert GSD type with Mo-K, radiation
(A ==0.7107 ;\} was used to measure the scattered intensities from the iree surface of
the solution [18]. A curved graphite menochromator was placed immediately before
the scintillation counter. The solution was kept in a cvhindrical, thinwalled glass
vessel previously described [19]. in order to avoid evaporation and 16 keep out
moisture and air. The contamer was half-filled. A correction funcuon for the angle
dependent absorption by the glass container was deternmined and applied as de-
scribed elsewhere [19]. Scattered intensities were collected 0 the range 4 < 8 < 397
with steps of s=0.0335 A s =4z sinf A ' The scattering angle iv 26 An
extrapolation of the intensity data for 8 < 47 was necessary because of the upward
liquid meniscus on the glass wall. The reproducibility was checked by repeated
scans. 20000 counts were collected for v < 10.2 A" and 8000 counts for 102 < v <
152 A ' The number of collected counts for s > 10.2 A was decreased due to

very long counting time. The counting time for each =ampling pomt was pever fess
then 20 min.

LAXS dutu trearment

Experimental data were initially corrected for background scattering and polari-
sation effects [18]. Correction for multiple scattering was made because of the fow
absorption coefficient [20], Table 2. The corrected data were normalised (o a
stoichiometric volume containing one magnesium atom. The aormalisation factor.
K, used in the data analvsis was derived by comparison of the measured and total

independent scattering in the high-angle region, > 13 A ' K calculated i this
manner was then compared with K calculated according to Krogh-Moe 211 and

Norman [22].
Scattering factors, f. for the neutral atoms were used [23] except for H. for which
the spherical form factors suggested by Stewart ¢t al. were emploved [24] The

Table 2

Composition of the solution mvestigated by LAXS

Sotution Mgl [Sotvent]
(M (M)

C,H MgBrn dicthv] ether 2.4
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Fig. 1. Reduced intensities, /(s), multiplied by 5 vs s for 2.0 M phenylmagnesium bromide in diethyl
ether solution. The octahedral model is given in the upper part of the figure, and the tetrahedral one in
the lower part. Experimental values are represented by the thin line and the values calculated from the
final structure model in Table 3 by the thick line.

contribution from anomalous dispersion, Af’ and Af”, was considered for all
atoms [23]. Incoherent scattering factors [25-27], corrected for the Breit—Dirac
effect [28,29], were used. The raw data were normal up to s ca 10 A~ !, above which
an unexpected decrease in the total intensity was observed. The structural informa-
tion was, however, not affected by this decrease in intensity. The intensity function
was straightened up by applying a smoothed correction function to the experimental
data, in such a way that one Fourier transformation was enough to straighten up the
entire experimental function, as is the usual case. All these corrections were taken
into account when the reduced intensity function, i(s), Fig. 1, and the differential
radial distribution functions, D(R) — 4=r2p,, Fig. 2, were calculated using standard
procedures [30,31]. Spurious peaks below 1.5 A which could not be identified with
interatomic distances in the solutions, were removed by a Fourier transformation
procedure [32]. All calculations were made with the program XKURVLR [33]. Least-
squares refinements were carried out using the STEPLR program [34].

EXAFS data collection and reduction

X-ray absorption spectra were collected at Stanford Synchrotron Radiation
Laboratory, SSRL, and at Daresbury Laboratory Synchrotron Radiation Source,
SRS. All the solutions, as well as the model compound were measured several times,
Table 1. All the experiments were performed under dedicated conditions (3-3.3
GeV, 40 mA, wiggler field at 16.5-18 kG). For the samples as well as the model
compounds, bromine K edge EXAFS data were collected in transmission mode with
nitrogen-filled ion chambers to monitor incident and transmitted radiation. At SRS
the ion chambers were filled with the recommended gas mixture; 19.6 kPa Ar + 81.7
kPa He in the first ion chamber and 15.5 kPa Xe + 85.8 kPa He in the last two ion
chambers [35].
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Fig. 2. The differential electronic radial distribution function. D(r) - Amrip,. for 2 M phenyimagnesium
bromide in diethyl ether solution. solid line. The dashed line represents the su of the caleulated peak
shapes and the difference is drawn with a double-dashed line.

The spectra presented represent an average of 2-3 scans. Energy calibration was
done by the internal standard technique [36] using KBr film. The inflection point of
the KBr standard was assigned as 13472 eV.

The averaged data were reduced by subtracting a smooth polvnomial pre-edge
extrapolated from a measured pre-edge. subtracting a cubic spline and normahsing
[37.38]. The sphine points were chosen empirically to minimise the residual fow-
frequency background without reducing the observed amplitude of the EXAFS. The
normalised. background-subtracted EXAFS data were converted from energy £ 1o
photoelectron wave vector 4. 4 = [{2m (£ — E,)/h77 with an £, value of 13490
¢V, Fourier transforms of the data were calculated by numerical integration with
& -weighted data.

EXAFES data analyses
The observed EXAFS. (4 ). can be expressed as

SN F(k)ye 2 ¢ ket

X (k)= e sin[2KR 4 ()] (3)

d

where N_ 15 the number of scatterers in the /th shell. £ is the photoelectron
backscattering amplitude of the ith shell, —2¢7°k" is the Debve-Waller factor
which accounts for thermai vibraton and static disorder. o is the mean-square
variation in the absorber-scatterer distance R . A is the mean-free path length for
the photoelectron and «, (4 ) 1s the net phase shift in the photoelectron wave during
scattering. The sum js taken over all shells of scatterers, where o shell consisis of
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some number of undistinguishable atoms at approximately the same distance from
the absorber.

The EXAFS data were analysed by curve-fitting. Each absorber—scatterer pair
contributed with a sine-wave to the overall EXAFS. The contribution from each
shell can either be calculated or determined empirically. The empirical approach to
curve-fitting 1s to measure the amplitude and phase of the EXAFS in a model
compound of known structure. These parameters are then assumed to be transfer-
able to the compounds of interest. The model compound is chosen such that there is
only a single shell of atoms contributing to each peak in the Fourier transform.
Fourier filtering techniques were used to isolate the shell of interest. A six-parame-
ter function was fitted to the measured EXAFS for the model compounds [39-41].
This parameterised function was then used as a reference when fitting the EXAFS
of the unknown samples. When fitting the unknowns the number of scatterers and
the absorber—scatterer distance were adjusted as variable parameters. All curve-fit-
ting was based on a least-squares minimisation using k’-weighted data. Data
reductions and analyses were performed by the computer program XFPAKG [42].

Results

In the radial distribution function, RDF, obtained by LAXS, Fig. 2, there is a
peak at 2.55 A corresponding to the Mg—Br distance. Another peak at 1.5 A
corresponds to the intramolecular bond distances in the diethyl ether molecule [43].
A shoulder at 3.6 A indicates a Br—Br distance with an n value of about 0.25. This
corresponds to the presence of 50% of the dimeric form, (RMgX),. It was possible
to carry out least-squares refinements on the Mg—Br and Br-Br interactions by
assuming an octahedral configuration around magnesium. When a tetrahedral
model was used only the Mg-Br distance could be refined. The Mg-O and Mg~C
bond distances were set to 2.20 and 2.15 A, respectively, in the octahedral model,
and to 2.15 and 2.05 A in the tetrahedral. These distances were estimated from the
structures of the hydrated magnesium ion in aqueous solution {44], solid ethylmag-
nesium bromide diethyl etherate [7] and from calculated ionic radii of the mag-
nesium ion in different configurations [45]. The Br-C and Br-O distances were
calculated from the refined Mg-Br distance. The number of Mg-Br distances was
refined and the number of Mg-O distances was set to 3.5 according to the amount
of dimer present. The parameters of the octahedral and tetrahedral models are
summarised in Table 3. The fits with an octahedral model are significantly better
than with a tetrahedral model (see Figs. 1 and 2). The shoulder at 3.6 A cannot be
accounted for on the basis of a tetrahedral model and is seen as a peak in the
difference curve (see Fig. 2b). The 2.0 M phenylmagnesium bromide diethyl ether
solution thus contains 55% dimeric and 45% monomeric species. Magnesium is
octahedrally coordinated in the dimeric structure, and it is assumed that the
monoimner is also octahedral, but this was not proved in the present study.

The EXAFS spectra of all the solutions are very similar, differing only very
slightly in phase (Fig. 3). This indicates that the structures are the same for all the
compounds, with small differences in the distances. Spectra of different data sets for
the same solutions have also been compared and found to be identical. This shows
that the data are consistent. The EXAFS k-space spectra were Fourier transformed
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Fig. 3. EXAFS, x(k), multiplied by k> vs k of organomagnesium bromides in diethyl ether solution.

to real space using a k- window of either 3-12.7 or 3-14.5 A~!, broadened by a

Gaussian

of width 0.1 A~

The Fourier transforms all show one major peak. This peak corresponds to the

expected

Br—Mg distance around 2.55 A.

Curve-fitting technique was used to analyse the EXAFS data. Empirical phase
and amplitude parameters for magnesium backscattering were extracted from NaBr.
Fourier filtering was used to isolate the first shell. Fig. 4. The filter limits are
indicated by bars on the transform. A wider filter was also applied to see if there
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Fig. 4. Fourier transforms of k’;weighted EXAFS data of 1 M phenylmagnesium bromide in diethyl
ether solution, k-range 3.0-14.5 A "' The horizontal bars indicate the width of the windows used when

back-transforming the data. R is related to the true distance R’ by the phase shift a according to
R'=R+a

Table 4

EXAFS curve-fitting results of organomagnesium bromides in diethv! ether solution

Compound Conc. Mg-Br distance (/Z\)
(M) P p
c=3-127(A7H k=3.145(A7h
CH,MgBr 0.6 253 256
C,HMgBr 0.1 2.54 258
1.0 2.54
C H MgBr 0.5 2.55 2.56
1.0 2.54 2.54

was any contribution from a Br-Br interaction and if such a wave could be fitted.
This was not the case. The results from the curve-fitting are presented in Table 4.
The fits gave an average Mg—Br distance of ca 2.55 A for the phenylmagnesium
bromide which is in very close agreement with the results obtained from the LAXS
measurement. This shows that the phase parameters extracted from NaBr give
reliable results when used in fitting Mg backscattering.

Discussion

The LAXS study of phenylmagnesium bromide in diethyl ether has given a
Mg- Br distance of 2.56 A and a Br-Br distance of 3.62 A (Fig. 2). The intensity of
the Br--Br peak corresponds to 0.5 Br—Br distances per magnesium when 55% of the
Grignard reagent is present as dimers. From this value a dimerisation constant
K4 = [(C,H MgBD), J[C,H;MgBr] * of 0.7 M~ is obtained. The value of K is in
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agreement with values found for methyl-, ethyl- and phenyl-magnesium iodides in
diethyl ether solution [17].

As can be seen from Fig. 3, all the EXAFS spectra for the organomagnesium
bromides are very similar. Some difference in the structural details was perhaps
expected, since this study covers several different R groups and various concentra-
tions. The absence of significant variation in the results was also noted in a LAXS
study of the iodides [17].

The Fourier transforms show a single peak corresponding to a distance of ca 2.55
A (Fig. 4 and Table 4). This value is in agreement with the Mg—Br bond distance
found in the LAXS measurement; 2.56(2) A. The coordination numbers could not
be determined by curve-fitting, possibly owing to a discrepancy in the Debye—Waller
factor which has not been accounted for. However, both static disorder and thermal
vibrations for the two absorber—scatterer pairs, in the model and sample, should be
about the same.

In a dimeric species a Br—Br distance of ca 3.6 A would be expected. The LAXS
study shows that there is an appreciable amount of dimer present in diethyl ether
solution, at least in the more concentrated solution, and it should be possible to
detect the Br—Br interaction in the EXAFS data. Data were initially collected out to
k=13 A~', but since no Br-Br interaction was observed the data range was
increased to k=15 A“; however, again no Br backscattering was cobserved. A
possible explanation for the absence of Br backscattering may be that the LAXS
technique is more sensitive to long and more diffuse distances than the EXAFS
technique. The information about a distance R A from another atom enters the
theoretical intensity function of LAXS by a factor (sin sR)/sR [31] and in the
EXAFS equation by (sin 2kR) e ?/*/R?, eq. 3. An X-ray scattering experiment
covers the s-region 0-16 A~!, while EXAFS covers the region 6 <2k <30 A\,
Thus, there is better resolution when detecting nearest neighbour environment in the
EXAFS technique but it suffers from the lack of low-k data, i.e. information about
long range order is lost. The signal from shells beyond the first falls off more
quickly in EXAFS than in LAXS. EXAFS has the advantage that much more dilute
samples can be studied.

In an earlier LAXS study of organomagnesium iodides in diethyl ether there was
no indication of the presence of Mgl, [17]. These LAXS data resemble those for
phenylmagnesium iodide, and there seems to be no MgBr, present. This implies that
the extended Schlenk equilibrium, eq. 2, is shifted to the left, with RMgX and
(RMgX), predominating for organomagnesium iodide and bromide in diethyl ether
solution.

In tetrahydrofuran solution magnesium iodide has been shown to have dissoci-
ated into mainly MgX* and X~ [46]. This indicates that the concentration of MgX,
is low in this solvent and that the Schlenk equilibrium must be coupled to the
dissociation equilibrium of the magnesium halide. In more poorly solvating solvents,
such as diethyl ether, where MgX, does not dissociate, no MgX, complex, and
therefore no Schlenk equilibrium, has been observed by structural methods. The
dissociation constant of MgX, is large (the formation constant of MgX, is small) in
THF. This means that the Schlenk equilibrium can be shifted to the right even if the
formation constant, Kgem = [MgX,][R,Mgl[RMgX] 2, is small. These results
indicate that the Schlenk equilibrium exists and that the equilibrium constant
Kgehienk 1 small. The formation of R,Mg and MgX, species depends on the degree
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Fig. 5. Solid diethyl ether-solvated phenylmagnesium bromide has the monomeric. tetrahedral structure
(a). [6]. In solution magnesium is octuhedrally coordinated in the monomeric (b as well as in the dimernie

complex (c).

of dissociation of MgX, and the extended Schlenk equilibrium. eq. 2. must
therefore be expanded even further:

(RMgX), === 2RMgX ==== R,Mg+ MgX, {4)

Mg +2 X &= MgX +X

The existence of the Schlenk equilibrium was claimed to have been demonstrated
by a “"Mg NMR study in which it was assumed that MgBr, dissolved in THF is
undissociated [14]. If it is assumed instead that MgBr " is the predominant species.
the data obtained lead to the equilibrium system shown above in eq. 4. It scems
reasonable to assume that MgBr ™ is the predominant species in view of the fact that
the shift of the *“MgBr." species is very close to that of the hvdrated magnesium(il)
ion used as reference. A neutral MgBr, complex would have a shift closer to that for
other uncharged magnesium complexes with e-bonds.

Organomagnesium bromides and iodides are present both as monomers and
dimers in diethyl ether solution. Magnesium is six-coordinate in these complexes.
Fig. 5. Magnesium coordinates one organic group via carbon. one halide ton and
four solvent molecules in the monomeric complex, and one organic group, two
bridging halide ions and three solvent molecules in the dimer. The proportion of
dimer present depends on the organic group, the solvent and the concentration of
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the Grignard reagent. The extent of the dimerisation in a certain solution is given by
the dimerisation constant K, =[(RMgX),][RMgX] > The values of K, range
between 0.2 and 0.8 M~ [17]. The dimerisation constant is fairly low, but the
amount of dimeric species in these solutions can never be neglected and has to be
taken into account even for dilute solutions of Grignard reagents.

This study has shown that the LAXS technique is useful in determining the
structures of the Grignard reagents in solution, and compares favourably with
spectroscopic methods. It should be possible to detect a Br—Br interaction of ca 3.6
A in EXAFS data since the dimeric complex is probably quite rigid. If experimental
conditions were changed an improvement in the data might be achieved.
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